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IV. Main introduction.

1. The chromatin and subnuclear organization of the genome.

In eukaryotes, the genetic material is precisely organized in the nucleus as chromatin, which is
predominantly composed of DNA and protein molecules. Early microscopic observations of nuclei at
interphase revealed the existence of two compaction states of chromatin®. Constitutive
heterochromatin, which appears as dense DNA foci called chromocenters (CCs), is composed of
transcriptionally repressed DNA repeats and transposable elements (TEs) that are kept silenced
because of their high mutagenic effect (Figure 1)*3. Constitutive heterochromatin tends to be more
localized at the nuclear periphery or in close proximity to the nucleolus®. By contrast, euchromatin is
more diffused within the nuclear interior, and is enriched in genic regions that are more permissive to
transcription (Figure 1). Importantly, chromatin structure is not as dichotomic as originally thought,
as up to nine chromatin states can prevail in the nucleus®®. Furthermore, facultative heterochromatin
constitutes another form of chromatin that accumulates in the nuclear interior with very distinct

epigenetic features (Figure 1 and see below).

Constitutive
heterochromatin Euchromatin

/Nucleolus

2um 1H3K27me3

Figure 1. Chromatin states of Arabidopsis thaliana nuclei at interphase. A. Constitutive
heterochromatin appears as dense DNA foci called chromocenters (CCs) preferentially located nearby
nuclear periphery and nucleolus, while euchromatin is more relaxed and accumulates in the nuclear
interior. B-C. Trimethylation of histone H3 at lysine 9 (H3K9me2) and histone acetylation (such as
H3K23ac) are hallmarks of constitutive heterochromatin and transcribed euchromatin, respectively.
Trimethylation of histone H3 at lysine 27 (H3K27me3) is a repressive epigenetic mark enriched in

facultative heterochromatin. DAPI= 4',6-diamidino-2-phenylindole staining of DNA.

2. A brief history of epigenetics.
It is in the early forties that Conrad Hal Waddington used for the first time the term epigenetics.

At that time, this term referred to epigenesis and epigenotype, which were defined by Waddington as



the complex developmental processes occurring between genotype and phenotype of an organism
from its embryonic stage to adult life’. In 1957, Waddington also proposed for the first time the notion
of “epigenetic landscape” as a metaphor in which any kind of developmental and environmental
constraints that are facing a cell during its life impose to make crucial decisions that will impact cell
fate and developmental outcome (Figure 2)8. The term epigenetic landscape will be latter reused by
epigeneticists as a synonymous way of defining the epigenetic chromatin state at a specific genomic

location.

Figure 2. The concept of “epigenetic landscape” as depicted by Conrad W. Waddington in 1957. In this
visual metaphor, the cell, represented as a ball, is making decisions throughout its development. These
decisions will impose specific cell trajectories within its epigenetic landscape, and will impact the

outcomes and cellular fates. Figure extracted from reference®.

In the line of Waddington’s definition, the geneticist David L. Nanney wrote in 1958 an essay

entitled “Epigenetic control systems”®. In this composition, Nanney wrote the following sentence:

“The existence of phenotypic differences between cells with the same genotype merely indicates
that the expressed specificities are not determined entirely by the DNA present in the cell - that other

devices, epigenetic systems, requlate the expression of the genetically determined potentialities.”

Based on microbiology studies, Nanney also suggested that “epigenetic systems” could be a way

for micro-organisms to adapt to environmental conditions®.

In 1987, Robin Holliday meliorates the definition of epigenetics by connecting the processes of
DNA methylation and gene expression during development together with the notions of reversibility

and inheritability®°. Finally, it is in 1994 that Holliday proposes the modern definition of epigenetics®®.



“The study of the changes in gene expression, which occur in organisms with differentiated cells,

and the mitotic inheritance of given patterns of gene expression.”

Holliday also emphasized the notion of inheritability and reversibility:

“Nuclear inheritance which is not based on differences in DNA sequence.”

Nowadays, epigenetics can be defined as any reversible modifications of the chromatin such as
DNA methylation or histone modifications that are inheritable, and alter gene expression without

a change in the primary DNA sequence.

Since the term epigenetics was first coined by Waddington in 1942, this field has been extensively
studied. Today, it is well established that epigenetics plays essential roles during the development of
any organisms, but also in response to environmental stimuli and diseases?. Epigenetic modifications
can be inherited throughout the life of organism, as well as transgenerationally. Finally, epigenetics
has spread beyond the fields of genetics and molecular biology, and epigenetic concepts have been
embraced by various scientific disciplines such as among others, ecology, evolution, physiology or

psychology®3.

For a more thorough definition of epigenetics, and a more detailed history of this field, please refer

to references® %12 and 3.

3. The nucleosome, first layer of chromatin organization.

The nucleosome is composed of 147-bp DNA helix wrapped around an octamer of core histone
proteins (H2A, H2B, H3 and H4). This constitutes the so-called “beads-on-string” chromatin
structure, which is the first layer of chromatin organization®. Importantly, this chromatin structure
can only be observed under non-physiological conditions, and in the nucleus, the chromatin rapidly
complexifies in a higher-order chromatin structure, the 30-nm chromatin fiber, through the activity of
several factors including linker histone H1 that contacts linker DNA to bring adjacent nucleosomes
together (Figure 3)%. In addition, epigenetic modifications such DNA methylation and post-
translational modifications of histones, and specific chromatin remodelers contribute to the

compaction state of chromatin®®.



Figure 3. Artwork of chromatin organization from the double helix DNA molecule to the highly-
condensed chromosome. Nucleosomes are depicted as “beads-on-string” associated with linker H1
histone (black cylinders). Compaction of nucleosomes form the 30-nm chromatin fiber and ultimately,
a condensed chromosome, as observed during cell division. Methylation (Me) of DNA and post-
translational modifications of histones such as Me, acetylation (Ac), phosphorylation (P) and
ubiquitination (Ub) represent different epigenetic modifications of the chromatin. C = cytosine, K =

lysine, R = arginine, S = serine.

4. Post-translational modifications of histones.

Post-translational modifications (PTMs) of histones are epigenetic marks involved in various
cellular processes such as regulation of gene expression, cell division, DNA damage response, or TE
and gene silencing. Several combinations of histone PTMs occur within the cell, and histones can be
covalently modified by a myriad of chemicals (such as methyl, acetyl, phosphate, ubiquitin, small
ubiquitin-like modifier [SUMO], ADP-ribose) at specific amino acids of their tails, which protrude from
the histone core particles (Figure 3)Y. In addition, histones can undergo citrullination (deimination of
arginine into citrulline), or proline isomerization'” 8, Altogether, the different combinations of histone
PTMs constitute the so-called histone code. A brief description of enzymes specialized in histone
PTMs is provided below.

Acetylation and deacetylation of histones at distinct lysine residues are mediated by various
histone acetyl transferases (HATs) and histone deacetylases (HDACs), respectively!” . Histone
acetylation is an active mark of transcription, enriched in euchromatin (Figure 1C), while HDAC-

mediated deacetylation of histones contributes to gene silencing!” 2°. In A. thaliana, HISTONE



DEACETYLASE 6 (HDAG) is required for transcriptional gene silencing?%3. There are different classes of
HATs and HDACs reviewed in reference®. Phosphorylation of histones at serine, threonine or tyrosine
residues plays important role during cell division and chromosome condensation, but is also
associated to transcription regulation” 8, Sequential events of H2A or H2B ubiquitination and
deubiquitination, associated with complex crosstalk with other histone marks, have been linked to
regulation of transcription elongation, nucleosome stability and gene silencing’-*® 2024 The Polycomb
(PcG) repressive complex 1 (PRC1)-mediated H2A monoubiquitination is involved in gene silencing®”
18 Conversely, in A. thaliana, ubiquitin-specific protease 26 (UBP26)-mediated H2B deubiquitination
is required for DNA methylation and TE silencing?®. Histone methylation can occur at arginine and
lysine residues?’. Distinct protein arginine methyltransferases (PRMTs) can be specifically recruited at
the promoters of genes, where they can exert a positive or negative influence on transcription®.
PRMTs have been involved in several cellular processes such as cell proliferation, transformation and
anti-apoptotic function, all of which are related to tumorigenesis?’. Histone lysine methyltransferases

(HKMTs) are more thoroughly described below.

5. Histone lysine methyltransferases (HKMTs).

SET DOMAIN GROUP (SDG) proteins carries a catalytic SET domain identified first in the Drosophila
histone methyltransferases Suppressor of variegation 3-9 [su(var)3-9], Enhancer of zeste [E(Z)], and
Trithorax)?8. SDG proteins promoting the deposition of methyl groups on lysine residues of histones
are called histone lysine methyltransferases (HKMTs)?, while non-histone lysine methyltransferases

(KMTs) transfer methyl groups on lysine residues of non-histone proteins?.

In Arabidopsis thaliana, there are five classes of HKMTs.

The class | HKMTs CURLY LEAF (CLF), MEDEA and SWINGER (SWN) are homologs of E(Z); essential
components of the PcG pathway, they are involved in the deposition of trimethyl groups on H3 at
lysine 27 (H3K27me3), a repressive epigenetic mark forming facultative heterochromatin, which is

mostly composed of developmentally-regulated genes (Figure 1D)3 32,

Belonging to class Il HKMTs, SDG4 and SDG8 are homologs of Set2, a HKMT that deposits methyl
groups on H3 at lysine K36 (H3K36me3) during transcription elongation to repress cryptic transcription

in yeast!”" %,



e Theclass Il HKMTs are also called ARABIDOPSIS TRITHORAX-LIKE (ATX) proteins, part of the COMPASS-
related (AtCOMPASS) protein complex3"32, Among them, SDG2 has been involved in the deposition of
trimethyl groups on H3 at lysine 4 (H3K4me3), which is an active mark of transcription, enriched in

euchromatin3® 33,

e The two class IV HKMTs ARABIDOPSIS TRITHORAX-RELATED PROTEIN 5 (ATXR5) and ATXR6 are
required for the deposition of monomethyl group on H3 at lysine 27 (H3K27me1l), a repressive mark
concomitant to dimethylation of histone H3 lysine 9 (H3K9me2), and highly enriched in the
constitutive heterochromatic CCs3% 3435, ATXR5 and ATXR6 are plant-specific HKMTs, and enrichment
of H3K27me1 in constitutive heterochromatin seems to be unique to the plant kingdom3. In mouse
embryonic stem cells (ESCs), E(Z)-mediated H3K27me1 is indeed enriched in transcriptionally active
genes®®. In A. thaliana, ATXR5- and ATXR6-mediated H3K27me1 deposition has been involved in the

control of heterochromatic DNA replication®’.

e Class V HKMTs are the most abundant HKMTs in A. thaliana®!. SU(VAR)3-9 HOMOLOGOUS 4 (SUVH4,
a.k.a. KRYPTONITE [KYP]), SUVH5 and SUVH6 catalyze the deposition of dimethyl groups on histone
H3 at lysine 9 (H3K9me2), which is a hallmark of constitutive heterochromatin (Figure 1B)3%38, in A.
thaliana, H3K9me?2 is predominantly found in the pericentromeric regions of chromosomes®, where
most of DNA repeats and TEs reside. SUVH4/SUVH5/SUVH®6 are required for the maintenance of DNA
methylation -mostly at CHG sites, through a self-reinforcing loop involving CHROMOMETHYLASE 3
(CMT3)38. SUVH2 and SUVH9 have been involved in the recruitment of the plant-specific RNA
polymerase V (RNA Pol V), which is involved in the RNA-directed DNA methylation (RdADM) pathway*°.
SUVH1 and SUVH3 have been recently identified as transcriptional activators®' (and see below).
SU(VAR)3-9 RELATED 2 (SUVR2) interacts with its close homolog SUVR1, as well as with the SNF2
chromatin remodeler-RING-HELICASE-LIKE 1 proteins FRG1 (a.k.a. CHR27) and FRG2 (a.k.a. CHR28) to
allow efficient DNA methylation through the RADM pathway***3. Finally, SUVR5 has been involved in
the repression of stress-related genes through the deposition of H3K9me2 within their promoters, in

a DNA methylation-independent manner®,

6. DNA methyltransferases (DNMTs).

DNA methylation at cytosine residues (5-mC) is another important epigenetic mark that is
mediated by DNA methyltransferases (DNMTs), and predominantly involved in gene silencing. In
plants, DNA methylation occurs in three different cytosine contexts: CG, CHG and CHH (where H=A, T

or C), involving specialized DNMTs*. In A. thaliana, DNA methylation is mostly enriched in
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pericentromeric regions of the chromosomes*® %, associated with H3K9me2 and H3K27mel.
Nevertheless, DNA methylation can also be found in the body or promoters of expressed genes (see
below).

DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) mediates de novo DNA methylation
(a.k.a. INITIATION) in all sequence contexts through the RdDM pathway (Figure 4). RADM involves
short interfering (si)RNAs produced through the sequential activities of RNA-dependent RNA
polymerase 2 (RDR2) and DICER-LIKE 3 (DCL3) proteins, and two specialized, plant-specific RNA
polymerases RNA Pol IV and Pol V* “°, As mentioned above, the recruitment of RNA Pol V to the
chromatin requires, among other factors, the activity of SUVH2 and SUVH9, which recognize
methylated DNA through their SET- or RING-associated (SRA) domain3® %%, The maintenance of CG
methylation requires DNA METHYLTRANSFERASE 1 (MET1) and the 5-mC-binding proteins VIM1, VIM2
and VIM3*. CMT3 and CMT2 are involved in the maintenance of CHG methylation, through a self-
reinforcing loop involving H3K9me2 recognition by their chromodomain3® %> °°. Finally, CHH
methylation is maintained by DRM2 through RdDM, and by CMT2 (Figure 4)3 4. DRM2 tends to
preferentially target short TEs and edges of TEs, where H3K9me?2 level is low>°. CMT2 targets long
pericentromeric TEs with high level of H3K9me2°°. While DRM2 and MET1 are homologs of the mouse
DNMT3A/B and DNMT1, respectively; CMTs are plant-specific DNMTs*.

Maintenance

CMT3 DRM2
DRM2 CMT2

CHG CHH

DRM2\ DRM2| DRM

Initiation
RNA-directed DNA
methylation (RADM)

Figure 4. DNMTs involved in the initiation (de novo) and maintenance of DNA methylation in A.
thaliana. DRM2 is required for de novo deposition of 5-mC in all cytosine sequence contexts through
the RADM pathway. After each cell division, mCG is exclusively maintained by MET1, while the
maintenance of mCHG and mCHH requires DMR2, CMT3 and/or CMT2 activity. DRM1, not
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represented here, is specifically expressed in egg cell, where it is involved in mCHH deposition®’. This

scheme has been modified from reference?.

7. Additional roles of DNA methylation.

DNA methylation plays an important role in the silencing of TEs. In A. thaliana, most TEs are
heavily methylated in all cytosine contexts, which prevents their expression and transposition. Beside
TEs, DNA methylation is also observed in the body of approximately one third of A. thaliana genes*®
47 Gene body methylation (GbM) is evolutionary conserved among land plants, and almost exclusively
found in the CG context>3. Genes displaying GbM tend to be constitutively expressed (housekeeping
genes)>*. GbM genes would evolve slower than unmethylated genes, which suggests that GbM could,
somehow, contribute to genome evolution pace. GbM is also found in animals, like for instance in
several Hymenoptera species, such as Apis mellifera (honey bee)® %,

Until very recently, the role of GbM in plants was still matter of debate. It had been proposed that
GbM could regulate splicing, or inhibit the production of cryptic transcripts by repressing internal
cryptic promoters®® >4, A recent study has confirmed that GbM is indeed involved in the repression of
intragenic antisense transcripts, acting in concert with the linker histone H1%,

DNA methylation is primarily an epigenetic mark repressing transcription. However, several
studies have reported that DNA methylation within the promoter of genes can enhance their
expression. In Petunia, the ectopic expression of pMAD3, a class-C homeotic gene, is stimulated by
the methylation of a specific CG site within its promoter®’. In human, CG methylation of FoxA2
promoter is required for the expression of this transcription factor (TF), which is a master regulator of
endoderm development®. In A. thaliana, the expression of REPRESSOR OF SILENCING 1 (ROS1), which
encodes a DNA glycosylase/lyase involved in active DNA demethylation, requires DNA methylation of
ROS1 promoter >%%% 61 This phenomenon coined “methylstat” would act as an epigenetic “rheostat”
(or “thermostat”) sensing DNA methylation level at ROS1 promoter to control the genome-wide DNA
methylation homeostasis®®. Finally, the A. thaliana SUVH1, SUVH3 and DNAJ domain-containing
proteins DNAJ1 and DNAJ2 form a protein complex that reads DNA methylation within the promoter
of genes to enhance their expression*!. Thus, the SUVH1, SUVH3, DNAJ1 and DNAJ2 proteins can be

considered as epigenetic readers®..

8. Epigenetic writers, erasers and readers.
As previously mentioned epigenetic modifications are reversible, and altogether, they define
particular epigenetic landscapes recruiting specific protein factors. Among epigenetic writers, are

DNMTs, HKMTs, HATs or PRMTs (Figure 5). Epigenetic marks are actively removed through the activity
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of specialized enzymes called epigenetic erasers (Figure 5). In animals, the ten-eleven translocation
methylcytosine dioxygenases (TETs) have been involved in active DNA demethylation®. In plants, 5-
mC DNA glycosylase/lyases such as ROS1, TRANSCRIPTIONAL ACTIVATOR DEMETER (DME) and DME-
LIKE (DML) proteins recognize and remove 5-mC>°. Jumoniji C (JmjC) and histone lysine demethylases
(HKDMs) catalyze the removal of methyl groups on lysine residues®’. Some JmjC have also been
involved in the demethylation of arginine residues?’. HDACs are another kind of epigenetic erasers,
removing acetyl groups covalently bound to lysine residues of histones®. Epigenetic readers carry
various protein domains, each specialized in the recognition of a specific epigenetic mark (Figure 5).
There are hundreds of epigenetic readers. For instance, the SRA and methyl-CpG-binding (MBD)
domains are motifs binding 5-mC, both in animals and plants®2. Tudor domain, plant homeodomain
(PHD), chromodomain recognize histone methylation®. Finally, bromodomain is an epigenetic reader

binding acetylated histones®?.
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Figure 5. Epigenetic writers, erasers and readers. Schematic representation of writing, erasing and
reading epigenetic marks, exemplified by histone lysine methylation, by distinct enzymatic activities

and protein domains. Me= methylation, K=lysine.

9. Other epigenetic players and the epigenetic “mille-feuille”.

In addition to DNA methylation and histone modifications, other epigenetic players have been
identified throughout the years. They are often involved in specific mechanisms and pathways
contributing to gene silencing, regulation of gene expression and chromatin organization. Below is a
non-exhaustive description.

Different histone variants have been linked to specific epigenetic states and chromatin-related
processes®. The centromeric H3 variant (called CENP-A in vertebrates, Cse4 in yeast and CENH3 in
plants) is a marker of centromeric heterochromatin®. H2AW and macroH2A variants are enriched at
constitutive heterochromatin, and correlate with transcriptional silencing in plants and animals,

respectively®3®®. In A. thaliana, H3.1 and H3.3 variants are respectively found at heterochromatic and
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actively-transcribed euchromatic regions of the genome® ¢’. Conversely, in animals, H3.3 is also
enriched at heterochromatic and telomeric regions®®. H2A.Z is a multi-faceted histone variant,
primarily found in nucleosomes located in gene promoters, and inversely correlated with DNA
methylation® ®. In promoters, H2A.Z is involved in transcription initiation by recruiting RNA Pol 113,
H2A.Z is also enriched in the body of genes that are rather lowly expressed, and respond to
environmental and developmental stimuli®. Depending on the genomic location and organisms,
H2A.Z plays antagonistic roles. In yeast, it has been involved in the protection of euchromatic regions
from ectopic spreading of telomeric heterochromatin®. In D. melanogaster, H2A.Z accumulates in
pericentric heterochromatin, where it is required for heterochromatin assembly®. Finally, the histone
variant H2A X plays an important role during DNA damage response (DDR). Upon DNA double-strand
breaks (DSBs), H2A.X is phosphorylated (yH2A.X), which initiates DDR®*,

Chromatin remodelers are protein complexes of various compositions playing essential role in
most of chromatin-related processes such as regulation of transcription, gene and TE silencing, DNA
replication, repair, and chromatin architecture’®”2. They are versatile tools used by the cell to
reorganize chromatin through the regulation of nucleosome/DNA accessibility, or by performing
nucleosome assembly, sliding, eviction or editing’®”2. There are 4 distinct families of ATP-dependent
chromatin remodelers: chromodomain-helicase-DNA binding (CHD), inositol requiring 80 (INO80),
switch/sucrose-non-fermenting (SWI/SNF) and imitation switch (ISWI1)’%72. In A. thaliana, DECREASE
IN DNA METHYLATION 1 (DDM1) is a SWI/SNF chromatin remodeler that is required for the
maintenance of DNA methylation, TE silencing and CC condensation’>7”. It has been suggested that
DDM1 would evict the linker histone H1 from constitutive heterochromatin to allow DNMTs to access
and methylate DNA32, MORPHEUS’ MOLECULE 1 (MOMZ1) is a plant-specific CHD3-like ATPase that is
also required for transcriptional gene silencing (TGS) and repression of TEs’®. However, unlike DDM1,
MOM1 is not required for the maintenance of DNA methylation and CC condensation’>”’. MOM1 acts
synergistically with RNA Pol V (RADM pathway) to silence heterochromatic loci’®. Recently, the two
PROTEIN INHIBITOR OF ACTIVATED STAT (PIAS)-type SUMO E3 ligase-like proteins, PIAL1 and PIAL2
were identified as MOM1 interactors that are required for TE silencing®’.

Noncoding RNAs (ncRNAs) are important regulators of gene expression and chromatin
organization!?2. Among ncRNAs, we distinguish small RNAs, such as microRNAs (miRNAs), short
interfering RNAs (siRNAs) or PIWI-interacting RNAs (piRNAs) that play roles in transcriptional and post-
transcriptional gene silencing (TGS and PTGS)'* *8, In plants, both 24-nt and 21-nt siRNAs have been
involved in the RADM pathway*® #°. More recently, circular RNAs (circRNAs) and tRNA-derived small
RNAs (tsRNAs) were identified as new ncRNA molecules involved in gene and TE silencing®%®2, Finally,

long noncoding RNAs (IncRNAs) constitute another class of RNA molecules involved in the regulation
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of gene expression, usually ranging from 200-nt to several kb long, and transcribed by RNA Pol I, RNA
Pol IV or Pol V8384,

Together with other processes (not mentioned here), the above-described epigenetic pathways
participate in the subnuclear organization of chromatin, regulation of gene expression and TE
silencing. They also contribute to other fundamental cellular processes such as DNA repair and cell
division. Thus, altogether, they can be represented as an “epigenetic mille-feuille”, which is layered

by all the epigenetic pathways that shape the eukaryotic genome (Figure 6)%.

Epigenetic

~ TET,DME, ~ KYP,SUVH,
DML SUVR

compass, © MEDEA, * spgs, *

ATX SWN,E(Z)  sDGS,Set2 ATXRS, ATXR6 - Regulation of gene
<> > > expression
HAT HDAC PRMT SRA, MBD

DNMT, CMT JmjC, KDM * Subnuclear organization

of chromatin
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Epigenetic > Histone > Chromatin >
readers variants remodelers MoMm1
> > L 2

* DNA damage response

ncRNA RdDM MORC* * Regulation of cell
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Mille-feuille

Figure 6. Intricate features of the “epigenetic mille-feuille”, composed of epigenetic pathways and
players that have been described in this introduction. Please note that many epigenetic players were
not described here. In addition, itis very likely that several epigenetic players are yet to be discovered.
The notion of “epigenetic mille-feuille” was first proposed by Rigal and Mathieu in 20118,

* The Microrchidia (MORC) proteins will be described in Section V chapter 2.3.

10. The complex interplay between epigenetic modifications and transcription factors.

A precise and highly-coordinated regulation of transcription is essential among the cells of any
given organism. The cellular mechanisms involved in the regulation of transcription are tremendously
sophisticated, complex and various®. Transcription factors (TFs) are major proteins regulating
transcription that have been studied for decades®”. Beside their transcriptional activation domain and
an optional signal-sensing domain, TFs carry a DNA-binding domain (DBD) that recognizes a specific
DNA sequence, called cis-regulatory elements or modules (CREs or CRMs)® &7, There is a plethora of
eukaryotic TFs, classified in five superclasses based on their DBD structure®®,

e Superclass 1, Basic Domains, including classes of Leucine zipper factors (bZIP), Helix-loop-

helix factors (bHLH), NF-1, RF-X, bHSH.
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e Superclass 2, Zinc-coordinating DNA-binding domains, including classes of Cys4 zinc finger
(Znf) of nuclear receptor type, diverse Cys4 Znf, Cys2His2 Znf domain, Cys6 cysteine-zinc
cluster, Znf of alternating composition.

e Superclass 3, Helix-turn-helix, including classes of Homeodomain, Paired box, Fork head /
winged helix, Heat shock factors, Tryptophan clusters, TEA domain.

e Superclass 4, beta-Scaffold Factors with Minor Groove Contacts, including classes of RHD
(Rel homology domain), STAT, p53, MADS box, beta-Barrel alpha-helix transcription factors,
TATA-binding proteins, High mobility group (HMG), Heteromeric CCAAT factors, Grainyhead,
Cold-shock domain factors, Runt.

e Superclass 0: Other Transcription Factors including classes of Copper fist proteins, HMGI(Y),
Pocket domain, E1A-like factors, AP2/EREBP-related factors.

Some TFs are specific to metazoans, while others are also found in plants® . Conversely, some

TFs are plant-specific such as, among others, APETALA 2 (AP2)/ethylene-responsive element binding
factor (ERF), NAC [NAM (no apical meristem), ATAF1 and -2, and CUC2 (cup-shaped cotyledon)],
WRKY, ABSCISIC ACID INSENSITIVE 3 (ABI3)/VIVIPAROUS1 (VP1); auxin response factor (ARF), and
SQUAMOSA-promoter binding protein (SBP) proteins®™.

There are three different types of TFs.

e Pioneer factors that are essential TFs required for cell reprogramming and development®?.
Unlike other TFs, they have the capacity of binding heterochromatin to promote its
decondensation, and subsequently allow the binding of specific and general TFs to allow gene
expression®’. Pioneer TFs are found in animals and plants. For instance, in animals, octamer-
binding transcription factor 4 (OCT4) and SRY (sex determining region Y)-box 2 (SOX2) are
essential factors for maintaining the self-renewal of ESCs, and reprogramming of somatic cells
into pluripotent cells. In plants, LEAFY is required for floral meristem establishment; AP1 and
SEPALLATAS3 (SEP3) are essential for floral organ specificity by counteracting the PcG pathway
to remove H3K27mes3.

e Specific (or upstream) TFs are transcriptional activators or repressors acting through the
recognition of a specific DNA sequence usually located upstream of the transcriptional start
site (TSS)®®. They are often activated upon the perception of specific cell signals or
environmental stimuli®.

e General TFs are involved in the recruitment and formation of the RNA Pol Il pre-initiation
complex, through the recognition of specific DNA sequences, such as the TATA box, located

nearby the TSS of any RNA Pol lI-transcribed genes®. They act downstream of specific TFs.
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In a well-established paradigm, the recruitment of a transcriptional activator TF at a specific gene
promoter requires sequential events such as TF activation through various PTMs, chromatin
accessibility and nucleosome eviction by diverse chromatin modifiers, removal of transcriptional
repressors, and replacement of repressive epigenetic marks by activating marks. For instance, upon
hypertrophic stimuli, the HAT p300 promotes Cys4 Znf TF GATA4 and histones acetylation to allow the
expression of cardiac genes in murine cardiomyocytes®®. Furthermore, histone acetylation allows the
sequential recruitment and activation of RNA Pol lI, as seen by single cell live imaging®. In A. thaliana,
the histone acetyltransferase GCN5 is required for the expression of heat stress-induced genes®.
Besides, the bZIP TFs bZIP28 and bZIP60 interact with the AtCOMPASS protein complex to promote
H3K4 methylation, which will subsequently allow gene expression®®.

Conventionally, the binding of a TF to its CRE implies that the DNA motif is not methylated®®. Thus,
DNA methylation or transcriptional repressors bound to 5-mC are usually sufficient to preclude most
TFs from binding CREs (Figure 7A and B)%. Nevertheless, DNA methylation can also positively influence
TF binding. This has been specifically shown for several homeodomain TFs including the pioneer factor
OCT4 and the RHD NF-AT TFs% (Figure 7C). Lastly, a TF can potentially recognize two distinct CREs

based on their epigenetic signature (Figure 7D)%.
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Figure 7. Traditional view and emerging scenarios describing TF/CRE interaction. A-B.

Traditionally, TF/CRE interaction is only possible if DNA is not methylated (left panels). Either DNA
methylation by itself (A, right panel) or the binding of a transcriptional repressor such as MBD protein
(B, right panel) is sufficient to prevent TF binding. C-D. In these emerging scenarios, the TF can only

bind methylated CRE (C, right panel), or shows distinct binding specificities for two different CREs that



are either unmethylated or methylated (D, left and right panels, respectively). Modified from

reference®.

11. Transgenerational epigenetic inheritance and memory.

Alterations of cell epigenome occur throughout the development of any organism. Several factors
may promote epigenome modifications, such as for instance the genetic background, nutrition or
exposure to particular environmental factors or chemicals'?. These epigenetic changes can be
transgenerationally inherited throughout several generations, with progeny carrying an epigenetic
memory of these alterations. This process is called transgenerational epigenetic inheritance (TEl), and
if located within a gene or promoter, these epigenetic changes can create stable ‘epialleles’®?. In
animals, several studies have linked epigenetic modifications like H3K9 and DNA methylation, or
ncRNAs such as siRNAs or piRNAs, as factors involved in transgenerational epigenetic inheritance
(reviewed in 2, 98101) Originally described in plants, paramutation is another form of TEI involving
interaction between two alleles, whereby the paramutagenic allele will convert the other one (called
paramutated) into the same epigenetic state when both alleles are present in a heterozygote
genotypel®, Paramutation has also been described in animals, and like in plants, this phenomenon
very often involves small RNAs!®. In A. thaliana, the epigenetic recombinant inbred lines (epiRILs)
have been a powerful way to study TEI*%* 1%, EpiRILs were initially generated by backcrossing either
metl or ddm1 mutants with wild type (WT) plants, and subsequently selecting and propagating
independent inbred lines that were homozygote WT for each gene!® 1%, Loss of MET1 or DDM1
induces drastic changes in DNA methylation patterns (mostly CG hypomethylation, but also non-CG
hypo- and CHG hypermethylation) that can be inherited in epiRILs, depending of the genomic location,

104,105 However, reestablishment of DNA

and despite the restoration of enzymatic activities
methylation can occur at loci accumulating siRNAs, through the RADM pathway?°®. EpiRILs have also

been a powerful tool to study TE transposition, and the role of TEs in TEI.

12. Roles of TEs in the organization, evolution and innovation of eukaryotic genomes.

TEs play important roles in the organization and evolution of eukaryotic genomes!?” 1%, They
contribute to genome architecture and dynamics, and modulate gene expression at the transcriptional
and post-transcriptional level’®” 1% |n specific genetic backgrounds (e.g. epigenetic mutants) or upon
environmental stimuli, TEs can mobilize within the host genome. TE neoinsertions promote high
mutation rates of the genome, which can sometimes be deleterious for the host, but also an important
source of genetic variability, adaptation and innovation, through the modulation of gene expression
and creation of genetic and phenotypic diversity?”-11% 111 |n plants, there are several examples of TE-

driven modulation of gene expression that have led to phenotypic variations, with important
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agronomic impacts'®’. In mammals, a good example is the Eutherian-specific transposable element
MER?20, which controls the expression of a network of genes involved in placentation!2. Finally, in A.
thaliana, a recent study has shown that retrotransposition of ATCOPIA TEs occurs predominantly in
environmentally responsive genes displaying specific epigenetic signatures, suggesting that ATCOPIA
retrotransposition can contribute to genetic diversity and genome adaptation in response to
environmental changes!®3.

The process of TE gene domestication is another outstanding example of TE contribution to host
genetic innovation!?’. Also known as “gene exaptation” or “cooption”, this process can lead to the
production of exapted TE (ETE) proteins involved in an entirely new function 17114116 There are many
documented ETE genes in the literature. For instance, in jawed vertebrates, the variable (V) diversity
(D) joining (J), V(D)) recombination system, which is involved in immune response through the
creation of an infinite variety of antibodies, requires the domesticated transposase RAG1 and
recombination signal sequences (RSS) of TE origin''*. Syncytins that are proteins involved in mammal
placentation, derive from endogenous retroviruses (ERVs), which share similarities with
retrotransposons!!®. In human, centromere binding protein B (CENP-B), which derives from a
transposase of Pogo-like DNA transposons, is required for centromere formation and identity through
the binding of a specific 17bp stretch of satellite DNA called the CENP-B box!!*. Telomerase reverse
transcriptase (TERT), which is essential for telomere replication is likely to derive from LINE-like
retrotransposons!!. In prokaryotes, the Cas1 protein, involved in the Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)-Cas system, show sequence similarities with transposases of
Casposons TE'*. Similarly, domestication of TE genes has greatly contributed to the diversification of
plant protein repertoire, creating a panel of proteins that are involved in various cellular processes'®”
114,117 The hAT-like transposase-derived Daysleeper is involved in DNA damage response and plant
development!®®, Far-red impaired response 1 (FAR1) and FAR1-related sequences (FRS) proteins are
TFs regulating the expression of genes involved in light perception and plant development!®®. The
PIF/Harbinger-related transposase ANTAGONIST OF LIKE HETEROCHROMATIN PROTEIN1 (ALP1)
antagonizes the PcG pathway, promoting the expression of PcG-target genes in the clf mutant!?°. The
Harbinger transposon-derived proteins (HDP1) and HDP2 are transposase- and SANT/Myb DNA
binding-derived proteins, respectively, that form a histone acetyltransferase complex involved in
active DNA demethylation!?L. Plant Mobile Domain (PMD) proteins are derived from Ty3/Gypsy TEs,
and we and other labs have shown that they are involved in TE silencing, regulation of gene
expression, genome stability and plant development (Nicolau et al., PLOS Genetics, in revision and 2%
124 Finally, MULE transposase-derived MUSTANG (MUG) proteins have been linked to plant

development and fertility'?”- 125,
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V. Research studies.

1. PhD thesis.

| did my PhD at Institut de Biologie Moleculaire des Plantes (IBMP, Strasbourg) where | studied
Post Transcriptional Gene Silencing (PTGS) as an antiviral defense mechanism, mostly in A. thaliana. |
also described the effects of several viral proteins (called suppressors of RNA silencing) on transitivity,
a mechanism developed by the plant to amplify the PTGS response through the activity of RNA-
dependent RNA polymerases (RdRPs or RDRs), such as for instance RDR6?®. Finally, | initiated the
characterization of a plant DNA virus-encoded suppressor of RNA silencing'?’.

This part of my previous research will not be further described in this manuscript.

2. Postdoctoral research.

| joined Steve Jacobsen lab at UCLA, Los Angeles, USA in 2007, where | spent almost six years
studying epigenetics using A. thaliana as a model organism. During this time, | had the opportunity to
get involved in various projects, in an outstanding research environment.

Here, | will only describe the projects that lead to a publication.

2.1 The role of JImjC JMJ14 in the DRM2-mediated maintenance of DNA methylation.

This project was led by Angelique Deleris, another postdoctoral fellow. It was based on a reverse
genetic approach aiming at identifying jmj mutants impaired in DNA methylation. Using bisulfite DNA
sequencing (BS-seq) and chromatin-immunoprecipitation (ChIP) experiments, we showed that jmj14
displayed DNA methylation defects at non-CG sites, and increase in H3K4me3 at DRM2 target sites.
Further experiments suggested that JMJ14 was specifically involved in the DRM2-mediated

maintenance of RdADM, most likely acting as a H3K4me3 HKDM*28,

2.2 A forward genetic screen identifies new epigenetic players.

Forward genetic is a powerful and unbiased approach aiming at identifying new components of a
specific pathway. In the Jacobsen lab, my main project was to develop a forward genetic screen based
on the SDC::GFP transgene, in which GFP expression is controlled by the promoter of SUPPRESSOR OF
drm1 drm2 cmt3 (SDC) (Figure 8A). SDC promoter carries several tandem repeats, and in vegetative
tissue, this gene is transcriptional repressed through the redundant activity of DRM2 and CMT3%, In
the endosperm of the seed, however, maternal copy of SDC is expressed, making SDC an imprinted
gene130, 131.

The SDC::GFP transgene was introduced in WT, drm2, cmt3 single, and drm2 cmt3 (dc) double

mutant backgrounds. As expected, the transgene was silenced in WT, drm2 and cmt3, but strongly
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upregulated in dc (Figure 8B). | performed an ethyl methanesulfonate (EMS) mutagenesis, and
subsequently screened for mutant populations showing upregulation of GFP in WT, drm2 or cmt3
genetic backgrounds. Among others, the mutant populations WT #67, cmt3 #49, cmt3 #7 and WT #162
were identified (Figure 8C). The mutated genes responsible for the upregulation of the transgene were
mapped using bulk segregant analyses coupled to whole genome resequencing. These mutants are

described in sections 2.3 and 2.4.

A b

sbcpro  [GRRIE

B \
cmt3 drm2 cmt3
C
cmt3 #49 cmt3 #7
(morc6-1) (morc6-2) (morc1-3)
D

(mthfd1-1)

Figure 8. The SDC::GFP reporter gene allowed the identification of new epigenetic players. A. GFP
is controlled by the SDC promoter, which carries seven tandem repeats. Red bar: nuclear localization
signal. B. WT, drm2 and cmt3 show no GFP fluorescence under ultraviolet (UV). Conversely, GFP is
upregulated in the drm2 cmt3 double mutant. C-D. EMS-mutagenized populations WT #67, cmt3 #49,
cmt3 #7 (C) and WT #162 (D) show strong GFP fluorescence. Insets: plants under white light. Figure 7

is a composite of figure panels that were published in references 32 and 33,

2.3 The Microrchidia ATPases are required for gene silencing and heterochromatin compaction.

Mapping of mutant populations WT #67, cmt3 #49 and cmt3 #7 identified the mutated genes
MORC6 and MORCI, as responsible for GFP upregulation (Figure 8C).

The Microrchidia (MORC) proteins belong to the GHKL (gyrase, HSP90, histidine kinase, MutL)
ATPases that are found in prokaryote and eukaryote organisms*3*. They have been involved in various
cellular processes such as TE and gene silencing, chromatin organization, DNA repair, plant immunity
and cancer®*'% |n A. thaliana, MORC1 and MORC6 (as well as MORC2 and MORC6) form heteromeric
complexes, and accumulate as nuclear bodies localizing in the vicinity of CCs*3% %8, The morc1, morc2

and morcé6 single, and higher order mutants thereof, show upregulation of several TEs and DNA-
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methylated genes, and decondensation of constitutive heterochromatin3% 13814% |n addition, The
MORC1/6 pathway acts synergistically with MOM1 to repress TE38, Conversely, MORC4 and MORC7
form homomeric complexes acting redundantly to regulate gene expression, and they are involved in
plant response against the oomycete pathogen, Hyaloperonospora arabidopsidis (Hpa)**!. Despite
their role in the repression of TEs and DNA-methylated genes, the morc mutants show only modest
changes in DNA methylation and H3K9me2 levels’3% 139141 However, several reports showed that
MORC1 and MORC6 interact with components of the RADM pathway!3% 142143 and artificial targeting
of MORC6 to a derepressed DNA-methylated gene can promote de novo DNA methylation and
repression of the misregulated loci*. Thus, it has been proposed that the MORC1/6 complex acts
mostly downstream of DNA methylation, and would interact with components of the RdDM
machinery to promote its own recruitment to heterochromatic loci that must remain condensed and
silenced™.

In mouse, the founding member Morcl is required for male fertility, and morc1 mutant exhibits
small testis (hence the name microrchidia)!*. In the male germline, Morc1 is required for TE silencing,
facilitating de novo DNA methylation*®. In nematode, the unique Morc-1 gene is required for gene
silencing, and recent biochemical studies showed that Morc-1 compacts chromatin through a DNA-
loop trapping mechanism®3% %7, Considering that eukaryotic MORC proteins are highly conserved, it is

likely that the modus operandi of other animal and plant MORCs is similar.

2.4 MTHFD1 controls DNA methylation in A. thaliana.

The SDC::GFP genetic screen identified the bifunctional methylenetetrahydrofolate
dehydrogenase/methenyltetrahydrofolate cyclohydrolase (MTHFD1) gene as required for DNA and
H3K9 methylation and, therefore, TE silencing (WT#162, Figure 8C)!33. In short, mthfd1 mutant is
impaired in folate metabolism, which induces a misregulation of the methionine cycle and change in
the methylation index [MI = S- Adenosylmethionine / S- Adenosylhomocystein], hence DNA and H3K9

methylation defect in this mutant!33,

3. Current research projects.

Since October 2016, | have been appointed as CRCN at LGDP where | co-lead, together with
Frederic Pontvianne, the team Epigenetic Mechanism and Chromatin Architecture (MEAC). In brief,
our team studies i) the mechanisms involved in the subnuclear organization of chromatin, ii) the
epigenetic mechanisms regulating gene expression and repressing TEs, iii) the phenomena of TE gene
domestication (“ETE genes”) and tandem duplication in direct orientation (TDDO) as sources of

genetic innovation in plant.
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3.1 Characterization of the ATCOPIA28::GFP system.

To identify new pathways involved in the silencing of TEs, | decided to engineer another GFP-based
transgene, called ATCOPIA28::GFP, in which GFP expression is controlled by the 5’ long terminal repeat
(LTR) promoter region of a TE belonging to the ATCOPIA28 retrotransposon family (Figure 9A).
ATCOPIA28::GFP was first introduced in the drm1 drm2 cmt3 (ddc) triple mutant, and primary
transformants showing strong GFP expression were selected. These plants were and further
characterized to finally keep one independent line, in which segregation analyses confirmed that a
single insertion event of ATCOPIA28::GFP had occurred. This line called “ddc+++” exhibits strong GFP
fluorescence, which is transgenerationally maintained (Figure 9B and C). Backcrossing ddc+++ to WT
(F1 generation) promoted ATCOPIA28::GFP silencing, most likely through the RdADM pathway. In the
F2 generation, WT plants carrying the transgene (ATCOPIA28::GFP WT) showed no GFP fluorescence
(Figure 9D). By contrast, the F2 plants that were genotyped as ddc (called “ddc+”) showed
intermediate level of GFP fluorescence, in between ATCOPIA28::GFP WT and “ddc+++” (Figure 9E). F2
ATCOPIA28::GFP WT plant were ultimately crossed with untransformed ddc plants to generate F2’
ATCOPIA28::GFP ddc plants (called “ddc-") that showed no GFP fluorescence (Figure 9F).

A ATCOPIA28

(AT3TES1900)

F2 F2'[3
Xwt — F1 —
X ddc — f1’ —
E

ddc +

Figure 9. Transgenerational analyses of ATCOPIA28::GFP expression. A. ddc plants were
transformed with ATCOPIA28::GFP to obtain the line ddc+++ showing strong GFP fluorescence under
UV light. B. GFP expression is transgenerationally maintained through several generations in the
progeny of ddc+++. C-D. Backcrossing of ddc+++ with WT Columbia plants allowed the identification
of lines WT and ddc+, showing no and low GFP fluorescence, respectively. E. Reintroducing the ddc
mutation by crossing the line WT with a ddc plant that does not carry the transgene led to the

identification of line ddc-, which show no GFP fluorescence.
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The expression level of ATCOPIA28::GFP in WT, ddc +, ddc +++ and ddc - anticorrelates with DNA
methylation level at the 5’LTR (Figure 10A and B). In WT, the 5’LTR is highly methylated in the three
cytosine sequence contexts, hence the silencing of the transgene. In ddc+++, in which DRM2 has
remained mutated, there is no DNA methylation and strong GFP fluorescence. In ddc+, mCG shows an
intermediate level, most likely because DRM2 was not able of fully reestablish DNA methylation in the
F1 parental line (Figure 9). By contrast, ddc - displays a WT level of mCG, probably because it derives
from a cross using the WT line, in which DRM2 had enough time to efficiently reestablish DNA
methylation, and recruit the other DNMTs (Figure 10B). Hence, despite the lack of DRM2 and CMT3
activities in ddc -, the MET1-mediated mCG maintenance is sufficient to keep ATCOPIA28::GFP
silenced. This makes ATCOPIA28::GFP different than SDC::GFP, whose silencing is impaired in ddc?3?.

In conclusion, through this genetic analysis, four ATCOPIA28::GFP epialleles have been generated.

One epiallele is in WT; the three others are in ddc (Figure 10B).

A B ATCOPIA28::GFP
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Figure 10. Characterization of four ATCOPIA28::GFP epialleles obtained in WT and ddc genetic
backgrounds. A. DNA methylation analyses at the 5’LTR of ATCOPIA28::GFP in WT, ddc+, ddc+++ and
ddc- assayed by bisulfite DNA sequencing. Nb of clones = number of clones that were sequenced for
the analysis. B. Level of GFP fluorescence in the four ATCOPIA28::GFP lines, which anticorrelates with

the DNA methylation status of the 5’LTR.

3.2 The ATCOPIA28::GFP forward genetic screen.

Following their characterization, | performed an EMS mutagenesis of WT and ddc+ lines. The 5-

mC-deficient ddc+ line is considered as a sensitized genetic material, in which any additional mutation
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in another epigenetic pathway converging towards the silencing of the transgene, would lead to a
strong expression of the GFP. For each mutagenesis, approximately 1500 M2 mutant populations were
generated. The WT screen is now finished. Nine M2 populations showing a moderate increase in GFP
fluorescence were selected, and mutations responsible for the phenotype were mapped.
Unfortunately, this screen did not allow us to identify new epigenetic players, as we only retrieved
MOM1 or MET1 mutant alleles. The ddc+ screen is still in progress, and so far, half of the M2
populations have been screened. Among the seventeen M2 ddc+ populations that we mapped, the

population ddc #16 drew our attention. A summary of these screens is described in Table 1.

Sequencing Population Candidate Type of
code number gene mutation
S1 WT#42 MOM1 nonsense
S2 WTH#64 MOM1* deletion
S3 WTH82 MET1 splicing defect
sS4 WT#136 MOM1* deletion
S5 ddc#l6 MAIN* missense
S6 ddc#18 MORC6* missense
S7 ddc#28 PIAL2 nonsense
S8 ddct#72 UBP26 nonsense
S9 WT#909 MOM1* nonsense
S10 WT#1049 MOM1* nonsense
S11 WT#1421 MOM1 nonsense
S12 WT#1517 MOM1 nonsense
S13 WT#1568 MOM1 nonsense
S14 ddc#55 MOM1 nonsense
S15 ddc#100 MORC6 nonsense
S16 ddc#109 UBP26 missense
S17 ddc#117 MOM1 splicing defect
S18 ddc#124 unresolved -
S19 ddc#194 tbd -
S20 ddc#218 HDA6 nonsense
S21 ddc#259 ATMS1® missense
S22 ddc#333 PIAL2 splicing defect
S23 ddc#344 MORC6* missense
S24 ddc#370 unresolved -
S25 ddc#431 MORC6 nonsense
S26 ddct#447 unresolved -

Table 1. Summary of WT and ddc mutant populations that have been mapped. * confirmed by SANGER
DNA sequencing. § most probable candidate. tbd: to be determined. METHIONINE SYNTHASE1
(ATMS1) has been recently identified as required for DNA and H3K9 methylation at heterochromatic

regions®,

26



3.3 The Plant Mobile Domain (PMD) protein MAINTENANCE OF MERISTEMS (MAIN) is required

for the ATCOPIA28::GFP silencing.

Bulk segregant analyses coupled to whole genome resequencing of ddc #16 allowed the
identification of an EMS mutation, creating the missense mutation (C230Y) within MAINTENANCE OF
MERISTEMS (MAIN). Genetic complementation analyses by crossing the EMS mutant ddc #16 with the
knock-out (KO) transferred DNA (T-DNA) insertion line main-2 confirmed that MAIN was the mutated
gene causing silencing defects. Thus, ddc #16 was renamed ddc main-3.

This work is described in Nicolau et al., PLOS Genetics, in revision, the plant mobile domain
proteins MAIN and MAIL1 interact with the phosphatase PP7L to regulate gene expression and
silence transposable elements in Arabidopsis thaliana.

In brief, the MAIN, DRM2 and CMT3 pathways act synergistically to silence TEs. MAIN and its close
homolog MAIN-LIKE 1 (MAIL1) physically interact together to regulate a similar set of genes and
silence TEs. The two PMD proteins interact also with a putative serine/threonine-specific
phosphoprotein phosphatase (PPP) called PP7-LIKE (PP7L), and main, maill and pp7I single and maill
pp7/ double mutants display similar developmental and molecular phenotypes. A substantial fraction
of genes that are commonly downregulated in the pmd and pp7/ mutants carry within their promoter
a highly similar DNA motif (called the ‘DOWN’ motif), which suggests that transcriptional regulation

of these loci could occur through the recognition of this DNA motif (see below section 3.6).

3.4 A brief introduction to the Plant Mobile Domain (PMD) proteins.

The PMD is a protein domain largely represented among the angiosperms, and phylogenetically
spread over three clades®. Early in silico analyses suggested that genic PMD versions derived from
Ty3/Gypsy TEs upon TE gene domestication?*®1*°, Later in the evolution, genic PMDs would have been
captured by Mutator-like elements (MULE) MuDR TEs through the process of transduplication!?* 14°,
While genic PMDs belong to the PMD-B and -C clades, the Gypsy- and MuDR-associated PMDs belong
to the PMD-A and -C clades, respectively'?*. Comparative analyses of 33 angiosperm genomes showed
that several plant species, such as rice or tomato for instance, carry both TE-associated and genic
PMDs?*, Conversely, the genome of A. thaliana is deprived of TE-associated PMDs, and contains only
genic versions. Protein domain analyses revealed that among genic PMDs, the standalone version is
the most represented'®. Nevertheless, in many species, the PMD is fused to other protein domains
such as, for instance, PPP, kinase or protease domains. The genome of A. thaliana encodes thirteen
PMD proteins. The standalone PMD-C versions MAIN and MAIL1 have been related to genome
stability, developmental processes, regulation of gene expression and TE silencing®?*?* (and Nicolau

et al., PLOS Genetics, in revision). They have two uncharacterized close homologs called MAIL2 and
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MAIL3, and nine related PMD proteins named PMD5 to PMD13 of unknown function!?*. MAIL3 is the
unique A. thaliana protein harboring a PMD fused to a PPP domain, whose substrates remain
unknown (Figure 11A). MAIN and MAILs proteins carry putative nuclear localization signals (NLS), and
previous works showed that they are bona fide nuclear proteins'??1?*, We confirmed that MYC-

epitope tagged MAIN and MAIL1 are localized in the nucleus (Figure 11B).

A maN —mar -+ 478 aa

MAILL -] . 509 aa
MAIL2 — —H— 667 aa
MAIL3 — 7] 1340 aa

Figure 11. PMD-C protein organization and subnuclear localization. A. Protein domains of MAIN,
MAIL1, MAIL2 and MAIL3 proteins with predicted nuclear localization signals (NLS) depicted by red
rectangles. B. Subnuclear localization of MAIN- and MAIL1I-MYC proteins assayed by
immunofluorescence (IF) experiments using anti-MYC antibody. DAPIl: = 4',6-diamidino-2-
phenylindole staining of DNA. PMD: Plant Mobile Domain. PPP: serine/threonine-specific

phosphoprotein phosphatase, aa: amino acids.



3.5 MAIN and MAIL1 are required for TE silencing and the proper expression of several genes,

including MORC1 and FLOWERING LOCUS C (FLC).

Three independent RNA sequencing (RNA-seq) analyses have precisely defined the sets of TEs and
genes that are misregulated in the main-2 and mail1-1 null mutants (Nicolau et al., PLOS Genetics, in
revision). There are significant overlaps of misregulated loci between main-2 and mail1-1, which is
consistent with the similar developmental phenotypes of the two mutants (Figure 12A and B, and
Nicolau et al., PLOS Genetics, in revision). We then identified subsets of genes and TEs that were
commonly misregulated in main-2, maill-1 and the hypomorphic main-3 mutant (Figure 12B).
Remarkably, among the downregulated genes, we identified MORC1, and confirmed by quantitative
reverse transcription PCR (RT-gPCR) that MORC1, but not MORCS, is indeed downregulated in main-
2, mail1-1 and main-3 as well as in the main-2 mail1-1 double mutants (Figure 12C-E). Thus, MAIN and
MAIL1 are required for MORC1 expression. We then compared the subsets of loci that were commonly
misregulated in main-2, maill1-1 and main-3 with publicly available morc1-4 RNA-seq data to
determine the overlaps of misregulated loci between the pmd and morc1 mutants!*2. We found that
39% of upregulated TEs and 25% of upregulated genes in the main-2, maill-1 and main-3 overlaps
were also upregulated in morci-4. (Figure 12F). Conversely, no overlap was found between the
downregulated genes in the pmds and morc1 mutants (Figure 12F and G). Furthermore, all the genes
commonly upregulated in the pmds and morcl-4 were pericentromeric, DNA-methylated and

transcriptionally-repressed genes in WT plants®®L.
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Figure 12. MORC1 is downregulated in main and maill mutants. A. Developmental phenotypes of
main-2, maill-1, main-3, morc-2 single and main-2 maill-1 double mutants in comparison to WT plant.

bar = 1cm. B. Venn diagram analyses of misregulated loci in main-2, maill-1 and main-3 (threshold:

29



log2 > 2 or log2 <£-2; padj <0,01). C. Snapshot of MORC1 genomic location and mRNA accumulation
from RNA-seq analyses in main-2, maill-1 and WT plants. D. Relative MORC1 and MORC6 transcript
levels in main-2, maill-1 and main-2 mail1-1 mutants over WT assayed by RT-qPCR and normalized to
the housekeeping RHIP1 gene. E. Same analyses as in D using ddc, main-3 and ddc main-3 mutants. F.
Venn diagram analyses comparing the misregulated loci defined in the overlaps between main-2,
mail1-1 and main-3 in panel B, with misregulated loci in the morc1-4 mutant from publicly available
morcl-4 RNA-seq data®*2. G. RT-qPCR validation of overlapping TEs, and non-overlapping upregulated

and downregulated genes described in F.

In conclusion, these results suggest that upregulation of TEs and DNA-methylated genes observed
in the main and maill mutants could be, at least for a subset of loci, an indirect effect of MORC1
downregulation. To test this hypothesis and determine whether MAIN and MAIL1 regulate MORC1
expression, we are currently developing several approaches:

) Chromatin-immunoprecipitation coupled to quantitative PCR (ChIP-qPCR) experiments

using epitope-tagged MAIN/MAIL1 expressing lines to test if the two PMDs are enriched
at MORC1 genomic location (see also paragraph 3.6.1).

) Transformation of main-2 and maill-1 plants with a MORCI transgene driven by a
ubiquitous promoter (UBIQUITIN10 promoter) to determine if MORC1 overexpression can
rescue some TE and gene silencing defects in the main-2 and mail1-1 mutants.

) RNA seq analyses of pmd morcl higher order mutants to determine the genetic

interaction between the pmd and morc1 mutations.

Considering that pmds and morc1-2 mutants share a common set of upregulated TEs and genes,
and morc1-2 and WT plants are phenotypically undistinguishable (Figure 12A, F-G), it is unlikely that
TE silencing defects observed in the pmd mutants account for their abnormal developmental
phenotypes. Instead, it is likely that the pmd developmental phenotype is the aftermath of
misregulation of genes essential for plant fitness. Among the genes that were commonly misregulated
in main-2 and mail1-1 null mutants, we found enrichments for the gene ontology (GO) term ‘response
to stress’ (p-value=4.19e-14, upregulated genes) and ‘disulfide oxidoreductase activity’ (p-
value=2.81e-3, downregulated genes). Thus, these GO term enrichments could explain the abnormal
developmental phenotype of main-2 and maill-1 null mutants. Furthermore, we did not identify GO
term enrichment in the lists of genes commonly misregulated in main-2, maill1-1 and main-3.
However, among these lists, we have identified, beside MORC1, several outstanding genes that are

involved in important developmental and cellular processes. These genes are described in Figure 13A,
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based on TAIR annotations, Araport ThaleMine and/or the following references®®?%1, Among the
genes that are upregulated main-2 and maill-1, we identified FLC, which is a MAD-box TF acting as

floral repressor (Figure 13B)¥2

FLC is repressed by several pathways including PcG-mediated
H3K27me3 deposition, the autonomous pathway and the IncRNA COOLAIRY? 162, One hypothesis is
that FLC upregulation leads to flowering delay of main-2 and mail1-1 mutants, and preliminary results
suggest that H3K27me3 deposition at FLC is not impaired in the main-2 mail1-1 double mutant (Figure
13C and D). To confirm this hypothesis, it will be essential to perform a proper flowering time assay in
main-2 and maill-1 plants. Importantly, flowering time assay using pp7/-2 mutant showed that this
mutant does not display a late flowering phenotype'®. Therefore, it is likely that FLC upregulation in
main-2, maill1-1 and pp7I-2 plants is not causing a late flowering phenotype, but instead it is reflecting
the growth delay of these mutants in comparison de WT plant. In the line of this second hypothesis,
itis likely that main-2, mail1-1 and pp7I-2 plants show some plastochron defects.

Finally, the main-2 and mail1-1 mutant plants display strong developmental phenotypes: previous
studies showed that the shoot apical meristem (SAM) is disorganized in the two pmd mutants, and
that main-2 develops fasciated stems??? 12, Moreover, main-2 flowers display impaired determinacy,
leading to the production of extra carpels or flowers-in-flowers'?. To decipher the role of PMDs in
SAM homeostasis and floral morphogenesis, we will analyze the effect of pmd mutations on the
expression patterns of meristem and flower marker genes, using in situ hybridization (ish) and
reporter-based transgenic lines. This part of the PMD project involves a collaboration with Christel

Carles at the Plant and Cell Physiology Laboratory in CEA Grenoble.

A Locus Identifier| Symbol Brief description Referenc B FLC
FLOWERING LOCUS C. MADS-box transcription factor that functions as a repressor
of floral transition.

SHORTAGE IN CHIASMATA. Encodes a protein with similarity to XPF endonucleases.
AT5G52290 SHOC1 |Null mutant plants have defects in meiosis- with a reduction in the number of 153
chiasmata.

TBP-ASSOCIATED FACTOR 4B is a subunit of the RNA pol Il general transcription
AT1G27720 TAF4B [factor TFIID. TAF4B is strongly expressed in meiocyte, and is required for the 154
expression of regulators of meiosis. taf4b mutant shows meiotic crossover defects.
Twin CX9C domain protein. At12Cys-2 transcript is induced in a variety of mutants &
with disrupted mitochondrial proteins. Induced by low phosphate or iron, drought $
and heat stress. Loss of both At12cys-1 and At12cys-2 lead to enhanced tolerance to
drought and light stress and increased anti-oxidant capacity. A.k.a. COX19L.
AT5G51440 | HSP23.5* |HSP20-like chaperones superfamily protein. n.d.
MICRORCHIDIA 1. GHKL ATPase required for the condensation of constitutive

AT4G36290 MORCL heterochromatin and silencing of TEs. Interacts with MORC6. 132,138
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AT5G10140 FLC 152
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UPREGULATED GENES

AT5G09570 | At12Cys-2 155

Histone acetyltransferase of the CBP family 4. Phenotypic analysis of the hac
mutants has suggested that HAC4 antagonizes the other three HAC genes. HAC4 HAT
domain is significantly different from other HACs. The authors proposed that the
structural differences of HAT domain may lead to the particular function of HAC4.
FAR1-RELATED SEQUENCES-RELATED FACTOR2. Encodes one of four FRS (FAR1-
AT3G07500 FRF2  |RELATED SEQUENCE) factor- like genes in Arabidopsis . Located in the nucleus. Not 157
well characterized.

AT1G55970 HAC4 156

WT  main-2 maill

N

DOWNREGULATED GENES
PO Uk, 11 0L

MITOGEN-ACTIVATED PROTEIN KINASE KINASE 3. Involved in ABA- and auxin- D 3 B WT [ main-2 maill-1
tolerance. Belongs to RNA-binding (RRM/RBD/RNP motifs) family protein.
1Q67-DOMAIN 5. Microtubule-associated protein regulating morphogenesis of leaf
AT3G22190 1QDs* 160

pavement cells.
FATTY-ACID-BINDING PROTEIN 3. Chalcone-flavanone isomerase family protein.
AT1G53520 FAP3  |Encodes a plastid stroma-localized fatty acid binding protein involved in fatty acid 161

AT5G40440 MKK3 158
metabolism. I I
FL

H3K27me3 (% of INPUT,
=} =

activated MAP kinase cascade. Involved during dark-light transition.
U2B”-LIKE. Similar to the spliceosomal U2B protein. Functions in cold stress-induced
AT4G00530 n.d.* |UvrABC system protein A. n.d. -
- #2093 #4103
* Not validated by RT-qPCR CTIN7 - #2093 #2105

AT1G06960 U2B”L |alternative splicing. Regulated by alternative splicing, and required for freezing 159
C

Figure 13. A. List of outstanding misregulated genes in the main-2 and mail1-1 mutants, including FLC

and MORCI1. These gene are also misregulated in pp7/-2 and maill-1 pp7I-2. B. Relative FLC transcript
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level in main-2, maill-1 and main-2 mail1-1 mutants over WT assayed by RT-qPCR and normalized to
the housekeeping RHIP1 gene. C. Growth and flowering delay of main-2 and maill-1 mutants in
comparison to WT plants. The main-2 mail1-1 mutant shows same phenotype D. H3K27me3 levels at

162

two FLC locations in main-2 mail1-1 and WT plants, as defined in reference***. ACTIN7 is used as negative

control. Values are mean + SEM from two independent samples, with data relative to INPUT.

3.6 Mode of action of MAIN/MAIL1/PP7L complex in the regulation of gene expression and TE
silencing.

To decipher the molecular mechanisms involving the MAIN/MAIL1/PP7L protein complex in the

regulation of gene expression and TE silencing, we are combining genetic, genomic, microscopic and

biochemical approaches. We believe that altogether these approaches will allow us to address the

following questions.

3.6.1 Are PMD and PP7L proteins physically interacting with chromatin?
Previous reports suggested that MAIN and MAIL1 could be putative TF-like proteins or nuclear

123, 149 Besides, we have found that a significant

factors involved in transcriptional processes
proportion of loci that are commonly misregulated in the pmd and pp7I-2 single, and maill1-1 pp7I-2
double mutants are downregulated genes carrying a specific DNA motif (called the ‘DOWN’ motif)
within their promoters (Nicolau et al., PLOS Genetics, in revision). Thus, one hypothesis is that the
MAIN/MAIL1/PP7L complex directly interacts with chromatin possibly through the recognition of the
‘DOWN’ motif to promote transcription. A second hypothesis is that the MAIN/MAIL1/PP7L complex
is required for the activation of an unidentified TF, which would recognize the ‘DOWN’ motif to initiate
transcription. In addition, we have identified genes and TEs that are upregulated in pmd and pp7/-2
single, and in mail1-1 pp7I-2 double mutants, which suggests that the MAIN/MAIL1/PP7L complex
could act as transcriptional repressor at these genomic locations.

To test all these hypotheses, chromatin-immunoprecipitation coupled to DNA sequencing (ChlP-
seq) experiments using FLAG- or MYC-tagged MAIN, MAIL1 and PP7L expressing lines will be carried
out. ChIP-gqPCR analyses will be also specifically performed at the genomic regions corresponding to
misregulated loci. Particularly, these analyzes will allow us to determine if the MAIN/MAIL1/PP7L
complex is enriched in the promoter regions carrying the ‘DOWN’ motif, such as the MORC1 promoter.
In parallel, we are planning to produce MAIN, MAIL1 and PP7L proteins using bacterial system and
TnT-coupled wheat germ extract system to test if the proteins interact with DNA and/or chromatin.
We will then test unbiasedly if the PMD and PP7L proteins bind a specific DNA motif, using

complementary approaches based on systematic evolution of ligands by exponential enrichment
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163, 164

(SELEX) and DNA affinity purification sequencing (DAP-seq) experiments . Electrophoretic

mobility shift assay (EMSA) will ultimately validate these results.

3.6.2 Whatis the role of PP7L in the MAIN/MAIL1 pathway?

We and others have found that MAIN, MAIL1 and PP7L form a protein complex (Nicolau et al.,
PLOS Genetics, in revision) and %. We will perform gel filtration experiments to determine the
molecular weight of this complex and its stochiometric composition. We will also introduce epitope-
tagged PMDs into the pp7/-2 mutant to test if PP7L is required for MAIN/MAIL1 interaction and
subnuclear localization using co-immunoprecipitation (co-IP) and immunofluorescence (IF)
experiments, respectively. Site directed mutagenesis will generate epitope-tagged mutant versions of
PP7L and PMDs (including MAIN C230Y) to test by co-IP if mutant versions can still interact together.
This will allow to decipher the amino acids required for the interactions. Beside the PMDs, it is
unknown whether PP7L interacts with other proteins. We will perform immunoprecipitation followed
by mass spectrometry (IP-MS) analyses to identify PP7L putative interactors, and validate these results
by co-IP experiments. In animals, several reports have shown that PPPs are involved in chromatin-
related processes, by interacting with histones or DNA, or regulating TF activity®®. In plants, only a
few studies have made such connections. For instance, a PPP protein belonging to the PP2A subfamily
was involved in the dephosphorylation of histone H3 at serine 10'®”. More recently, a study showed
that PP4R3A, which is a regulatory subunit of the PP4-like PPP protein complex, interacts with
chromatin to recruit RNA polymerase Il and promote transcription of microRNA-encoding genes'®.

PP7L is a presumably inactive phosphatase, lacking essential amino acids to hydrolyze
phosphate?® 7% but potentially capable of fixing it. In spite of this, it is possible that, in complex with
the PMDs, PP7L enzymatic activity is compensated. Using in vitro approaches, we will test if PP7L alone
or in complex with PMDs binds phosphate, and displays phosphatase activity. Depending on the result,
we will consider phosphoproteomic analyses. If PP7L can fix phosphate, we will test if it can bind
phosphorylated histones at serine/threonine residues using histone peptide array. Indeed, beside a
role in chromosome condensation and cell division, histone phosphorylation/dephosphorylation has

been involved in transcription regulation®®.

3.6.3 Are MAIN, MAIL1 and PP7L transcriptional activators or repressors?

The ChlP-seq, DAP-seq and SELEX experiments described above should give new insights into the
mode of action of MAIN/MAIL1/PP7L complex. Alternatively, to test if MAIN/MAIL1/PP7L positively
regulate transcription, we will perform yeast one hybrid (Y1H) experiment using MAIN/MAIL1/PP7L

fused to the Gal4 binding domain (Gal4BD) to test if together, they can activate the reporter gene'’?.
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In A. thaliana, the floral repressor FLOWERING WAGENINGEN (FWA) is an imprinted gene, whose
promoter carries SINE retrotransposon and related tandem repeats that are targeted by DNA and
H3K9 methylation’> 73, FWA silencing is required for flowering, hence the late flowering phenotype
of plants overexpressing a hypomethylated fwa epiallele!’?. The use of zinc finger 108 (ZF108) has
been a powerful way to target any protein of interest to FWA locus (either in WT or fwa epiallele
mutant) to test for FWA activation or repression?® 4% 144174 \While targeting a TF-like proteins at FWA
promotes its transcription and late flowering phenotype in WT background, targeting a transcriptional
repressor rescue the late flowering phenotype of fwa plants by silencing FWA. To test if the
MAIN/MAIL1/PP7L enhance or repress transcription, we will transform WT and fwa plants with
constructs expressing MAIN/MAIL1/PP7L domains fused to ZF108. We will then analyze FWA
expression level by RT-qPCR and score the flowering time of transgenic plants. In addition to FWA,

ZF108 binds to other genomic locations, called "off target” regions'**

. We will take the advantage of
these "off target” regions to determine by RNA-seq analyses the genome-wide effects of
MAIN/MAIL1/PP7L domains fused to ZF108.

Developing CRISPR-based approaches is an attractive alternative to address this fundamental
question'’®. Using the nuclease-deficient form of CRISPR-associated 9 (dCAS9) fused to the
MAIN/MAIL1/PP7L domains in combination with specific guide RNAs (gRNAs) may allow to target
them to specific genomic locations, and test if these protein domains act as transcriptional activator

or repressor. In conclusion, these analyses will precise the role of MAIN, MAIL1 and PP7L on

transcriptional regulation.

3.6.4 What is the structure of PMD?

The PMD is a plant-specific domain of unknown function whose three-dimensional (3D) structure
remains elusive. Previous work proposed that PMD shared similarities with aminotransferase domain
(InterPro IPR019557)'%°, and I-TASSER protein structure prediction suggests that PMD is the most
similar to proteins belonging to the “transferase” family such as the yeast fatty acid synthase
(https://www.rcsb.org/structure/2pff)l’. Nevertheless, correlations between protein structure and
molecular function of PMD remain difficult. As mentioned above, PP7L is presumably inactive, and has
never been crystalized.

We have initiated a collaboration with the Jiamu Du laboratory at SUSTech China to crystalize the
PMD and PP7L. Positioning the different conserved and mutated amino acids in the crystals will be
essential to better understand the mode of action of these proteins. In particular, defining the position
of Cys230, which is the amino acid that is mutated in the hypomorphic main-3 mutant, would allow

us to better understand the mode of action of PMD in chromatin-related processes. Finally, combining
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the PMD with an oligonucleotide carrying the ‘DOWN’ motif could possibly stabilize the PMD, allowing

its crystallization while in contact with DNA.

3.7 Investigating the role of other PMD-B and PMD-C proteins in A. thaliana plant development.

3.7.1 Preliminary results.

The A. thaliana genome encodes thirteen PMD proteins belonging to the PMD-B and PMD-C
clades (Figure 14A)'?*, RT-qPCR analyses confirmed previous results showing that the PMD-C MAIN
and MAIL1, together with their close homologs MAIL2 and MAIL3 are expressed throughout the plant
development (Figure 14B)'?2, MAIL2 is a standalone PMD protein that seems to be essential for plant
development, hence the dramatic phenotype of mail2-1 mutant seedlings, failing to develop true
leaves after germination. Conversely, the mail3-2 mutant displays a WT phenotype, meaning that
MAIL3 is not as essential as MAIN, MAIL1 or MAIL2 for plant development in normal laboratory

conditions. Also known as longPP7*"°

, MAIL3 encodes the unique A. thaliana protein in which its PMD
is fused to a PPP domain (Figure 11A, and Nicolau et al., PLOS Genetics, in revision). As mentioned
previously, the MAIL3 PPP domain is closely related to PP7L (Nicolau et al., PLOS Genetics, in
revision)’?. To get more insights into the role of MAIL2 and MAIL3 in the regulation of gene
expression, we performed RNA-seq experiments in mail2-1 and mail3-2 single mutants in comparison
to their respective WT controls. Although these analyses are very preliminary and require validations,
we found that most of the loci that were misregulated in these two pmd mutants were not affected
in main and mail1 mutants (main-2/mail1-1/main-3 overlap, Figure 14C). Furthermore, these analyses
revealed very different sets of misregulated genes, and different GO term enrichments between the
mail2-1 and mail3-2 mutants (Figure 14D). Thus, MAIL2 and MAIL3 might be involved in different
pathways regulating the expression of specific networks of genes.

Using available RNA-seq data of different WT A. thaliana tissues and growing conditions, we
analyzed the expression patterns of PMD-B genes, and found tissue-specific expression patterns
(Figure 14E). They seem to be all expressed in carpel, except PMD8 and PM10 which, instead, show a
strong expression in pollen. In addition, PMD11 and PMD13 are expressed in roots, and overall, more
than others (Figure 14E). Preliminary RT-qPCR analyses suggested that most of the PMD-B were

expressed in flower and silique (Figure 14F).

35



B 1 Mseedlings Mflowers Mroots [ siliques C Upregulated genes Downregulated genes
| 6 5 1

\ /

18 274 55 28 260 /12

— 06 M
° \ \
E 0.4 ‘ ‘ Upregulated TEs
’ | \
) } \
0 \ } 23 1 8 6

MAIN MAIL1  MAIL2 MAIL3

PMD-C
o
o

PMD-B
(=]
N

0.3
D E main-2/maill-1/main-3 overlap mail2-1 < mail3-2
TPM
Downre genes n mai2-1 (.., w1 1 | NN oy Miseediings Mflowers Mroots  sliques
Rt | N [AMINATRNMICION O 1 NN AN 12
AN [ - [N M N (5%
i E i
PMD6 -
pvp7 -l ] Ho2 08
PMD8 ] : | |l (0).(1) = :
PMD9 ’ N
pMD10| | 04 ‘
pmp11 | =||I| (IR e -IIII III ‘
PMD12
G0:0009617 (1.48e-05) PMD13
Responsetoba:t:rium \lI \llloo ‘L | !Io I '\\II Ilé\ll IQ/ 0 ‘ .| - - I . I ‘ - I
9/59 | 441/28362 2 L B & S L L N O P g P P A0 Nooak wd
PO D N @ \ S % Wy
& ({&b h ezet’ Q:; @Q@ ;Q‘i‘z,}{v: @‘7& @P‘ Q@o Q@o QV“O Q@o QVI\OQVBO Q@O QV‘\O QV‘\O
& N O
S 3 RN
L ) @Q,bQ,;)/
N NS I
g & S P

Figure 14. Preliminary studies of MAIL2, MAIL3 and PMD-B clade PMDs. A. Phylogenetic tree of A.
thaliana PMDs B. RT-gPCR assaying MAIN and MAIL expression level in four different organs
normalized to RHIP1 C. Venn diagrams analyses of misregulated loci in main-2/maill-1/main-3
overlaps (described in Figure 12B), mail2-1 and mail3-2. D. GO term enrichment of down- and
upregulated loci in mail2-1 and mail3-2, respectively. E. Heat maps compiling RNA-seq data from
different WT organs and growing conditions. TPM = Transcripts per Million. Color keys are log2 scale
of TPM. MAIN and the two housekeeping genes ACTIN7 and RHIP1 are used for comparison. Source
Araport ThaleMine. F. Same analyses as in B for PMD5 to PMD13, MAIN is shown as reference.

3.7.2 What are the roles of MAIL2 and MAIL3?

Preliminary RNA-seq and GO terms analyses of misregulated loci in mail2-1 and mail3-2 suggested
that MAIL2 is required for the proper expression of genes essential for plant development, while
MAIL3 may be involved in the repression of biotic stress-induced genes (Figure 14D). Importantly, they
might regulate very different networks of genes in comparison to MAIN and MAIL1. Thus, these
preliminary results suggest that MAIL2 and MAIL3 might be involved in distinct cellular pathways.
Because mail2-1 null mutant shows dramatic developmental phenotype, we will engineer a CRISPR-
induced hypomorphic mutant, based on amino acid conservation in the PMD-C proteins. Phenotypic
and molecular characterization of the obtained mail2 hypomorphic mutant will allow us to better
characterize the role of MAIL2 in plant development.

To determine the role of MAIL2 and MAIL3, we are using approaches similar to those described
for MAIN and MAIL1. We are currently generating complementing lines expressing epitope-tagged

genomic (g)MAIL2/MAIL3 constructs to carry out IP-MS to identify putative protein interactors. These
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lines will be also used to perform ChIP experiments. MAIL3 PPP domain is presumably functional®®

170 We will confirm its activity using in vitro phosphatase assay, and engineer a MAIL3 point mutant
lacking the catalytic activity of the phosphatase domain to stabilize transient protein complexes and
identify the substrates. As PP7L and MAIL3 PPP are phylogenetically related, we will test their genetic
interactions by creating a pp7/ mail3 double mutant. Recently, it has been shown that TE silencing
defects in pp7I-3 can be partially complemented at four TE locations in pp7/-3 mail3-2 double mutant
165 Further work will be needed to decipher the genetic interaction between PP7L and MAIL3 at the
whole genome level, and to better understand the interplay between MAIL3 and the
MAIN/MAIL1/PP7L complex.

Finally, as upregulated genes in mail3-2 are enriched in the GO terms “response to bacterium”
and “response to fungus” (Figure 14D), we have initiated collaborations with laboratories studying
plant-microorganism interactions. Lionel Navarro laboratory at ENS Paris is currently testing if the
mail3-2 mutant is more resistant to Pseudomonas syringae infection. In parallel, Harald Keller at INRA
Institut Sophia Agrobiotech is testing mail3-2 resistance upon infection with the oomycete H.

arabidopsidis (Hpa).

3.7.3 What are the roles of PMD-B proteins?

As a long-term project, we want to explore the role of PMD-B proteins. A. thaliana carries nine
PMD-B genes. Five of them (i.e. PMD6, PMD9, PMD11, PMD12 and PMD13) cluster in a ~30kb region
on the long arm of chromosome 1. PMD5 is located ~285kb downstream of this aforementioned PMD-
B cluster. PMD10, PMD7 and PMD8 are located on the short arm of chromosome 1, the long arm of

chromosome 4 and the short arm of chromosome 5, respectively (Figure 15).
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Figure 15. Chromosomal distribution of PMD genes within the A. thaliana genome. Dark boxes

represent pericentromeric constitutive heterochromatin.
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Preliminary results suggest that PMD-B genes show very distinctive expression pattern (Figure
14A, E and F). All of them except PMD8 and PMD10, seem to be expressed in carpel (Figure 14E). By
contrast, PMD8 and PMD10 might be expressed in pollen (Figure 14E). To confirm these observation,
RT-gPCR analyses using WT pollen and carpel material will be carried out. In parallel, we will clone the
[-glucuronidase (GUS) reporter gene under the control of PMD-B promoters, and transform WT plant
to determine the tissue-specific expression PMD-B candidates. We will also possibly determine their
subcellular (and possibly nuclear) localization by IF experiments coupled to confocal microscopy
analyses.

In parallel, we are developing reverse genetic approach to generate higher order mutants, and
screen for abnormal developmental phenotypes. Depending on the results, we will further
characterize these mutants using appropriate experimental approaches (RNA-seq, IP-MS, co-IP, ChiP-
seq, BS-seq...) In conclusion, we believe that this study will give insights into the role of PMD-B proteins
during A. thaliana development. Considering that some PMD-B seem to be strongly expressed in
pollen or carpel, it is tempting to speculate that they may play a regulatory function during flower

development and reproduction.

3.8 The role of PMD proteins in S. lycopersicum (tomato) plant and fruit development.

3.8.1 Scientific context

As a climacteric fruit, tomato is characterized by a sharp increase in respiration marked by
elevated CO; production, the so-called “climacteric crisis”, associated with a rise in autocatalytic
production of the plant hormone ethylene. This volatile compound is responsible for the initiation and
coordination of ripening process. TFs play important roles in fruit ripening as exemplified by the
identification of ripening mutants such as ripening-inhibitor (rin), nonripening (nor) and Colorless
nonripening (Cnr), in which TF genes are mutated’” %, The RIN, NOR and CNR TFs control fruit
ripening by acting upstream of ethylene, and regulating the expression of ethylene
biosynthesis/perception genes'’®. DNA methylation and histone modifications have also been
connected to ripening control. DEMETER-like DNA demethylase2 (SIDML2) is specifically expressed in
fruit to demethylate promoters of genes, whose expression is required for this process'® (for
review!®l182) Several genes related to ripening such ACS2 or RIN, and TDR4/FUL1 are associated with
hyper-H3K27me3 marks in the nor and cnr mutants. This implies that the PcG pathway is disturbed in
these mutants, and plays important role in fruit ripening’?, likely by fine-tuning gene expression.
Accordingly, mutations in the PcG genes, such as SIEZ1, SIEZ2, SIMSI1 induce fruit ripening defects®..

In conclusion, ethylene, specific TFs and epigenetic pathways orchestrate the proper expression of

genes that are essential for tomato fruit ripening.
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We have initiated a collaboration with Julien Pirrello at GBF INRA/INP-ENSAT Toulouse to
investigate the role of PMD proteins in tomato. Considering that MAIN and MAILs are involved in
regulation of gene expression and TE silencing, we want to decipher the role of their tomato
counterparts (SIPMDs) during tomato plant development and fruit ripening. In addition, we want to
determine if SIPMDs interact with the tomato homologs of A. thaliana PP7L/MAIL3 PPPs (SIPP7Ls),
and if these latter are required for fruit development. Notably, SIPP2C1, a group A type 2C protein

phosphatase, was recently involved in fruit ripening in tomato?&3,

3.8.2 What s the expression pattern of SIPMDs at the tissue-specific level?

The tomato genome encodes seventeen MAIN/MAIL homologs (genic SIPMDs) of unknown
function, and some of them show very distinctive expression patterns. In particular, SIPMD2, which is
the MAIN/MAIL1 closest homolog, is constitutively expressed throughout the plant development, with
expression peaks in meristem and flower (Figure 16)'®%. In addition, SIPMD11 and SIPMD14 are
specifically expressed at major transition phases of plant development, such as anthesis and fruit
ripening (Figure 16)'®. More precisely, spatiotemporal transcriptomic analyses of various fruit tissues
revealed that the two genes are strongly expressed in placenta and locular tissue, where seeds are
located®. This implies that SIPMD11 and SIPMD14 might be regulated in a tissue-specific manner. To
confirm SIPMD2, SIPMD11 and SIPMD14 expression patterns, we are planning to perform RT-qPCR
analyses in different WT plant and fruit tissues. We will also transform WT tomato plants with

constructs expressing GUS reporter gene under the control of each SIPMD native promoter.

' €S/PMD2 ®SIPMD11 VSIPMD14 4SIPP7L1 I SIPP7L3

0.8

0.6

Normalized mean counts per base

-~ - .
1 L] A7 X " p
s |
e - o - -~ A ewe prrrn, W
- - . - S . L i N
..‘.A . v “ | boeed ““' - ', AR Rty - -
--------------------------------------- v L e I L e wened . ‘e ? "ha
TEASST S99 090 9890 SED Mithess” YO T TV NSO 9SORSELLHHBZONINTOR Y
o
< n -
Seed (DPA) Meristem (DPG) Leaf (DAP) Flower Fruit (DPA)

Figure 16. Expression pattern of three SIPMDs and two SIPP7Ls at different stages of tomato plant
development. Fruit ripening starts at 42 DPA. DPA (day post anthesis), DPG (day post germination),

DAP (day after planting). Source TomExpress*®*,
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3.8.3 Are SIPMDs required for tomato plant development and ripening process?

To tackle this fundamental question, the GBF lab is currently generating tomato plants
misexpressing SIPMD2, SIPMD11 and SIPMD14 genes using CRISPR/Cas9 strategy. To overcome any
potential redundancy, simultaneous slpmd2/11/14 knockouts have been generated using the
GoldenBraid technology combined to the CRISP-P tool to design efficient RNA guides®® 87, Transgenic
plants will be subsequently characterized to confirm SIPMD misexpression, and scored to determine
any abnormal developmental phenotypes and/or fruit ripening defects. When relevant, RNA-seq
analyses will be performed at different stages of plant development, and/or during the fruit formation
and ripening to determine any transcriptional defects in the slomd mutants. Depending on the results,

we will consider epigenomic analyses of slomd mutants.

3.8.4 Are SIPP7L and SIPMD interacting together?

We have identified two SIPP7L genes, called SIPP7L1 and SIPP7L3, that are close homologs of A.
thaliana PP7L and MAIL3, and well expressed throughout the tomato plant and fruit development
(Figure 16). We will first perform yeast two hybrid (Y2H) experiments to determine whether SIPMDs
and SIPP7Ls interact together. Co-IP experiments using N. benthamiana and A. thaliana plants co-
expressing the two putative interactors will be subsequently carried out to confirm the results. The
validation of any SIPMD/SIPP7L interaction will initiate further work to generate slpp7/ mutants and

study their potential role in the SIPMD pathway.

3.9 Evolutionary aspects of PMD in relation with TEs and other protein domains.

3.9.1 Scientific context.

As previously mentioned, phylogenetic analyses of PMDs defined three clades!?*. The PMD-A
clade is widely spread among the angiosperms, and exclusively encoded by Gypsy TEs, while PMD-B
and PMD-C clades are mostly genic versions that originated and diversified upon the domestication of
a PMD-A variant by the plants?*. Among the PMD-C clade, which includes the MAIN and MAIL genes,
some PMDs are associated to MuDR TEs, like in the monocot Oryza sativa (rice) and in Amborella
trichopoda, the sister species of all angiosperms?*. It is believed that MuDR TEs acquired the PMD
through transduplication events that occur during the angiosperms evolution?*. Thus, while the
majority of angiosperm species, such as S. lycopersicum, carry mostly Gypsy-PMD-A and genic PMD-
B/C versions, some other species, like O. sativa, also harbor numerous MuDR-PMD-C variants. Finally,
A. thaliana is deprived of TE-associated PMD, and only genic PMD versions prevail'?,

In this part of the project, we want to investigate the relationship between PMD and TEs, and co-

evolution features of PMD with other protein domains.
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3.9.2 Can PMD be beneficial for TEs?

The widespread occurrence of PMD-TE association in angiosperms plants over a long evolutionary
period, rises the questions of its potential benefits to TEs mobility and amplification. Here, we aim at
determining whether PMD has been beneficial for TEs by increasing their ability to transpose and
survive within host genomes.

In a preliminary study, we checked the presence of PMD domain in the entire genome of 331
angiosperm species. This analysis shows that PMDs copy number vary tremendously among species
ranging from dozens to thousands of copies. For example, among the Brassicaceae family, we found
that most of the species, including A. thaliana, carried 10 to 20 genic PMDs, except tetra-allopolyploid
species such as C. sativa that carried twice as much because of whole genome duplication (WGD)
(Figure 17A and B). However, in Solanum genus (e.g. tomato, potato, etc.), the number of PMDs can
reach ~500 copies. A more in-depth investigation of S. lycopersicum genome reveals that in contrast
to A. thaliana, the 427 identified PMDs were mostly Gypsy-PMDs (Figure 17A and B). Strikingly, we
observed a huge variation in the PMD number across the closely related Oryza species: from 186
copies in O. officinalis to 668 copies in O. sativa, and up to 2163 copies in O. punctata (Figure 17A).
Because O. punctata and O. sativa are diploid organisms with a genome size similar to other Oryza
species'®, the difference in PMD number cannot be explained by WGD as for Brassicaceae. Instead,
we hypothesized that it was due to the successful amplification of TEs carrying a PMD. Indeed, further
investigations of these two species revealed that increase in PMD copy number are due to genomic
amplification of mainly two different TE families carrying a PMD domain: The Gypsy Osr30 family in O.
punctata and the MuDR Os16 family in O. sativa (Figure 17B). Remarkably, Osr30 is the TE family with
highest number of paralogs not only in O. punctata but in all the 11 sequenced Oryza species'®.
Similarly, Os16 is the most repeated MuDR TE family in O. sativa. The estimation of Osr30 insertion
age in O. punctata shows a recent TE burst (¥1 Mya) with neo-insertions that occurred in the very
recent past (Figure 17C), suggesting the presence of potentially functional and active Osr30 copies.
Similarly, the all-by-all comparison of hundreds of MuDR Os16 paralogs revealed high sequence
similarity (>98 %), indicating a recent burst in O. sativa. Moreover, nanopore RNA-seq analyses
suggested that Os16 was expressed in WT O. sativa (MANGO team, unpublished data).

In summary, considering that i) the unrelated TEs Osr30 (Class | TE) and Os16 (Class Il TE) carry a
PMD, ii) have undergone massive and recent burst iii) and appear to be expressed (at least Os16), it
seems rational to assume that, to some extent, their PMD has contributed to their evolutionary

success.
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Figure 17. Evolution and distribution of PMDs among angiosperms. A. Total number of PMDs in
several Brassicaceae, Solanum and Oryza species according to their phylogenetic distribution. B.
Relative percentage of Gypsy-, MuDR-, and genic PMDs in four species. TEs of Os16 and Osr30 families
carry PMD, and these families are the most repeated MuDR and Gypsy TEs families in O. sativa and O.
punctata, respectively. C. Counts of Gypsy Osr30 neo-insertions in the recent history of O. punctata.

Mya, millions of years.

To test this appealing hypothesis, we need first to confirm by RT-qPCR analyses that Osr30 and
Os16 are active in the two Oryza species. Then, nanopore RNA-seq experiments will be carried out to
identify full length RNA copies of Osr30, and mobilome experiments will identify extrachromosomal

circular DNA (eccDNA) forms of active TEs in O. punctata**®

. We will also transgenerationally score by
gPCR the respective TE copy numbers in the genomes of the two Oryza species to determine if TEs are
mobile. Thus, these experiments will confirm that Osr30 and Os16 are active and functionally capable
of transposition. In addition, we will use WT A. thaliana as ‘naive’ plant because its genome is deprived
of TE-associated PMDs. First, WT plants will be transformed with Osr30 and Os16 TEs carrying a WT-
or mutated (A)-PMD versions to test if PMDs contribute to TE fitness. Second, we will transform WT
A. thaliana with standalone versions of Osr30- and Os16-PMDs to test, by RNA-seq analyses, if they

impact gene expression of endogenous genes, possibly by outcompeting genic PMDs, such as MAIN

or MAILs. In parallel, we will test if main-2 plants overexpressing standalone Osr30- and Os16-PMDs
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show a complementation of the mutant phenotype. Finally, we could use the ZF108 or dCas9/CRISPR
system to transform WT A. thaliana plants with Osr30- and Os16-PMD fusion constructs and test if

they can enhance or repress transcription.

3.9.3 Co-evolution of PMD and other protein domains.

Although most of genic PMDs are standalone versions, the PMD is often associated with other
protein domains such as for instance PPP. Because the PPP protein PP7L interacts with MAIN and
MAIL1, and MAIL3 is a close homolog of both MAIN/MAIL1 and PP7L through its PMD and PPP
domains, respectively, we have decided to determine the distribution of PMD and PPP domains, and
to retrace their evolutionary history among angiosperm species. This study, described in Nicolau et
al., PLOS Genetics, in revision, suggests that the two protein domains have co-evolved to constitute a
functional PMD/PP7 module. Importantly, this protein module could result from interactions in trans,

as shown with MAIN, MAIL1 and PP7L, or in cis in proteins like MAIL3 (Figure 18).

?
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MAIN / MAIL1 PP7L MAIL3-like = functional module?

Figure 18. Hypothetical model in which the PMD and PPP domains constitute a functional protein
module. Interaction in trans of MAIN/MAIL1 PMDs together with PP7L, or in cis between PMD and

PPP domains of MAIL3 may form a functional protein module.

In addition to PPP, PMD can be associated to various protein domains, such as among others,
kinase, protease, high mobility group (HMG), SWIM-type Znf or basic helix-loop-helix (bHLH) DBD
domains (www.ebi.ac.uk/interpro/beta/entry/InterPro/IPR019557/domain_architecture/). In the
future, it will be important to determine the biological function of proteins carrying a PMD in
association with these DBDs. Altogether, these experiments will pave the way for a better

understanding of the role of PMD in chromatin-related processes.

4. Future studies and perspectives: beyond the PMD, role of ETE proteins

in regulation of gene expression.
Beside PMDs, MUGs or other TE-derived proteins, the A. thaliana genome carries many additional
putative ETE genes encoding proteins of unknown function, and displaying the typical features of bona
fide gene (well expressed, absence of siRNA, microsynteny between divergent genomes...)*. Among

those, are genes encoding transposases, Ribonuclease H (RNAse H) or capsid-like gag proteins. In

43



conjunction with the study of PMD proteins, we will study the role of these ETEs during plant
development, and in response to various stresses. Several studies have shown that TEs are highly
responsive to abiotic and biotic stresses (such as salt, heat, cold, bacteria or viruses...)'””. Considering
that ETE proteins are derived from TEs, it is likely that they also respond to specific environmental
stimuli. This assumption is supported by a recent study suggesting that ETE proteins play important
roles in response to abiotic stresses®2. The potential role of PMDs in response to abiotic and/or biotic

stresses will be also investigated.

In conclusion, our future line of research will be divided into two main parts. First, we will continue
the ATCOPIA28::GFP forward genetic screen aiming at identifying new epigenetic factors. Second, we
will study the role of ETE proteins during plant development and in response to environmental
changes. We have already started this study through the characterization of PMD proteins, showing
that the ETE proteins MAIN and MAIL1 are important factors required for TE silencing and regulation
of gene expression. Further studies will give more insights into the role of ETE proteins in response to

environmental changes, and their contribution to plant fitness.
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ABSTRACT

Transposable elements (TEs) are DNA repeats that must remain silenced to ensure cell
integrity. Several epigenetic pathways including DNA methylation and histone modifications are
involved in the silencing of TEs, and in the regulation of gene expression. In Arabidopsis thaliana, the
TE-derived plant mobile domain (PMD) proteins have been involved in TE silencing, genome stability,
and control of developmental processes. Using a forward genetic screen, we found that the PMD
protein MAINTENANCE OF MERISTEMS (MAIN) acts synergistically and redundantly with DNA
methylation to silence TEs. We found that MAIN and its close homolog MAIN-LIKE 1 (MAIL1) interact
together, as well as with the phosphoprotein phosphatase (PPP) PP7-like (PP7L). Remarkably, main,
maill, pp7! single and maill pp7l double mutants display similar developmental phenotypes, and
share common subsets of upregulated TEs and misregulated genes. Finally, phylogenetic analyses of
PMD and PP7-type PPP domains among the Eudicot lineage suggest neo-association processes
between the two protein domains to potentially generate new protein function. We propose that,
through this interaction, the PMD and PPP domains may constitute a functional protein module

required for the proper expression of a common set of genes, and for silencing of TEs.

AUTHOR SUMMARY

The plant mobile domain (PMD) is a protein domain of unknown function that is widely spread
in the angiosperm plants. Although most PMDs are associated with repeated DNA sequences called
transposable elements (TEs), plants have domesticated the PMD to produce genic versions that play
important roles within the cell. In Arabidopsis thaliana, MAINTENANCE OF MERISTEMS (MAIN) and
MAIN-LIKE 1 (MAIL1) are genic PMDs that are involved in genome stability, developmental processes,
and silencing of TEs. The mechanisms involving MAIN and MAIL1 in these cellular processes remain
elusive. Here, we show that MAIN, MAIL1 and the phosphoprotein phosphatase (PPP) named PP7-like

(PP7L) interact to form a protein complex that is required for the proper expression of genes, and the
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silencing of TEs. Phylogenetic analyses revealed that PMD and PP7-type PPP domains are evolutionary
connected, and several plant species express proteins carrying both PMD and PPP domains. We
propose that interaction of PMD and PPP domains would create a functional protein module involved

in mechanisms regulating gene expression and repressing TEs.

INTRODUCTION

In eukaryotes, DNA methylation and post-translational modifications of histones are
epigenetic marks involved in chromatin organization, regulation of gene expression and silencing of
DNA repeats such as transposable elements (TEs) [1-3]. Constitutive heterochromatin is highly
condensed and enriched in silenced TEs that are targeted by DNA methylation and histone H3 lysine
9 dimethylation (H3K9me2). Euchromatin is more relaxed and composed of genes that are more
permissive to transcription, depending on the recruitment of transcription factors (TFs), cofactors and
RNA polymerases [1, 4]. In plants, DNA methylation occurs in three different cytosine contexts: CG,
CHG and CHH (where H = A, T or C), involving specialized DNA methyltransferases [5]. In Arabidopsis
thaliana, DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) and DRM1 mediate de novo DNA
methylation in all sequence contexts through the RNA-directed DNA methylation (RADM) pathway,
which involves among other components, RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) and DICER-
LIKE 3 (DCL3) for the production of short interfering (si)RNAs [6, 7]. The maintenance of CG
methylation is specifically performed by METHYLTRANSFERASE 1 (MET1), while CHROMOMETHYLASE
2 (CMT2) and CMT3 are involved in the maintenance at CHG sites [8, 9]. CMT2 can also be involved in
the deposition of CHH methylation at specific genomic location [10, 11]. Finally, DRM2 is mostly
required for the maintenance of CHH methylation through the RADM pathway [6, 7, 9]. Together with
DNA methylation, additional pathways play important roles in TE silencing. The MICRORCHIDIA 1
(MORC1) and MORCG6 ATPases interact together, and are required for heterochromatin condensation
and repression of TEs, acting mostly downstream of DNA methylation and RADM pathway [12-14].

More recently, the A. thaliana plant mobile domain (PMD) proteins MAINTENANCE OF
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MERISTEM (MAIN) and MAIN-LIKE 1 (MAIL1) were identified as new factors required for TE silencing
[15]. In addition, these two proteins have been involved in genome stability, and regulation of
developmental processes such as cell division and differentiation [16, 17]. The PMD is a large protein
domain of unknown function that is widely represented among the angiosperms, predominantly
associated with TEs [15, 18]. It has been proposed that genic PMD versions, such as the MAIN and
MAIL1 proteins derived from TEs after gene domestication [15, 18, 19]. Previous studies suggested
that genic PMDs could act as cellular factors related to transcription, possibly acting as transcription
factor (TF)-like, co-factor or repressor proteins regulating this cellular process [16, 18]. Nevertheless,
the role of PMD proteins in the regulation of transcription remains elusive. Most of genic PMD
proteins are standalone versions, however, in some cases, the PMD is fused to another protein
domain, such as protease, kinase or metallo-phosphatase (MPP) domains. For instance in A. thaliana,
the MAIL3 protein carries a PMD, which is fused to a putative serine/threonine-specific
phosphoprotein phosphatase (PPP) domain phylogenetically related to the plant-specific protein
phosphatase 7 (PP7) [20]. PP7 is a calmodulin-binding PPP that has been related to cryptochrome
(CRY)-mediated blue-light signaling, and to the control of stomatal aperture [20-22]. PP7 is also
involved in the perception of red/far red light by controlling the phytochrome pathway [23, 24]. In
addition to PP7 and MAIL3 (also known as “long PP7”), the protein PP7-like (PP7L) belongs to the same
phylogenetic clade [20]. PP7L was recently identified as a nuclear protein involved in chloroplast
development and abiotic stress tolerance [25]. The pp7/ mutant plants showed photosynthetic defects
and strong developmental phenotype associated with misregulation of several genes [25].

In this study, we described a forward genetic screen based on a GFP reporter gene that
allowed us to identify a mutant population in which MAIN is mutated, leading to GFP overexpression.
We then deciphered the genetic interaction between the DRM2, CMT3 and MAIN, showing that these
proteins are part of different epigenetic pathways that act redundantly or synergistically to repress
TEs. Biochemical analyses indicated that MAIN and MAIL1 physically interact together. These analyses

also identified PP7L as a robust interactor of MAIN and MAIL1 proteins. In addition, the
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characterization of developmental and molecular phenotypes of pmd and pp7I single and double
mutant plants strongly suggest that these proteins interact together to silence TEs, and regulate the
expression of a common set of genes. Finally, phylogenetic analyses allowed us to determine the
distribution of PMD and PP7/PP7L domains among the Eudicots. Based on these analyses, we have
evidences of co-evolution linked to the neo-association of the PMD and PP7-type PPP domains on
single proteins in several Eudicot species, suggesting a convergent evolution between these two

protein domains.

RESULTS

Mutation in MAIN is responsible for TE silencing defects.

The ATCOPIA28 retrotransposon AT3TE51900 (hereafter called ATCOPIA28) is targeted by
several epigenetic pathways such as DNA methylation and the MORC1/6 complex, which altogether
contribute to its repression. We engineered a construct in which the 5’ long terminal repeat (LTR)
promoter region of ATCOPIA28 controls GFP transcription (Fig 1A). While the ATCOPIA28::GFP
transgene is fully silenced in wild type (WT) plants, it is weakly expressed in the DNA methylation-
deficient drm1 drm2 cmt3 (ddc) triple mutant background (Fig 1B) [26]. We performed an ethyl
methane sulfonate (EMS) mutagenesis using the ATCOPIA28::GFP ddc plants as sensitized genetic
material, and screened for mutant populations showing GFP overexpression. Among, the selected
populations, we retrieved two new mutant alleles of MORC6 carrying missense mutations in either
the GHKL or S5 domains of the protein (S1A-C Fig). We also identified the population ddc #16 showing
strong overexpression of GFP and misregulation of several endogenous TEs, including ATCOPIA28 (Fig
1B-D). Mapping experiments based on whole genome resequencing and bulk segregant analysis
indicated that ddc #16 carries a missense point mutation (C230Y) in the gene AT1G17930, previously
named MAIN (S1D and S1E Fig). Genetic complementation analyses by crossing the ddc #16 EMS

mutant with the knock-out (KO) transferred DNA (T-DNA) insertion line main-2 generated F1 ddc #16
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x main-2 plants that did not express the GFP (S1F Fig). Transcriptional profiling analyses showed,
however, that endogenous TEs, including ATCOPIA28, were upregulated in F1 ddc #16 x main-2 plants,
but not in F1 control plants generated from the backcross of ddc #16 with WT Columbia (Col) plants
(S1G Fig). Self-fertilization of F1 ddc #16 x main-2 plants allowed us to retrieve several F2 ddc #16 x
main-2 plants overexpressing the GFP (S1F Fig). Among these GFP positive F2 plants, we identified
individuals that were either homozygote for the EMS mutation in the MAIN gene, or plants carrying
both the EMS and T-DNA main-2 mutant alleles (S1F Fig). Moreover, while all these plants were
homozygote for the drm2 mutation, half of them segregated the cmt3 mutation. Thus, altogether,
these analyses suggested that ATCOPIA28::GFP silencing is more DRM2- than CMT3-dependent. More
importantly, they confirmed that MAIN was the mutated gene causing the upregulation of

ATCOPIA28::GFP and several endogenous TEs. Therefore, ddc #16 was renamed ddc main-3.

The MAIN, DRM2 and CMT3 pathways act synergistically to repress TEs and DNA-methylated genes.

To determine the genetic interaction of ddc and main-3 mutations on TE silencing, we carried
out two independent RNA sequencing (RNA-seq) experiments in the hypomorphic main-3 single, ddc
triple and ddc main-3 quadruple mutant plants (Fig 2A and S2A Fig). As previously described, the ddc
mutant showed upregulation of several TEs spread over the five chromosomes (Fig 2B-D and S2B Fig,
and S1 Table) [11]. Loss of TE silencing was also observed to a milder degree in the main-3 mutant,
with the significant enrichment of pericentromeric TEs among the upregulates TEs (Fig 2B-D and S2B
Fig, and S1 Table). The ddc main-3 mutant showed an exacerbation of TE silencing defects, with a large
number of pericentromeric TEs being specifically upregulated in this mutant background (Fig 2B-D and
S2B Fig, and S1 Table). Comparative analyses revealed that upregulated TEs cluster into four distinct
classes (Fig 2E and S2C Fig). Class | TEs are upregulated in ddc, main-3 and ddc main-3 mutants (Fig 2E
and S2C-D Fig). Class Il and class Ill TEs are targeted by the MAIN and DRM2/CMT3 pathways,
respectively (Fig 2E and S2C-D Fig). However, the upregulation of class Il and class Il TEs is further

enhanced in ddc main-3, which suggests that the MAIN and DRM2/CMT3 pathways can partially
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compensate each other at these genomic locations (52D Fig). Finally, the most abundant class IV TEs
are only misregulated in ddc main-3, which implies that the MAIN and DRM2/CMT3 pathways act
redundantly to silence these TEs (Fig 2E and S2C-D Fig).

Several genes were also misregulated in the three mutant backgrounds (S1 Table). Among
these genes, a subset was commonly upregulated in ddc, main-3 and ddc main-3 (S2E Fig).
Remarkably, genes that were upregulated in ddc, main-3 or ddc main-3 were significantly enriched in
pericentromeric regions of chromosomes, where constitutive heterochromatin resides (S2F Fig). This
is consistent with the fact that, among these upregulated genes, we identified a large proportion of
genes that were DNA-methylated (in the three cytosine contexts) and targeted by H3K9me2 (S2F Fig).
Conversely, we could only identify one gene commonly downregulated in ddc, main-3 and ddc main-
3 (S2F Fig). Furthermore, downregulated genes in ddc, main-3 or ddc main-3 were rather enriched in
chromosome arms, and most of them were not DNA-methylated genes (S2F Fig).

To further dissect the genetic interaction between the DRM2, CMT3 and MAIN pathways, we
generated the drm1 drm2 main-3 (dd main-3) and cmt3 main-3 mutants (S2G Fig). We then analyzed
the expression level of several TEs previously identified as misregulated in ddc, main-3 and/or ddc
main-3. The endogenous ATCOPIA28 was the most expressed in ddc main-3 and dd main-3, and to a
lesser extent, in cmt3 main-3 (Fig 2F). This is consistent with the fact that all the F2 ddc #16 x main-2
plants overexpressing ATCOPIA28::GFP were drm2 homozygote, although they segregated the cmt3
mutation (S1F Fig). Further analyses showed that most of the tested TEs tend to be more expressed
in cmt3 main-3 than in dd main-3, with the exception of ATIS112A that was more upregulated in dd
main-3 than in cmt3 main-3 (Fig 2G). In conclusion, these analyses showed complex genetic
interactions between the DRM2, CMT3 and MAIN pathways, suggesting that MAIN and DNA

methylation pathways act synergistically to repress TEs and DNA-methylated genes.

MAIN and MAIL1 are required for the proper expression of a common set of genes and TEs.

Beside a role of MAIN in TE and gene silencing, our transcriptomic analyses using the
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hypomorphic main-3 mutant suggested that MAIN would be required for the expression of several
genes that are not controlled by the DRM2 and CMT3 pathway (S2E Fig). To further study the role of
MAIN and MAIL1 in the regulation of gene expression and TE silencing, we performed two
independent RNA-seq experiments in the main-2 and mail1-1 null mutants (RNA-seq Exp1 and Exp3),
and combined these experiments with the reanalysis of previously published RNA-seq datasets (RNA-
seq Exp2) [15]. Principal component analyses (PCA) showed that for each RNA-seq experiment, main-
2 and maill1-1 mutant samples tend to cluster together, and away from the WT samples (S3A Fig).
Analyzing these three RNA-seq experiments together allowed to identify large numbers of genes and
TEs that were misregulated in the main-2 and mail1-1 null mutants (Fig3A and B, and S2 Table).

We then compared the transcriptomes of main-2 and maill-1 mutants, together with the
main-3 mutant allele (Fig3A and B, S1 and S2 Tables). As expected by the fact that main-2 and mail1-
1 are null mutants while main-3 is a hypomorphic mutant allele, we identified greater numbers of
misregulated loci in main-2 and maill-1 in comparison to main-3 (Fig3A and B). Fractions of these loci
were specifically misregulated in each mutant background (Fig 3C and D). In addition, we identified
subsets of genes and TEs that were only misregulated in main-2 and mail1-1 null mutants, but not in
the hypomorphic main-3 mutant (Fig 3C and D, and S3 Table). Finally, these analyses revealed subsets
of loci that were commonly misregulated in the three mutant backgrounds (Fig 3C and D, S3B-D Fig
and S3 Table).

The biggest overlaps between misregulated loci in main-2, maill-1 and main-3 mutants were
among the downregulated genes and upregulated TEs, whereas only a small proportion of genes
commonly upregulated in main-2 and maill-1 were also upregulated in main-3 (Fig 3D). As observed
in main-3 (S2F Fig), upregulated TEs in main-2 and mail1-1 were enriched in pericentromeric regions,
and genes that were downregulated in main-2 and mail1-1 were not targeted by DNA methylation,
and mostly located in the chromosome arms (Fig 3E). However, unlike in main-3, the upregulated
genes in main-2 and maill-1 were not enriched in pericentromeric regions, and only small fractions of

them were DNA-methylated genes (Fig 3E). This discrepancy can be explained by the fact that main-2
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and maill-1 null mutations have a much greater impact on the misregulation of gene expression than
the hypomorphic main-3 mutant allele.

Finally, we compared the sets of misregulated loci in main-2, mail1-1, ddc and ddc main-3 (S1
and S2 Tables). We found significant overlaps among upregulated genes and TEs between main-2,
maill-1, ddc and ddc main-3 (S3E Fig). This suggests that MAIN, MAIL1, DRM2 and CMT3 cooperate
to silence these subsets of genes and TEs. However, we could not find significant overlaps among
downregulated genes between main-2, maill1-1 and ddc (S3E Fig). Instead, a significant overlap was
identified only by comparing the lists of downregulated genes in main-2, maill-1 and ddc main-3,
three genetic backgrounds carrying a mutation in either MAIN or MAIL1 (S3E Fig). Thus, this suggests
that MAIN and MAIL1 are required for the expression of specific genes, in a DRM2- and CMT3-
independent manner.

In conclusion, these comparative analyses allowed to precisely define the loci that were
misregulated in main-2 and maill-1 in comparison to main-3, ddc and ddcmain-3 mutants. Among
these loci, several TEs and DNA-methylated genes are commonly targeted by the MAIN, MAIL1, DRM?2
and CMT3 pathways, which suggests that MAIN, MAIL1 and DNA methylation pathways cooperate to
silence these TEs and DNA-methylated genes. Besides, several genes are downregulated in main-2 and
mail1-1, and subsets of these genes are also downregulated in main-3, and ddcmain-3 but not in ddc.
This suggests that the MAIN and MAIL1 act independently of DRM2 and CMT3 to ensure the
expression of these genes. Finally, these results revealed important overlaps between the
misregulated loci in main-2 and maill-1 null mutants, which strongly suggests that the two proteins

act in the same pathway to regulate the expression of common sets of loci.

Slight increase in non-CG methylation in the main-2 mutant does not correlate with changes in gene
expression and TE silencing defect.
Whole genome bisulfite sequencing (BS-seq) analyses showed that, at the chromosome scale,

DNA methylation level is mostly unchanged in main-2 in comparison to WT, with the exception of a
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slight increase in CHG methylation in pericentromeric regions (Fig 4A). Subtle but statistically
significant CHG hypermethylation was further confirmed in pericentromeric TEs and genes, which are
mostly TE genes (Fig 4B and C). Slight CHG and CHH hypermethylation was also detected in TEs located
in chromosome arms (Fig 4D). Conversely, genes located in chromosome arms did not show significant
changes in DNA methylation level in main-2 (Fig 4E). Identical results were obtained by analyzing the
DNA methylation level at upregulated TEs and misregulated genes in main-2 (Fig 4F-H). We then
analyzed the DNA methylation level at genomic locations previously defined as differentially
hypomethylated regions (hypo DMRs) at CHG and CHH sites in cmt3 and drmidrm2 (dd) mutants,
respectively [26]. The cmt3 and dd hypo DMRs are mostly located in TEs. As observed with
pericentromeric genes and all TEs (Fig 4B-D), we found slight increases in CHG and CHH methylation
at cmt3 and dd hypo DMRs, respectively, in main-2 (S4A and S4B Fig). Finally, DMR calling in main-2
using stringent parameters only identified a few DMRs (S4C Fig). Thus, DNA methylation is mostly
unaffected in main-2, with the exception of a slight increase in non-CG methylation at pericentromeric
genes and all TEs. Moreover, this subtle non-CG hypermethylation does not correlated with changes
in gene and TE expression observed in main-2 because DNA methylation level in main-2 is unchanged

at these misregulated loci (Fig 4F-H).

MAIN, MAIL1 and the metallo-phosphatase PP7L physically interact together.

The main-2 and maill-1 null mutants display similar molecular and developmental
phenotypes (Fig 3 and Fig 5A). Thus, we hypothesized that MAIN and MAIL1 proteins may act in the
same pathway, possibly by interacting together. To test this hypothesis, we generated transgenic lines
expressing FLAG- and MYC-tagged genomic PMD versions driven by their endogenous promoters. We
confirmed that epitope-tagged MAIN and MAIL1 proteins were produced at the expected sizes, and
they could complement the respective developmental phenotypes of null mutant plants (Fig 5A and
B). Importantly, they could also efficiently rescue the TE silencing and gene expression defects

observed in main-2 and maill-1 mutants, implying that epitope-tagged MAIN and MAIL1 are
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functional proteins (Fig 5C-E). Using FLAG-tagged MAIN and MAIL1 expressing plants,
immunoprecipitation followed by mass spectrometry (IP-MS) analyses were carried out to determine
potential protein interactors. Mass spectrometry (MS) analyses indicated that MAIL1 was strongly
immunoprecipitated with MAIN-FLAG and vice versa (Fig 5F). To validate IP-MS results, we crossed
the MAIN-FLAG and MAIL1-MYC lines together. We then performed co-immunoprecipitation (co-IP)
experiments using F1 hybrid plants co-expressing the two transgenes, and confirmed that MAIN and
MAIL1 interact together (Fig 5G). MS analyses of MAIN-FLAG and MAIL1-FLAG IP also identified the
metallo-phosphatase PP7L as putative interactor (Fig 5F). MAIN, MAIL1 and PP7L were the only three
proteins reproducibly enriched across multiple replicates (Fig 5F). Co-IP experiments using plants co-
expressing either PP7L-FLAG together with MAIN-MYC or MAIL1-MYC constructs confirmed the
interaction between PP7L and each PMD protein (Fig 5H and 1). Thus, the three proteins MAIN, MAIL1

and PP7L physically interact together.

The main, maill and pp7I mutants display similar developmental and molecular phenotypes.

PP7L is a putative metallo-phosphatase that was recently identified as a nuclear protein
required for photosynthesis [20, 25]. The pp7/-2 null mutant displays abnormal developmental
phenotype reminiscent of main-2 and mail1-1 mutant plants, and 3-week-old mail1-1 pp7I/-2 double
mutant plants do not show exacerbation of this phenotype (Fig 6A). To determine the genetic
interaction between PMD and PP7L, we compared the transcriptomes of main-2, maill-1, pp7I-2
single and mail1-1 pp7I-2 double mutants (S5A Fig, and S2 and S4 Tables). We identified large numbers
of misregulated loci in pp7I-2 and mail1-1 pp7I-2 (S5B-C Fig). As observed in main-2 and mail1-1, TEs
upregulated in pp7I-2 and maill-1 pp7/-2 were enriched in pericentromeric regions, while up- and
downregulated genes were mostly located in the chromosome arms, and not targeted by DNA-
methylation (S5D Fig).

Comparative analyses revealed that significant proportions of loci were commonly

misregulated in main-2, maill-1, pp7I-2 and maill-1 pp7I-2 mutants, which is consistent with the fact
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that MAIN, MAIL1 and PP7L interact together to possibly regulate gene expression and silence TEs (Fig
6B-D and S5 Table). These analyses also identified loci that were specifically misregulated in main-2,
maill-1 or pp7I-2, which suggests that each protein is independently required for the proper
expression of subsets of loci (Fig 6B-C). Besides, these analyses revealed loci that were exclusively
misregulated in the maill-1 pp7/-2 double mutant, which implies that PP7L and MAIL1 may act
redundantly to ensure the proper expression of these loci (Fig 6B-C). Further analyses showed that,
among the loci that were misregulated in maill1-1 pp7I-2, upregulated genes were significantly more
expressed in the double mutant than in each single mutant, and upregulated TEs were significantly
differentially expressed only between mail1-1 pp7I-2 and pp7I-2 mutants (Fig 6E-F). Conversely, there
was no significant difference of expression between the double mutant and single mutants for the
downregulated genes (Fig 6G). Thus, these analyses suggest that combining the pp7/-2 and mail1-1
mutations may lead to synergistic defects mostly at genes that are upregulated in the double mutant.

We then performed in silico analyses to identify enriched DNA motif within a 1kb promoter
region upstream of start codon of genes that were up- or downregulated in the different mutant
backgrounds. We could not detect any enrichment of a DNA motif among any lists of upregulated
genes (including overlapping lists). Likewise, we could not identify a DNA motif enriched in the lists of
downregulated genes in pp7I-2 or ddc. However, we identified a discrete DNA motif (hereafter called
‘DOWN’ motif) that was partially enriched in the promoter of genes that were downregulated in main-
2, maill-1 and maill-1 pp7I-2 mutants (S5E Fig). The main-2, maill-1, pp7I/-2 and maill-1 pp7I-2 null
mutants display strong developmental phenotype, and large numbers of misregulated loci (Fig 6A).
Therefore, it is likely that some of the gene misregulation observed in these mutants might be due to
side effects of the mutations. To overcome this issue and refine our analysis, we investigated the
proportion of the ‘DOWN’ motif among downregulated genes in the hypomorphic main-3 and ddc
main-3 mutants, as well as in the different overlapping lists of genes commonly downregulated (S3
and S5 Tables). The ‘DOWN’ motif was strongly enriched among the downregulated genes in main-3,

and to a lesser extent in ddc main-3 (S5E Fig). It was also significantly enriched in the overlapping lists
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of commonly downregulated genes in main-2, maill-1 and main-3 as well as in the main-2, maill-1,
pp7/-2 and maill-1 pp7I-2 overlap (S5E Fig). It was further enriched in the promoters of genes
commonly downregulated in all the mutant backgrounds - except ddc - analyzed in this study: twenty-
five out of twenty-six genes, 96% of enrichment (S5E Fig, S6 and S7 Tables). We analyzed the DNA
methylation level of the ‘DOWN’ motif in the promoters of these twenty-five genes in WT and main-
2, and found that this DNA motif was not targeted by DNA methylation. Besides, further analyses
showed that only a small fraction of all Arabidopsis genes carried the ‘DOWN’ motif in their promoter
(12,46%, S5E Fig). Finally, random test analyses based on twenty-six randomly picked genes strongly
suggested that the enrichment of the ‘DOWN’ motif in the promoter of downregulated genes was
substantial (S7 Table).

Thus, altogether, these analyses showed that MAIN, MAIL1 and PP7L are equally required for
the repression of several genes and TEs. The three proteins are also required for the proper expression
of a common set of genes that are downregulated in each single mutant as well as in maill-1 pp7I-2
double mutant, and significant fractions of these downregulated genes carry the ‘DOWN’ DNA motif
in their promoter. Furthermore, the ‘DOWN’ DNA motif is strongly enriched among the genes that are
always identified as downregulated in every mutant background carrying the main-2, maill-1, pp7I-2
or main-3 mutant alleles. This suggests that transcriptional activation of this subset of loci equally

requires MAIN, MAIL1 and PP7L activity, and possibly the recognition of the ‘DOWN’ DNA motif.

PP7L is not required for heterochromatin condensation.

WT Arabidopsis nuclei at interphase exhibit condensed DNA foci called chromocenters that
are composed of constitutive heterochromatin, and are enriched in H3K9me2 [27]. In several
epigenetic mutants, decondensation of constitutive heterochromatin correlates with disruption of
chromocenters, and loss or diffusion of H3K9me?2 in the nucleoplasm [27]. Thus, analyzing H3K9me2
subnuclear distribution by immunofluorescence (IF) experiments has been reproducibly used as a

cytological approach to assay for heterochromatin decondensation [12, 27, 28]. A previous study
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showed that subnuclear distributions of chromocenters and H3K9me2 were unchanged in main-2 and
mail1-1 mutants [15]. However, fluorescent in situ hybridization (FISH) experiments using a DNA
probe for the 106B pericentromeric repeats suggested that heterochromatin was decondensed in the
main-2 and maill-1 in comparison to WT plants [15]. We performed IF experiments to analyze the
subnuclear distribution of H3K9me2 in the pp7/-2 mutant. These analyses did not show any change in
the condensation level of chromocenters in pp7/-2 nuclei in comparison to WT (Fig 7). Instead, we
observed that pp7/-2 nuclei were proportionally more condensed than WT nuclei (Fig 7). This is likely
due to the fact that pp7/-2 mutant displays abnormal phenotype and growth delay in comparison to
WT plants that are entering the floral transition stage, a developmental stage where partial
chromocenter decondensation has been documented [29]. In conclusion, based on the H3K9me?2 IF

experiments, we can conclude that pp7/-2 is not impaired in chromocenter condensation.

The PMD and PP7 domains have co-evolved among the Eudicots.

Among the Angiosperms, most of the genic PMDs, like MAIN and MAIL1, are standalone
versions [18]. However, some genic PMDs can associate with other protein domains, such as for
instance a PPP domain. In A. thaliana, the protein MAIL3, which carries a PMD fused to a PPP domain,
is a close homolog of both MAIN/MAIL1 and PP7/PP7L through its PMD and PPP domains, respectively.
Considering that the PMD proteins MAIN and MAIL1 interact with PP7L, and are required for the
expression of similar set of loci, we decided to determine the distribution of related genic PMD and
PPP domains, and to retrace their evolutionary history among plant species. The A. thaliana MAIN,
MAIL1 and MAIL3 are all members of the PMD-C family that also includes MAIL2 [15]. Since our
objective is to retrace the evolution of genic (and not TE-containing) PMD-C, we have decided to
restraint our search to Eudicots. Indeed, Eudicot species contain mainly genic PMD-C, while other
angiosperms may contain variable numbers of closely related genic and TE-associated PMD-C motifs
that would be difficult to distinguish in our analysis. To retrace the evolution history of the genic PMD-

C family, we used A. thaliana PMD-C genes to search and collect their relatives (paralogues and
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orthologues) in 30 genomes representative of the Eudicot diversity (see S8 Table for a list of species
and their corresponding codes used in Fig 8, and S9 Table for motif sequences).

In our phylogenetic analysis, the genic PMD-C family can be clearly separated in two major
clades. The first clade is composed of orthologues of A. thaliana MAIL2, MAIL1 and MAIN, while the
second one includes orthologues of A. thaliana MAIL3 (Fig 8A). MAIL2 orthologues were found in all
species tested, forming a closely related group, which suggests that they are under strong purifying
selection (see the very short branch lengths linking most MAIL2 genes in Fig 8A). In several species,
additional MAIL2 paralogues were also detected. They were either imbedded in the major MAIL2
group, or forming independent and more divergent subgroups, like in the case of MAIL1 and MAIN
that are Brassicaceae-specific MAIL2 paralogues. By comparison, MAIL3 orthologues were not found
in all Eudicot species tested, and, except in Brassicaceae, MAIL3 genes appear to be under much
weaker purifying selection compare to MAIL2 and MAIL2-like genes (see the longer branch lengths in
the tree of Fig 8A). Brassicaceae MAIL3 genes contrast with other MAIL3, by forming a closely related
group in the phylogenetic tree. This suggests a clear change in selection pressure, typical of a
neofunctionalization event that could correlate with the acquisition of the PPP motif by these genes
(Fig 8B and see below). Remarkably, another fusion event between PMD-C and PPP motifs occurred
independently in grapevine, but this time involving a MAIL2 paralogue (VVMAIL2.2, Fig 8A).

We then used the PPP motif found in A. thaliana MAIL3, to collect orthologous genes and
retrace the evolution history of this motif in the same Eudicot species used above. We confirmed that
these genes can be clearly separated in two distinct clades: PP7 and PP7-like (PP7L) (Fig 8B). All tested
species present one or several closely related PP7 paralogues. Although the Brassicaceae MAIL3 PPP
motif belongs to the PP7 clade, it diverged significantly compared to other standalone PP7 paralogues
(Fig 8B). Same observation was made regarding the PP7 domain of VVMAIL2.2. Thus, as described for
the PMD of Brassicaceae MAIL3 and grapevine VVMAIL2.2, this suggests a fast-evolving period and
neofunctionalization of the PP7 domain in these species, subsequently to the PMD-C/PP7 fusion.

Conversely, PP7L orthologues were not found in all species tested and, accordingly, these genes are
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under weaker purifying selection compare to genes belonging to the PP7 subfamily. In conclusion,
phylogenetic analyses showed that, in at least Brassicaceae and grapevine, neo-association of PMD-C
and PP7 domains have potentially create new protein functions that were maintained through

evolution.

DISCUSSION

In A. thaliana, MAIN and MAIL1 are standalone PMD proteins that have been involved in
genome integrity, regulation of cell division and differentiation, and silencing of TEs [15-17]. In this
study, we show that TE silencing is widely impaired in the ddc main-3 higher order mutant, which is
both partially defective in DNA methylation and MAIN activity. We also identify the putative
phosphatase protein PP7L as MAIN and MAIL1 protein interactor, and show that among the loci that
are commonly misregulated in pmd and pp7/ single and double mutants, a substantial fraction of
downregulated genes carries the ‘DOWN’ DNA motif in their promoter. Finally, phylogenetic analyses
among Eudicots suggest a mechanism of neofunctionalization between the PMD and PP7-type PPP,

to potentially acquire a functional module that requires the two protein domains.

The PMD MAIN protein acts independently of DRM2- and CMT3 pathways to silence TEs and DNA-
methylated genes.

Previous analyses showed that some TEs were synergistically upregulated in the maill rdr2
double mutant plants, suggesting that MAIL1 acts independently of RADM pathway [15]. In our whole
genome transcriptomic analyses, we show that several TEs and DNA-methylated genes are
upregulated in both main-3 and ddc mutants, as well as in the ddc main-3 quadruple mutant (Fig 2
and S2 Fig). We also identify TEs that are upregulated in either ddc or main-3 mutants, but display
stronger misregulation in the ddc main-3 higher order mutant (Fig 2 and S2 Fig). Finally, we identify a
large class of TEs that are only upregulated in ddc main-3 (Fig 2 and S2 Fig). Altogether, these analyses

reveal complex genetic interaction between the MAIN, DRM2 and CMT3 proteins to silence TE.
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Previous work showed that DNA methylation is not impaired in maill-1 [15]. We found that DNA
methylation is mostly unaffected in the main-2 null mutant. However, we detected a mild but
significant hypermethylation at non-CG sites in TEs and pericentromeric genes (Fig 4). One hypothesis
is that CHG and CHH hypermethylation observed in main-2 is a backup mechanism to compensate for
MAIN loss of function, and to dampen TE silencing defects. Although further studies will be required
to test this hypothesis, it is consistent with the fact that combining the main-3 and ddc mutations
leads to an exacerbation of TE silencing defects. Thus MAIN, DRM2 and CMT3 pathways cooperate to
silence TE. Synergistic effects between different epigenetic pathways have already been described.
For instance, it has been shown that MORPHEUS MOLECULE 1 (MOM1) and MORC1/MORCS6 proteins,
or MOM1 and the RdDM pathway act synergistically to efficiently silence TEs [13, 30]. Altogether,
these observations contribute to the “mille-feuille” (i.e. “multiple layers”) model, in which different

epigenetic pathways converge towards the silencing of TEs [31].

The putative phosphatase PP7L interacts with the PMD MAIN and MAIL1 protein to regulate a
similar set of genes and TEs.

Recently, the putative phosphoprotein phosphatase PP7L was involved in the biogenesis of
chloroplasts and plant response upon abiotic stress [25]. Here, we show that PP7L interact with MAIN
and MAIL1, and main-2, pp7I-2, mail1-1 single and mail1-1 pp7I/-2 double mutant plants display similar
developmental and molecular phenotypes (Fig 5 and 6). We also show that, as described for main-2
and mail1-1 [15], the subnuclear distribution of chromocenters and H3K9me2 are unaltered in pp7/-2
(Fig 7). The 106B pericentromeric repeats appeared decondensed in main-2 and mail1-1 mutants [15],
future work will determine if similar phenotype is observed in pp7I-2. Although MAIN, MAIL1 and PP7L
interact together, we cannot exclude that an additional protein is required for the interaction. In
addition, PP7L may have additional partners independently of MAIN and MAIL1. Further biochemical
studies such as IP-MS analyses using the FLAG-tagged PP7L line will contribute to addressing these

points.
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Transcriptomic analyses revealed complex genetic interaction between MAIN, MAIL1 and PP7L;
the three proteins acting either independently or together to ensure the proper expression of genes,
and to perform TE silencing. Moreover, transcriptome profiling of maill1-1 pp7/-2 double mutant
revealed that the two mutations may have synergistic effects, specifically at genes that are
upregulated in the mutant. To further study the genetic interaction between the three proteins, it will
be important to analyze the transcriptome of main-2 maill-1 pp7I-2 triple mutant. Altogether and
considering that i) MAIN, DRM2 and CMT3 pathways cooperate to silence TEs, and ii) the main-2
mutant show a slight increase in DNA methylation at CHG and CHH sites, we cannot rule out that MAIN
is playing a dual role: regulating gene expression through its interaction with MAIL1 and PP7L, and
involved in TE silencing through its genetic interaction with DNA methylation. In the future, it will be
important to analyze DNA methylation in pp7/-2, but also in pmd pp7I-2 higher order mutants. In
parallel, studying the ddc pp7I/-2 mutant will allow to further decipher the genetic interaction between

the PP7L and DNA methylation pathways.

A fraction of genes that are commonly downregulated in main, maill and pp7/ mutants carry the
‘DOWN’ motif in their promoters.

A substantial fraction of genes that are commonly downregulated in main-2, maill-1, pp7I-2
and maill-1 pp7I-2 carry the ‘DOWN’ motif in their promoter (S5E Fig and S7 Table). Furthermore,
twenty-five out of twenty-six genes commonly downregulated in the all the mutant backgrounds
analyzed in this study - except ddc - carry the ‘DOWN’ DNA motif in their promoter (S5E Fig and S7
Table). The ‘DOWN’ motif is also enriched in fractions of downregulated genes in main-2, maill-1,
maill-1 pp7I-2, main-3 and ddc main-3. However, it is not enriched among downregulated genes in
pp7/-2 mutant. One explanation for this discrepancy is that too many loci were identified as
downregulated in pp7/-2, which created a dilution of the loci carrying the ‘DOWN’ motif in their

promoter.
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Based on our results, we hypothesize that the ‘DOWN’ motif may act as a putative cis-
regulatory element (CRE) recognized by an unidentified TF, which would be required for the
transcription of genes identified as downregulated in pmd and pp7/ mutants. This unknown TF could
be recruited or activated by the MAIN/MAIL1/PP7L protein complex. Another hypothesis is that the
‘DOWN’ motif is directly recognized by the MAIN/MAIL1/PP7L protein complex. Further study will be
required to test if MAIN/MAIL1/PP7L protein complex interact with chromatin, and bind the ‘DOWN’
motif. In parallel, further biochemical analyses may allow to identify an uncharacterized putative TF
as MAIN/MAIL1/PP7L protein interactor.

Altogether, these analyses suggest that MAIN, MAIL1 and PP7L are involved in three distinct
activities. First, they are required for the silencing of TEs and DNA-methylated genes, cooperating with
canonical epigenetic factors such as DRM2 and CMT3 to efficiently repress these loci. Second, they
are required for the repression of subsets of genes that are not targeted by DNA methylation. For this
category of loci, one hypothesis is that MAIN, MAIL1 and PP7L may act as transcriptional repressor.
Third, MAIN, MAIL1 and PP7L are required for the transcriptional activation of several genes, and
fractions of those genes carry the ‘DOWN’ motif in their promoter. In the future, it will be important
to determine the molecular mechanisms that are involved in these three activities of MAIN, MAIL1

and PP7L.

The association of PMD-C and PP7/PP7L domains creates a functional protein module.

In this study, we identified PP7L has a protein partner of the two standalone PMDs MAIN and
MAIL1, and showed that these proteins are required for the proper expression of a common set of
genes, and for TE silencing. Besides, we showed that the Brassicaceae MAIL3 and the grapevine
VVMAIL2.2 proteins carry a PMD fused to a PP7 domain. Based on these results, we hypothesize that
depending on the configuration, the association of PMD-C and PP7/PP7L domains would create a
functional protein module in trans or in cis. It is likely that the cis-association of PMD and PP7 found

in the Brassicaceae MAIL3 proteins occurred in the common ancestors of this Eudicot lineage, possibly
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through the process of gene duplication. Since then, the MAIL3 PMD/PP7 fusion was maintained
under strong purifying selection, arguing for a neofunctionalization of the fusion protein. It is likely
that a similar process happened in grapevine, and possibly, in closely related Vitaceae species. To
some extent, the two distinct events that occurred in Brassicaceae and grapevine are reminiscent of
convergent evolution processes leading to the production of a functional PMD/PP7 module.

The occurrence of PMD and PP7/PP7L protein fusion in several Brassicaceae and grapevine is
reminiscent of the concept of Rosetta stone chimera proteins, which describes that two proteins
interacting together in one organism can be found fused together in another species to facilitate
enzymatic activity [32]. There are several examples of Rosetta stone proteins, described for instance
with different subunits of DNA topoisomerase or RNA polymerase [32]. Here, we show that, at least
in A. thaliana, the Rosetta stone chimera MAIL3 coexist with its close homologs MAIN/MAIL1 and PP7L
that interact together. The fact that the PMD and PP7 domains are fused together in MAIL3 may be a
strategy to optimize protein activity. Conversely, the enzymatic activity of the MAIN/MAIL1/PP7L
protein complex could be further regulated by allowing, or not, the three proteins to interact together.
Nevertheless, in both scenarios, it is likely that PMD and PP7/PP7L association creates a functional
protein module, which might be specialized in distinct biological processes depending on its
composition. Thus, we hypothesize that the MAIL3 and MAIN/MAIL1/PP7L protein complexes play
different role in the plant. This is consistent with the fact that, unlike main-2, maill1-1 and pp7I-2
mutant, the mail3-2 mutant does not show abnormal developmental phenotype [17]. Further studies
will be required to describe the role of MAIL3 in the plants.

In conclusion, we show here that the two A. thaliana PMD MAIN and MAIL1 proteins interact with
PP7L, and are involved in the regulation of a common set of genes and TEs. In addition, we show that
distinct events of PMD-C and PP7 fusions have occurred among the Eudicots (among several
Brassicaceae species and in grapevine), suggesting some convergent evolution processes and a
potential neofunctionalization of PMD/PP7 module in cis. The biological significance of PMD/PP7

fusion proteins will be investigated in the future by studying the role of MAIL3 in A. thaliana. In
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addition, it will be important to determine whether the PMD proteins play important roles in other

plant species with agronomic value.

MATERIALS AND METHODS

Plant material and growing conditions. All the plant material is in the Columbia (Col) ecotype. Col=
Non-transgenic WT Columbia ecotype. The drm1-2 (SALK_031705), drm2-2 (SALK_150863), cmt3-11
(SALK_148381), ddc triple, main-2 (GK-728H05), maill-1 (GK-840E05) and pp7I/-2 (SALK_003071) null
mutant lines were previously described [15-17, 25, 26], and obtained from The Nottingham
Arabidopsis Stock Centre. The maill1-1 pp7I-2 double mutant was obtained by crossing the respective
single mutants. T-DNA insertions were confirmed by PCR-based genotyping and RT-qPCR analyses.
The ATCOPIA28::GFP WT line (WT) carries the transgene in WT Col ecotype. The ATCOPIA28::GFP ddc
line (ddc) carries the transgene in ddc. The ATCOPIA28::GFP ddc main-3 line (ddc main-3= ddc #16)
carries the transgene in the ddc main-3 background. The ATCOPIA28::GFP main-3 line (main-3) was
obtained by backcrossing ddc main-3 with WT, F1 plants were self-fertilized, and F2 plants were
screened by PCR-based genotyping to identify plants homozygote for the main-3 mutation and WT for
DRM2 and CMT3. The main-3 mutant allele was scored by derived cleaved amplified polymorphic
sequences (dCAPS) using the restriction enzyme Fokl. Primer sequences are described in S10 Table.
All the WT Col and T-DNA mutant plants were grown on soil under a 16h-light/8h-dark cycle. When
experiments required to screen for GFP expression under UV light, plants carrying the
ATCOPIA28::GFP transgene were first grown on Murashige and Skoog (MS) plates under continuous
light, 10-day old plants were then screened for GFP expression under UV light, and subsequently
transferred onto soil. For in vitro plant culture, seeds were surface-sterilized and sowed on solid MS

medium containing 0.5% sucrose (w/v).
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Cloning of ATCOPIA28::GFP. The pCambia3300-NLS-GFP-T35S vector was previously described [12].
The 5’LTR promoter corresponding to a region of ~1 kb upstream of ATCOPIA28 (AT3TE51900) was
PCR amplified from WT genomic DNA, and cloned into pCR2.1 TOPO vector (Invitrogen). Quikchange
site-directed mutagenesis (Stratagene) was performed according to Manufacturer’s instruction to
create a polymorphism site (Mfel—>Ndel) within the 5'LTR promoter, which was subsequently
mobilized into pCambia3300 upstream of NLS-GFP-T35S sequence. ddc triple mutant plants were
transformed with the ATCOPIA28::GFP construct using the Agrobacterium-mediated floral dip
method [33]. Transgenic plants showing GFP fluorescence were backcrossed with a WT plant to
promote the silencing of ATCOPIA28::GFP in the F1 generation. F1 plants were self-crossed and their
F2 progenies were screened for GFP fluorescence, and PCR-based genotyped to obtain
ATCOPIA28::GFP WT and ATCOPIA28::GFP ddc plants. Primer sequences used for ATCOPIA28::GFP

cloning and PCR genotyping are described in S10 Table.

EMS mutagenesis, GFP screening and mapping analyses. Five thousand seeds of ATCOPIA28::GFP ddc
were mutagenized in 0.26% EMS solution for 12 hours with rotation. Seeds were subsequently washed
with water and sown on soil. Fifteen hundred M2 populations were collected, and subsequently
screened for GFP fluorescence under UV light using a SMZ18 Nikon Fluorescence Stereomicroscope
coupled with the C-HGFl intensilight fluorescence filter. Pictures were taken using the DS Qi1MC digital
camera kit. Mapping and identification of the EMS mutation responsible for the phenotype were
performed by bulk segregant analysis coupled with deep genome re-sequencing as previously
described [12], with the following differences. Reads were mapped against the reference genome
(Arabidopsis TAIR10) and single nucleotide polymorphisms called in Geneious (Biomatters). Using R,
single nucleotide polymorphisms were filtered for EMS mutations (G:C—A:T) and zygosity called
based on the variant frequency provided by Geneious (280% homozygous mutation, 245%, and <55%
heterozygous mutation). Plots were then created by calculating the ratio of the number of

homozygous and heterozygous and mutations in a 500-kb window as previously described [34].
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Cloning of epitope-tagged versions of PMD and PP7L proteins. MAIN, MAIL1 and PP7L genomic
regions were PCR amplified and FLAG or Myc epitopes were added to the C-terminus of each protein
as previously described [12]. Each time, the amplified region includes a ~1Kb promoter sequence
upstream of the respective transcriptional start site. For the MAIN promoter, a Mlul site was modified
to allow LR reaction without changing the sequence integrity of the gene. main-2, maill1-1 and pp7/-2
mutant plants were transformed with the MAIN-FLAG, MAIN-MYC, MAIL1-MYC and PP7L-
FLAG constructs using the Agrobacterium-mediated floral dip method [33]. Primer sequences are

described in S10 Table.

IP and MS analysis. Ten grams of 3-week-old seedling tissue were ground in liquid nitrogen and
resuspended in 50mL ice-cold IP buffer [SOmM Tris HCI pH 7.6, 150mM NaCl, 5mM MgCl,, 0.1%
Nonidet P-40, 10% glycerol (v/v), 0.5mM DTT, 1x Protease Inhibitor Mixture (Roche)] and centrifuged
2 times for 15 min at 4°C at 15 350g. 400puL of M2 magnetic FLAG-beads (Sigma, M8823) were added
to the supernatants, and incubated for 90min rotating at 4°C. M2 magnetic FLAG-beads were washed
seven times in ice-cold IP buffer for 5 min rotating at 4°C, and immunoprecipitated proteins were
eluted 3 times with 150uL 3x-FLAG peptides (Sigma, F4799) for 25 min each at 25°C. The eluted protein
complexes were precipitated by trichloroacetic acid and subjected to MS analyses as previously
described [13]. Peptide and protein-level false discovery rates were calculated by the DTASelect
algorithm using the decoy database approach. Based on a peptide PSM level p-value filter of less than
0.01 and a requirement for at least two peptides per protein, the protein-level false discovery rate

was less than 1% for all proteins detected.

Co-IP and immunoblotting. 0.5 g of 3-week-old seedling tissue were ground in liquid nitrogen,
resuspended in 1.5mL ice-cold IP buffer [50mM Tris pH 7.6, 150mM NaCl, 5mM MgCl2, 0.1% Nonidet

P-40, 10% glycerol, 0.5 mM DTT, 1x Protease Inhibitor Mixture (Roche)], and centrifuged 2 times for
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15 min at 4°C, 16 000g. 50uL M2 magnetic FLAG-beads (Sigma, M8823) were added to the
supernatants and incubated for 2 hour rotating at 4°C. Beads were washed 3 times in ice-cold IP buffer
for 10 min rotating at 4°C. Immunoprecipitated proteins were denatured in Laemmli buffer for 5min
at 95°C. 10pL of input and bead elution were run on 10% SDS-PAGE gels, and proteins were detected
by western blotting using either Anti-FLAG M2 monoclonal antibody-peroxidase conjugate (Sigma,
A8592) at a dilution of 1:10000, or c-Myc rat monoclonal antibody (Chromotek, 9E1-100) at a dilution
of 1:1000 followed by goat anti-rat IgG horseradish peroxidase (Abcam, ab205720) used at a dilution
of 1:20000 as secondary antibody. Western blots were developed using Substrat HRP Immobilon

Western (Merck Millipore, WBKLS0500).

RNA extraction. Total RNA was extracted from aerial parts of 3-week-old seedlings grown on soil using
either RNeasy Plant Mini Kit (Qiagen, 74904) or Monarch Total RNA Miniprep Kit (NEB, T2010)

according to the manufacturer’s protocols.

RNA sequencing. RNA-seq libraries were generated from 1pg of input RNA using NEBNext Ultra I
Directional RNA Library Prep Kit for lllumina (NEB, E7490) according to the manufacturer’s protocols.
Libraries were sequenced on an lllumina HiSeq 4000 or NextSeq 550 machines. Reads were trimmed
using Trimmomatic [35], and mapped to the A. thaliana genome (Arabidopsis TAIR10 genome) using
HISAT2 [36]. The sequence alighnment files were sorted by name and indexed using SAMtools [37].
Files were converted to BAM files and number of reads mapped onto a gene calculated using HTSeqg-
count [38]. Differentially expressed genes were obtained with DESeq2 [39], using a log2 fold-change
> 2 (up-regulated genes) or < -2 (down-regulated genes) with an adjusted p-value of 0,01. Batch effects
were modeled within the DESeq2 study design. For PCA, we removed the batch effect using limma’s
‘removeBatchEffect’ function [40]. Heat map visualizations were realized using the heatmap2 function

from the R gplots package. Boxplots were realized using boxplot function from R. Re-analyses of
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previously published RNA-seq datasets from main-2 and mail1-1 (PRJEB15202) [15] were performed

as described above.

RT-qPCR. 1 ug of input RNA was converted to cDNA using GoScript Reverse Transcriptase (Promega
A501C) according to the manufacturer’s protocol. The final reaction was diluted 6 times with RNase
free water. RT-gPCR experiments were performed with 4puL of cDNA combined to the Takyon No Rox
SYBR MasterMix (Eurogentec, UF-NSMT-B0701), using a LightCycler 480 instrument (Roche).
Amplification conditions were as follows: 95°C 5 min; 45 cycles, 95°C 15s, 60°C 15s, 72°C 30s; melting

28t method. For each analysis, ACt was first calculated based on

curves. RT-gPCR analyses used the 2
the housekeeping RHIP1 gene Ct value [41]. AACt were then obtained by subtracting the wt ACt from
the ACt of each sample. Values were represented on bar charts relative to WT. Three technical

replicates were performed per biological replicate, and 3 biological replicates were used in all

experiments, unless otherwise stated. Primer sequences are described in S10 Table.

DNA motif detection. The motifs for enhancer sequences (1kb upstream the TSS) were discovered
using MEME (Multiple Em for Motif Elicitation). MEME represents motifs as position-dependent
letter-probability matrices which describe the probability of each possible letter at each position in

the pattern [42].

Bisulfite sequencing. Genomic DNA was extracted from aerial parts of 3-week-old seedlings using
Quick-DNA Plant/Seed Miniprep Kit (Zymo research, D6020) according to the manufacturer’s protocol.
Whole genome bisulfite sequencing (WGBS) library was prepared from 50 ng genomic DNA using
NuGen Ovation Ultralow Methyl-Seq kit. Bisulfite treatment was carried out by Qiagen Epitect bisulfite
kit. WGBS libraries were sequenced on an lllumina HiSeq 4000 machine. The raw reads (single end)
were trimmed using Trimmomatic in order to remove adapter sequences [35]. The remaining

sequences were aligned against the A. thaliana genome TAIR10 version using Bismark [43]. Duplicated
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reads were collapsed into one read. For metaplot and boxplot visualization, we used ViewBS [44].
Boxplots were realized using boxplot function from R. DMRs (differentially methylated regions) were
defined comparing methylation in wildtype with the main-2 mutant analyzed using the R package
“DMRcaller” [45]. We used “noise filter” method to compute CpG, CpHpG and CpHpH DMRs. We
selected bins where the p-value was less than 0.01, the difference in methylation level was at least
40% in the CG context, 20% in the CHG context or 10% in the CHH context, with at least four cytosines;

each cytosine had on average at least four reads.

Sequence selection, multiple sequences alighnments and phylogenetic reconstruction.

Blast searches (blastp) were performed starting from known A. thaliana PMD-C and PP7/PP7L motifs
on the thirty species representing the diversity of the Eudicot lineages. When necessary tblastn
searches were also used to obtain complete protein sequences. To build the phylogenetic trees, PMD-
C or PP7/PP7L motifs were aligned using the multiple sequence comparison by log-expectation
(MUSCLE v3.7) software [46]. Trees were reconstructed using the fast-maximum likelihood tree
estimation program PHYML [47] using the LG amino acids replacement matrix [48]. Statistical support

for the major clusters were obtained using the approximate likelihood-ratio test (aLRT) [49].

Immunofluorescence and DAPI-staining. Leaves from 3-week-old plants, were fixed for 20 min
rotating at 4°C in 2% formaldehyde in Tris buffer (10 mM Tris-HCI pH 7.5, 10 mM EDTA, 100 mM NacCl),
washed two times for 10 min rotating at 4°C in cold Tris buffer and subsequently chopped in LBO1
buffer (15 mM Tris-HCIl pH 7.5, 2 mM EDTA, 0.5 mM spermine, 80 mM KCl, 20mM NaCl and 0.1%
Triton- X-100). Nuclei were filtered through a 30 um cell strainer cap (Sysmex, 04-0042-2316) and 5l
of the nuclei solution was diluted in 10 pl of sorting buffer (100mM Tris-HCI pH 7.5, 50 mM KCI, 2 mM
MgCl2, 0.05% Tween-20 and 5% sucrose). 20ul of the nuclei dilution were spread onto a polylysine
slide and air-dried for 40 min. Slides were post-fixed in 2% formaldehyde in 1X PBS for 5 min and

washed 2 times with water. Slides were incubated 15 min in 1X PBS, 0.5% Triton X-100 at RT and
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washed 3 times with 1X PBS for 5 min. For detection, slides were incubated over night with a mouse
anti-H3K9me2 monoclonal antibody (Abcam, Ab 1220) at 1:500 in 3% BSA, 0.05% Tween in 1X PBS at
4°Cin a moist chamber. After 3 washes in 1X PBS for 5 min, slides were incubated 2h with a goat anti-
mouse antibody coupled to Alexa fluor 568 (Invitrogen, A11004) at 1:1000 in 3% BSA, 0.05% Tween in
1X PBS in a moist chamber. Slides were washed 1 time 5 min with 1X PBS, 1 time 10 min with 1X PBS,
1ug/mLDAPI, and 1 time 5 min with 1X PBS. DNA was counterstained with 1pug/mL DAPI in Vectashield
mounting medium (Vector Laboratories). Observation and imaging were performed using a LSM 700

epifluorescence microscope (Zeiss).

Data availability. Nucleotide sequencing data generated in this study have been deposited in
European  Nucleotide Archive (ENA) under the accession number PRJEB33240

(http://www.ebi.ac.uk/ena/data/view/PRIEB33240). The proteomics data have been deposited to the

MassIVE data repository (https://massive.ucsd.edu) with the dataset identifier MSV000084089. All
other data and material are available within the manuscript and its supplementary files, or from the

corresponding author upon request.
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FIGURE CAPTIONS

Fig 1. The ddc #16 EMS population shows overexpression of ATCOPIA28::GFP and upregulation of

endogenous TEs.

(A) Schematic representation of the ATCOPIA28::GFP transgene. The 5’ long terminal repeat (LTR)
promoter region of an ATCOPIA28 LTR-retrotransposon (AT3TE51900) is used to control the
expression of GFP. The construct carries a Nuclear Localization Signal (NLS) to target the GFP in the
nucleus. (B) WT and drml drm2 cmt3 (ddc) triple mutant plants carrying the ATCOPIA28::GFP
transgene showed no and weak GFP fluorescence under UV light, respectively. By comparison, the ddc
#16 EMS mutant showed strong GFP fluorescence. Insets show plants under white light. (C) Western
blot using anti-GFP antibody confirmed ATCOPIA28::GFP overexpression in ddc #16. Coomassie
staining of the large Rubisco subunit (rbcl) is used as a loading control. KDa: kilodalton. (D) Relative
expression analyses of ATCOPIA28::GFP (GFP) and three endogenous TEs in ddc and ddc #16 assayed
by Real-Time quantitative PCR (RT-qPCR). RT-gPCR analyses were normalized using the housekeeping
RHIP1 gene, and transcript levels in the mutants are represented relative to WT. Error bars indicate
standard deviation based on three independent biological replicates. Screening of EMS mutant
populations was done on MS plates to allow for visualization of GFP-positive individuals under UV

light.

Fig 2. MAIN, DRM2 and CMT3 act synergistically to repress TEs.

(A) Representative pictures showing the developmental phenotype of 3-week-old ddc, main-3 and ddc

main-3 mutants in comparison to WT plant. (B) Number of upregulated TEs in ddc, main-3 and ddc
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main-3, and classified by TE superfamily. (C) Chromosomal distributions of misregulated loci in ddc,
main-3 and ddc main-3 over WT. Chromosome arms are depicted in light grey, pericentromeric
regions in dark grey as defined in [50]. Upregulated genes and TEs are represented in blue and red,
respectively; downregulated genes are represented in green. (D) Fraction of upregulated TEs in ddc,
main-3 and ddc main-3 located in chromosome arms or in pericentromeric regions as defined in [50].
Asterisks indicate statistically significant enrichments of TEs in pericentromeric regions in comparison
to the genomic distribution of all A. thaliana TEs (Chi-Square test, *: p-value< 0.05, **: p-value< 0.01
n.s: not significant). (E) Heatmap showing upregulated TEs in ddc, main-3 and ddc main-3 mutants in
comparison to WT plants. (F-G) Relative expression analyses of ATCOPIA28 (F) and several endogenous
TEs (G) in ddc, main-3, ddc main-3, cmt3 main-3 and drm1 drm2 (dd) main-3 assayed by RT-qPCR. RT-
gPCR analyses were normalized using the housekeeping RHIP1 gene, and transcript levels in the
mutants are represented relative to WT. Error bars indicate standard deviation based on three

independent biological replicates. RNA-seq threshold: log2>2, or log2<-2 ; p-adj< 0.01.

Fig 3. MAIN and MAIL1 are required for the proper expression of similar genes, and for TE silencing.

(A-B) Number of misregulated genes (A) and upregulated TEs (B) in main-2, maill-1 and main-3
mutants in comparison to WT Col plants. TEs are classified by superfamily. (C) Heatmap showing
misregulated loci in main-2, mail1-1 and main-3 in comparison to Col and WT controls, respectively.
Asterisks represents loci that are commonly misregulated in the three mutant backgrounds. (D) Venn
diagrams analyses representing the overlaps between misregulated loci in main-2, mail1-1 and main-
3. Fisher's exact test statistically confirmed the significance of Venn diagram overlaps (p-value
<2.2.10e-16). (E) Fraction of misregulated loci in main-2 and mail1-1 located in chromosome arms or
in pericentromeric regions as defined in [50]. Asterisks indicate statistically significant enrichments of
downregulated genes and upregulated genes and TEs in chromosome arms and pericentromeric

regions, respectively, in comparison to the genomic distributions of all A. thaliana genes and TEs (Chi-
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Square test, *: p-value< 0.05, **: p-value< 0.01, n.s: not significant). Percentages of genes targeted by
DNA methylation and H3K9me2 were calculated based on enrichment in heterochromatin states 8

and 9 as defined in [51]. RNA-seq threshold: log2>2, or log2<-2 ; p-adj< 0.01.

Fig 4. The main-2 mutation has a slight effect on non-CG DNA methylation levels.

(A) Genome-wide DNA methylation levels along the five Arabidopsis chromosomes in main-2 versus
WT Col plants. Chromosome arms are depicted in light grey, pericentromeric regions in dark grey as
defined in [50]. Mb: megabase. (B-H) Boxplot analyses in two main-2 and WT Col biological replicates
showing the DNA methylation levels of all pericentromeric TEs (B) and genes (C), all chromosome arms
TEs (D) and genes (E), TEs that are upregulated in main-2 (F), and genes that are upregulated (G) and

downregulated (H) in main-2. p-values were calculated using a Wilcoxon test. ***: p-value < 2.10e-16.

Fig 5. MAIN, MAIL1 and PP7L physically interact together.

(A) Representative pictures of 3-week-old main-2 and maill-1 mutants, and epitope-tagged
complementing lines in comparison to WT Col plants. (B) Western blots using anti-FLAG and anti-Myc
antibodies showing the accumulation of epitope-tagged PMD proteins at the expected sizes in the
different complementing lines. Coomassie staining of the large Rubisco subunit (rbcl) is used as a
loading control. KDa: kilodalton. (C-E) Relative expression analyses of upregulated TEs (C), upregulated
genes (D) and downregulated genes (E) in the different complementing lines assayed by RT-gPCR. RT-
gPCR analyses were normalized using the housekeeping RHIP1 gene, and transcript levels in the
complementing lines and mutants are represented relative to WT Col. Error bars indicate standard
deviation based on three independent biological replicates. (F) FLAG-tagged MAIN and MAIL1 proteins
were immunoprecipitated and putative interacting proteins were identified by mass spectrometry.

Numbers of identified spectra, peptides and the normalized spectral abundance factor (NSAFe5) are
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shown for two independent experiments, including three main-2 and two maill-1 replicates. WT
replicates are used as a negative control. Only proteins reproducibly enriched in all the FLAG-MAIN
and FLAG-MAIL1 IP, and depleted in WT controls across multiple replicates are described in the table.
(G) MAIL1-MYC was co-immunoprecipitated with MAIN-FLAG in F1 plants obtained by crossing MAIL1-
MYC and MAIN-FLAG lines together. Parental MAIL1-MYC and MAIN-FLAG lines were used as negative
controls. (H) The MAIN-MYC line was supertransformed with the PP7L-FLAG construct, and MAIN-MYC
was co-immunoprecipitated with PP7L-FLAG. Plants expressing only MAIN-MYC or PP7L-FLAG were
used as negative controls. (I) Same as H but using MAIL1-MYC plants supertransformed with the PP7L-
FLAG construct. Epitope-tagged proteins were detected by Western blotting. Arrowheads indicates
expected bands. Asterisks indicates non-specific hybridization. Co-exp: plants co-expressing PP7L-

FLAG and MAIN-MYC (H) or PP7L-FLAG and MAIL1-MYC (1).

Fig 6. main-2, maill-1, pp7l-2 single and maill-1 pp7/-2 double mutants display similar

developmental and molecular phenotypes.

(A) Representative pictures of 3-week-old main-2, maill-1, pp7I-2 single and mail1-1 pp7I/-2 double
mutants in comparison to WT Col plant. (B) Heatmap showing misregulated loci in main-2, maill-1,
pp7I-2 and maill-1 pp7I-2 mutants in comparison to WT Col plants using the datasets of RNA-seq Exp1,
Exp2 and Exp3 (S2 and S4 Tables). One asterisk defines the loci that are commonly misregulated in all
mutant backgrounds. Two asterisks define the loci that are misregulated in the mail1-1 pp7I-2 double
mutant. (C) Venn diagrams analyses representing the overlaps between misregulated loci in main-2,
maill-1, pp7/-2 and maill-1 pp7I-2. Fisher's exact test statistically confirmed the significance of Venn
diagram overlaps (p-value <2.2.10e-16). (D) Relative expression analyses of upregulated TEs, genes
and downregulated genes in the different genotypes assayed by RT-gPCR. RT-qPCR analyses were
normalized using the housekeeping RHIP1 gene, and transcript levels in the different mutants are

represented relative to WT Col. Error bars indicate standard deviation based on three independent
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biological replicates. (E-G) Boxplots analyses showing average RPKM values of upregulated TEs (E),
upregulated genes (F) and downregulated genes (G) in maill-1 pp7I-2 in the indicated genotypes of
RNA-seq Exp3. These analyses are based on the misregulated loci datasets defined by ** in panel B.
P-values were calculated using a Wilcoxon test, and only significant p-values are shown. *: p-value<

1.10e-3; **: p-value < 3.10-6; ***: p-value< 2.10e-16.

Fig 7. Constitutive heterochromatin appears unaltered in pp7/-2 mutant.

Proportion of nuclei showing condensed, partially decondensed (intermediate), or decondensed
chromocenters in the pp7/-2 mutant in comparison to WT control (Col) based on H3K9me2
immunostaining of nuclei. Representative pictures of nuclei displaying condensed, partially
decondensed or decondensed chromocenters. DAPI: DNA stained with 4',6-diamidino-2-

phenylindole.

Fig 8. Evolutionary history of PMD-C and PP7 proteins in plants.

(A) An alignment of the PMD-C motifs from 30 representative Eudicot species was used to construct
a phylogenetic tree. The two major clades (MAIL2/MAIL2-like and MAIL3) are indicated. The species
codes are given in S11 Table, and corresponding protein sequences in S12 Table). In red are genes
presenting a fusion between a PMD-C and a PP7 motif. Statistical supports of key nodes calculated
with the approximate likelihood-ratio test are indicated. Scale bar indicates one substitution/site. The
tree was rooted using the Amborella trichopoda PMD-C motif (AtrilPMDC). (B) Phylogenetic tree
constructed using an alignment of the PP7 motif from the same species asin (A). The two major clades
(PP7 and PP7L) are indicated. In red are genes presenting a fusion between a PP7 and a PMD-C motif.
Statistical supports of key nodes calculated with the approximate likelihood-ratio test are indicated.

Scale bar indicates one substitution/site. The tree was rooted using the A. thaliana PP5 motif (AtPP5).
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SUPPORTING INFORMATION CAPTIONS

S1Fig. MAIN is the mutated gene responsible for ATCOPIA28::GFP and TE overexpression in the ddc

#16 mutant.

(A) Representative pictures of ddc #18 (ddc morc6-8) and ddc #344 (ddc morc6-9) mutants in
comparison to ATCOPIA28::GFP WT and ddc control plants under UV light. Insets show plants under
white light. (B) Enrichment in homozygote/heterozygote ratio of EMS over WT single nucleotide
polymorphisms (SNPs), defining the linkage intervals for the populations ddc #18 and ddc #344. Mb:
megabase. Gray-shaded rectangles delimit the mapping intervals. (C) Location of the point mutations
corresponding to the morc6-8 and morc6-9 alleles within the MORC6 genomic sequence. Nucleotide
and corresponding amino acid changes are indicated above the gene. Positions of the mutations are
indicated relative to the transcription start site (+1). Grey boxes represent 5’ and 3’ UTR, blue boxes
and lines represent exons and introns, respectively. (D) Enrichment in homozygote/heterozygote ratio
of EMS over WT single nucleotide polymorphisms (SNPs), defining the linkage intervals for the
population ddc #16. Gray-shaded rectangle delimits the mapping interval. (E) Location of the point
mutation corresponding to the main-3 mutant allele within the MAIN genomic sequence. (F) Genetic
complementation analyses using the KO T-DNA insertion line main-2. ddc #16 plants were crossed
with main-2 plants. F1 plants were self-crossed, and F2 plants were screened under UV light to select
GFP-overexpressing plants. Western blotting using anti-GFP antibodies confirmed GFP overexpression
in selected F2 plants. Coomassie staining of the large Rubisco subunit (rbcl) is used as a loading
control. KDa: kilodalton. Among the selected F2 plants, the presence of main-3 EMS and main-2 T-
DNA mutant alleles were determined by dCAPS-PCR and PCR analyses, respectively. DRM2 and CMT3
genotyping were determined by PCR analyses. WT: Wild type, Ho: Homozygote mutant. He:
Heterozygote. (G) Relative expression analyses of several TEs in the indicated genotypes assayed by

RT-gPCR. RT-gPCR analyses were normalized using the housekeeping RHIP1 gene, and transcript levels
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in the different genotypes are represented relative to WT. Error bars indicate standard deviation
based on two independent biological replicates. Screening of EMS mutant populations was done on

MS plates to allow for visualization of GFP-positive individuals under UV light.

S2 Fig. Combining the drm2, cmt3 and main-3 mutations exacerbate TE silencing defects.

(A) Principal component analysis (PCA) performed after batch correction for first two components of
the sixteen samples described in RNA-seq EMS Expl and Exp2. (B) Relative expression analyses of
ATCOPIA28 and HELITRONYI1D (AT5TE35950) in ddc, main-3 and ddc main-3 assayed by RT-qPCR. RT-
gPCR analyses were normalized using the housekeeping RHIP1 gene, and transcript levels in the
different genotypes are represented relative to WT. Error bars indicate standard deviation based on
three independent biological replicates. (C) Venn diagrams analysis showing the overlaps between
reproducibly upregulated TEs in ddc, main-3 and ddc main-3. Fisher's exact test statistically confirmed
the significance of Venn diagram overlaps (p-value <2.2.10e-16). (D) Same as panel B for TEs defined
as class I-IV TEs. Frames of RT-gqPCR graphs are using the same color code as shown in panel C. (E)
Venn diagrams analyses defining the overlaps between up- and downregulated genes in the different
genotypes. Fisher's exact test statistically confirmed the significance of Venn diagram overlaps (p-
value <2.2.10e-16). (F) Fraction of misregulated genes in ddc, main-3 and ddc main-3 located in
chromosome arms or in pericentromeric regions as defined in [50]. Asterisks indicate statistically
significant enrichments of misregulated genes in chromosome arms or pericentromeric regions in
comparison to the genomic distributions of all A. thaliana genes (Chi-Square test, **: p-value< 0.01).
Percentages of genes targeted by DNA methylation and H3K9me2 were calculated based on
enrichment in heterochromatin states 8 and 9 as defined in [51]. (G) Relative expression analyses of
DRM2 and CMT3 in ddc, main-3, ddc main-3, cmt3 main-3 and dd main-3 assayed by RT-qPCR. RT-
gPCR analyses were normalized using the housekeeping RHIP1 gene, and transcript levels in the
different genotypes are represented relative to WT. Error bars indicate standard deviation based on

three independent biological replicates. Screening of EMS mutant populations was done on MS plates
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to allow for visualization of GFP-positive individuals under UV light.

S3 Fig. Identification of reproducibly misregulated loci in main-2, maill-1 and main-3.

(A) Principal component analysis (PCA) performed after batch correction for first two components of
the twenty-four main-2, mail1-1 and WT Col samples described in RNA-seq Exp1, Exp2 and Exp3. (B-
D) Relative expression analyses of several upregulated TEs (B), upregulated genes (C), and
downregulated genes (D) in main-2, maill-1 and main-3 assayed by RT-gPCR. RT-gPCR analyses were
normalized using the housekeeping RHIP1 gene, and transcript levels in the different genotypes are
represented relative to respective WT controls. Error bars indicate standard deviation based on three
independent biological replicates. (E) Venn diagrams analyses representing the overlaps between
misregulated loci in main-2, mail1-1, ddc and ddc main-3. Fisher's exact test statistically confirmed the

significance of Venn diagram overlaps (p-value <0.005).

S4 Fig. DNA methylation analyses in the main-2 mutant

(A-B) Boxplot analyses in two main-2 and WT Col biological replicates showing the DNA methylation
levels at genomic sites previously defined as hypo CHG differentially methylated regions (DMR) in
cmt3 (A) and hypo CHH DMR in drm1 drm2 (B) based on [26]. p-values were calculated using a

Wilcoxon test. *: p-value <5.10e-7, **: p-value <5.10e-10, ***: p-value < 2.10e-16.

S5 Fig. MAIN, MAIL1 and PP7L are required for the proper expression of similar loci, and commonly

downregulated genes carry the ‘DOWN’ DNA motif in their promoter.

(A) Principal component analysis (PCA) performed after batch correction for first two components of
the thirty-two samples described in RNA-seq Exp1, Exp2 and Exp3. (B) Number of misregulated genes
in the different genotypes in comparison to WT Col plants from RNA-seq Exp3 (four biological
replicates, S3 and S6 Tables). (C) Number of upregulated TEs in pp7/-2 and maill-1 pp7I-2, and
classified by TE superfamily. (D) Fraction of misregulated loci in pp7I-2 and maill-1 pp7I-2 located in

chromosome arms or in pericentromeric regions as defined in [50]. Asterisks indicate statistically
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significant enrichments of downregulated genes, upregulated genes and TEs in chromosome arms and
pericentromeric regions, respectively, in comparison to the genomic distributions of all A. thaliana
genes and TEs (Chi-Square test, *: p-value< 0.05, **: p-value< 0.01, n.s: not significant). Percentages
of genes targeted by DNA methylation and H3K9me2 were calculated based on enrichment in
heterochromatin states 8 and 9 as defined in [51]. (E) Identification and proportions of the ‘DOWN’
DNA motif among the promoters of downregulated genes and all Arabidopsis genes using the MEME
software. Promoter regions are defined as 1kb upstream of ATG. The list of all Arabidopsis genes used
to determine genomic distributions is based on the TAIR file:
TAIR10 _upstream_1000_translation_start 20101028. RNA-seq threshold: log2>2, or log2<-2 ; p-adj<

0.01.

S6 Fig. Full size images of panels described in Fig 5G-I.

S1 Table. Lists of differentially expressed loci in ddc, main-3 and ddc main-3.

S2 Table. Lists of differentially expressed loci in main-2 and maill-1.

S3 Table. Lists of loci commonly misregulated in main-2, mail1-1 and main-3.

S4 Table. Lists of differentially expressed loci in pp7I/-2 and maill-1 pp7I-2.

S5 Table. Lists of loci commonly misregulated in main-2, maill-1, pp7I-2 and maill-1 pp7I-2.
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MTHFD1 controls DNA methylation in Arabidopsis

Martin Groth!, Guillaume Moissiard!, Markus Wirtz2, Haifeng Wang3, Carolina Garcia-Salinas?,
Perla A. Ramos-Parra®, Sylvain Bischof!, Suhua Feng1'5'6, Shawn J. Cokus!, Amala John'!, Danielle C. Smith’,
Jixian Zhai', Christopher J. Hale!, Jeff A. Long1, Ruediger Hell?, Rocio |. Diaz de la Garza® & Steven E. Jacobsen!>®

DNA methylation is an epigenetic mechanism that has important functions in transcriptional
silencing and is associated with repressive histone methylation (H3K9me). To further
investigate silencing mechanisms, we screened a mutagenized Arabidopsis thaliana population
for expression of SDCpro-GFP, redundantly controlled by DNA methyltransferases DRM2
and CMT3. Here, we identify the hypomorphic mutant mthfdi-1, carrying a mutation (R175Q)
in the cytoplasmic bifunctional methylenetetrahydrofolate dehydrogenase/methenyltetrahy-
drofolate cyclohydrolase (MTHFD1). Decreased levels of oxidized tetrahydrofolates in
mthfdl-1 and lethality of loss-of-function demonstrate the essential enzymatic role of
MTHFD1 in Arabidopsis. Accumulation of homocysteine and S-adenosylhomocysteine,
genome-wide DNA hypomethylation, loss of H3K9me and transposon derepression indicate
that S-adenosylmethionine-dependent transmethylation is inhibited in mthfdi-1. Comparative
analysis of DNA methylation revealed that the CMT3 and CMT2 pathways involving positive
feedback with H3K9me are mostly affected. Our work highlights the sensitivity of epigenetic
networks to one-carbon metabolism due to their common S-adenosylmethionine-dependent
transmethylation and has implications for human MTHFD1-associated diseases.
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NA methylation serves as a defense mechanism against

transposable elements (TEs) and other types of repetitive

DNA that can harm the genome of the organism they
inhabit. DNA methylation promotes the packaging of DNA into
so-called heterochromatin as to enforce a silent state, for example,
by making the DNA inaccessible to transcription activators.
Because of its transgenerational stability, DNA methylation is the
prime example of an epigenetic mechanism. The stability is
provided by feedback loops within, as well as crosstalk between,
different methylation pathways, as established in Arabidopsis
thaliana (Arabidopsis), where DNA methylation occurs at CG,
CHG and CHH (H=A, T or C)L. In contrast to CHG and CHH
methylation, which are exclusively involved in heterochromatin
formation and transcriptional gene silencing (TGS), CG
methylation also occurs over gene bodies.

DNA methylation is generated by the activity of DNA
methyltransferases (DNMTs), which enzymatically transfer a
methyl group from S-adenosyl methionine (SAM) to cytosine.
In Arabidopsis, DOMAINS REARRANGED METHYLTRANS-
FERASE2 (DRM2) catalyses de novo methylation in all sequence
contexts®. Once established, DNA methylation at symmetric
CG and CHG sequences is maintained by DNA METHYL-
TRANSFERASEl (MET1) and CHROMOMETHYLASE3
(CMT3), respectively. Maintenance of CG methylation is based
on the recognition of hemimethylated signatures after semi-
conservative DNA replication. Analogous to the recruitment
of the mammalian maintenance methylase DNMT1 through
UHRF1, members of the VARIANT IN METHYLATION (VIM)
family bind to hemimethylated DNA with their SET and RING-
associated (SRA) domains and are required for CG methylation
by MET1 (refs 1,3). In contrast, CHG methylation is maintained
by a reinforcing loop between non-CG methylation and
methylation of lysine 9 of histone H3 (H3K9me), which
involves the histone methyltransferases KRYPTONITE/SUVH4,
5 and 6. These preferentially bind methylated non-CG sequences
via their SRA domains and modify the wrapped nucleosome with
H3K9me (ref. 4). In turn, CMT3 binds H3K9me through its
chromo and BAH domains and catalyses the remethylation of
CHG sites during replication®. Similarly, maintenance of CHH
methylation by CMT2 also depends on SUVH4/5/6-mediated
H3K9me (ref. 6).

While CMT2 and 3 mostly target transposons in the
pericentromeric heterochromatin, DRM2 is mainly required for
maintenance of CHH methylation and TGS in the chromosomal
arms’. Targeting of DRM2 is mediated by the concerted action of
short transcripts that are processed into 24 nt small-interfering
RNAs and complementary long noncoding transcripts produced
by the plant-specific RNA polymerase complexes Pol IV and Pol
V, respectively. In the canonical RNA-directed DNA methylation
pathway (RdDM), 24 nt RNAs are incorporated into
ARGONAUT4 (AGO4) in order to match the RNA-induced
silencing complexes with Pol V transcripts®. Subsequently, DRM2
is recruited to the target CHH sites by direct interaction
with AGO4 (ref. 9). Recruitment of Pol IV to heterochromatin
is also dependent on H3K9me interaction via SAWADEE
HOMEODOMAIN HOMOLOGue 1 (SHH1) (ref. 10), whereas
Pol V is recruited via the non-catalytic SUV39 homologues
SUVH2 and 9 that bind to methylated DNA via their SRA
domains!!,

TGS is often reinforced by the synergistic action of different
DNA methylation pathways. This is exemplified by the
SUPPRESSOR OF DRM2 CMT3 (SDC) locus, which is redun-
dantly silenced by the CMT3- and DRM2-mediated methylation
of tandem repeats in the promoter region'?. Hence, SDC is
ectopically expressed in drm2 cmt3 double mutants, but repressed
during most of development in the single mutants, making SDC a

2

powerful genetic marker of simultaneous impairment of CHG
and CHH methylation pathways. We generated stable transgenic
lines carrying an SDC,,,-GFP fusion construct in wild-type (WT)
and cmt3 genetic background and screened M2 populations
for EMS-mutants that express GFP. The identification of
microrchidia 1 (morcl) and morc6 mutants from this screen
was published previously'®. Here, we identified a mutant
from the WT background that carries a missense mutation
in the Arabidopsis METHYLENETETRAHYDROFOLATE
DEHYDROGENASE/METHENYLTETRAHYDROFOLATE CYCLO-
HYDROLASE 1 (MTHFDI) gene. The mutation disrupts folate
metabolism and leads to accumulation of homocysteine (Hcy),
a hallmark of an impaired methionine (Met) cycle, whose main
function is to produce SAM for transmethylation reactions
and recycle the byproduct S-adenosyl homocysteine (SAH)M.
Genome-wide loss of CHG and CHH methylation, reduced
H3K9me and derepression of TEs in the mthfdl-1 mutant
indicate that the Met cycle constitutes an ‘Achilles heel’ of the
feedback mechanisms between DNA and histone methylation.

Results

The R175Q mutation in MTHFD1 leads to SDCpro-GFP
expression. Mutant #162 was identified by screening M2
seedlings of an EMS-mutagenized population of Arabidopsis that
carried an SDCpro-GFP insertion event in WT background
(herein after referred to as WT; Col refers to non-transgenic WT)
for individuals that showed GFP fluorescence (Fig. 1a). Using
deep sequencing of bulked GFP-positive F2 progeny of mutant
#162 crossed with a WT plant of ecotype Landsberg erecta (Ler),
we confined the target region containing the causative mutation
to the north end of chromosome 3 (Supplementary Fig. 1).
To identify the causative mutation, mutant #162 was crossed to
WT and the co-segregation of candidate EMS mutations in
GFP-positive F2 progeny was analysed using dCAPS markers
(Supplementary Fig. 2). A guanine to adenine transition in a
gene (At3gl2290) encoding a putative methylenetetrahydro-
folate dehydrogenase/methenyltetrahydrofolate cyclohydrolase
(MTHEFD1) showed 100% co-segregation in 98 GFP-positive F2
individuals (Supplementary Fig. 2). The mutant phenotype seg-
regated as a recessive monogenic trait (103 GFP-positive versus
368 GFP-negative, Xz P value (3:1) = 0.12). The mutation, herein
after named mthfdl-1, leads to a predicted substitution of a
conserved arginine by glutamine at residue 175 (R175Q) (Fig. 1b).
To confirm that mthfdl-1 caused the expression of SDCpro-GFP,
a #162 M3 mutant (mthfdl-1/mthfdl-1) was crossed with a
heterozygous plant containing a transfer DNA (T-DNA)
insertion allele, MTHFDI1/mthfdI-2 (Fig. 1b). GFP expression in
F1 progeny co-segregated with the mthfdl-2 allele (Fig. 1a,c),
confirming that mthfdl-1 caused the expression of SDCpro-GFP
in #162.

GFP-positive plants originating from mutant #162 had pale
leaves, reduced seed set, were smaller and developed more slowly
compared with WT but did not display other morphological
defects (Fig. 1d and Supplementary Fig. 3a). In contrast, mthfdI-2
homozygous mutants showed severe developmental defects,
including dwarfism, pale, shortened leaves, reduced apical
dominance, delayed flowering, prolonged vegetative phase and
infertility (Fig. 1d and Supplementary Fig. 3a,b). Moreover, on
average we only retrieved one viable homozygous mthfdl-2
mutant out of 18 seeds from a heterozygous parent, indicating
that more than 75% of homozygous mthfdl-2 mutants died
prematurely (Supplementary Table 1). Viability seemed to be
affected during or after germination, because siliques from WT
and heterozygous MTHFDI1/mthfd1-2 did not show differences in
ovule and seed development (Supplementary Fig. 3a). We did not
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Figure 1 | SDCpro-GFP expression and DNA demethylation caused by R175Q mutation in MTHFD1. (a) GFP fluorescence micrographs of WT, #162 M2,
MTHFD1/mthfd1-2 F1 and #162/mthfd1-2 F1 seedlings. F1 are progeny of #162 M2 x MTHFD1/mthfd1-2. Dashed boxes indicate magnified areas shown in
lower panels. Inlets show bright-field images. (b) Gene structure, positions of mutations and conserved domains of MTHFD1. The EMS mutation in #162
lead to a R175Q substitution of a conserved residue required for NADP binding?®. (¢) PCR-based genotype analysis of 13 F1 seedlings and two control
samples. Arrowheads mark bands corresponding to WT/mthfd1-1 (upper) and mthfdi1-2 (lower). The mthfdi-2 allele co-segregates with GFP fluorescence in
F1 (+: present, —: absent). L, ladder. (d) Habit of different genotype plants 20 days after germination. Scale bar, 10 mm. (e) DNA blot analysis of non-CG
methylation at the MEA-ISR locus. Genomic DNA was digested with methylation-sensitive Mspl; upper and lower bands correspond to methylated (m) and
unmethylated (u) fragments, respectively. Ratios of band intensities for each lane are shown under the gel image. (f) Levels of non-CG methylation at the
AtSNT locus by quantitative chop PCR analysis of genomic DNA after digestion with methylation-sensitive Haelll relative to undigested DNA. Mean
values £ s.d. (n=23). Different letters above bars indicate significant differences between pairwise comparisons by Student's t-test (P<0.05).

retrieve any homozygous mutants from the T-DNA alleles
mthfdl-3 or mthfdl-4 (Fig. 1b). These results led to the
conclusion that MTHFDI is an essential gene in Arabidopsis
and that the T-DNA insertion in the first intron in mthfdI-2 does
not completely abolish the function of MTHFDI. Moreover, the
results indicate that R175Q in mthfdl-1 partially impairs gene
function, causing a hypomorphic phenotype that does not affect
viability.

To test if DNA methylation is altered in mthfdl mutants, we
analysed the MEDEA INTERGENIC SUBTELOMERIC REPEAT
(MEA-ISR) locus using a well-established Southern blot assay'®.
In WT, approximately half of the MEA-ISR alleles are methylated
and restriction digest with methylation-sensitive MspI produces
two fragments of similar abundance. Both #162 and mthfdl-2
mutants showed a reduction of the methylated band, and the loss
of methylation was stronger in mthfdl-2 than in #162 (Fig. le).
We also analysed DNA methylation at Arabidopsis thaliana
SHORT INTERSPERSED ELEMENT 1 (AtSNI) by quantitative
PCR following methylation-sensitive restriction digestion and

observed similar reductions in DNA methylation (Fig. 1f).
Furthermore, bisulfite (BS)-PCR analysis of the levels of
methylation at CG, CHG and CHH sites in the tandem repeat
region of the transgenic SDC promoter showed a decrease in
CHG methylation of the transgenic SDC in #162 mutants
compared with the WT reference (Supplementary Fig. 4). In
summary, the DNA methylation assays confirmed that MTHFD1
is required for DNA methylation at different loci in different
sequence contexts, and the R175Q amino-acid substitution leads
to reduced DNA methylation. Because of the limiting amounts of
tissue available from mthfdl-2 mutants, only #162 mutants
(referred to as mthfdI-1 herein after) were analysed subsequently.

MTHEFDI is required for epigenetic silencing. To get a general
view of the DNA methylation defects in mthfdI-1, we analysed
genome-wide DNA methylation at single-nucleotide resolution
by BS-seq. The average global DNA methylation was reduced by
~40% relative to WT (Fig. 2a). The strongest effect was observed
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Figure 2 | DNA methylation is globally decreased in mthfd1-1 mutants. (a)

Average genome-wide DNA methylation for all Cs and in individual sequence

contexts (H=C, A or T). (b) Chromosomal distribution of fractional DNA methylation in individual sequence contexts. Boxes and vertical lines inside boxes
mark pericentromeric regions and centromeres, respectively. (¢, d) Average distribution of DNA methylation over TEs (¢) and PCGs (d) and the flanking
2,000 bp in individual sequence contexts. (e-g) Comparison of DNA methylation levels in 5,000 random 100 bp bins with WT methylation levels >0.01in
CG (e), CHG (f) and CHH (g) contexts. Red line: linear regression between mthfdl-1 and WT levels; corresponding coefficients are shown in top left

corners. Dashed: identity line.

in the CHG context, which lost 62% of DNA methylation relative
to WT, followed by CHH and CG methylation with 50% and 24%
decreases, respectively (Fig. 2a). DNA methylation in all sequence
contexts was mostly decreased over the TE-rich pericentromeric
regions, which contain most of the DNA methylation along
the chromosomes (Fig. 2b). Accordingly, average methylation
levels over TEs were strongly decreased in mthfdl-1 compared
with WT, especially in CHG and CHH contexts (Fig. 2c). DNA
methylation was also moderately decreased over protein-coding
genes (PCGs) (Fig. 2d), indicating that MTHFD1 is not only
required for repressive DNA methylation at TEs but also for
efficient gene body CG methylation, although to a lesser degree,
compared with non-CG methylation. The different effects on
DNA methylation in the different sequence contexts was also
apparent when comparing WT and mthfdl-1 CG, CHG and
CHH methylation levels in randomly selected 100 bp windows
of the genome with methylation thresholds >1% (in order to
exclude unmethylated bins during randomization) (Fig. 2e-g).
This comparison additionally shows a positive correlation of
DNA methylation levels between WT and mthfdl-1 in all three
sequence contexts, which indicates that DNA methylation was
decreased uniformly across the genome (Fig. 2e-g), as opposed
to the DNA methylation patterns in loss-of-function DNMT

4 NATURE COMMUNI

mutants, which show either nearly complete loss across the
sample pool (Supplementary Fig. 5a,b), or at a subset of regions
(Supplementary Fig. 5¢).

To define the effect of the mthfdl-1 mutation on the different
DNA methylation pathways, we calculated differentially methy-
lated regions (DMRs) that had decreased DNA methylation in
mthfdl-1 or the DNMT mutants compared with the WT
reference (hypo-DMRs). The comparison of hypo-DMRs clearly
showed that CMT3-dependent CHG methylation was the most
affected, followed by CMT2- and DRMI,2-dependent CHH
methylation (DRM1 is a lowly expressed paralog of DRM2 (ref.
16)), and finally MET1-dependent CG methylation that was the
least affected in mthfdl-1 (Fig. 3a-c). It is noteworthy that
mthfdl-1 DNA methylation levels were also decreased in regions
that were only defined as DMRs in the DNMT mutants, but not in
mthfdl-1 (Fig. 3d-f). Moreover, all subsets of mthfdl-1 hypo-
DMRs showed residual DNA methylation, which supports a
uniform genome-wide decrease in mthfdl-1 (Fig. 3d-f). Heat
maps of hierarchically clustered CHG and CHH hypo-DMRs
further illustrated that DNA methylation levels in mthfdl-1 are
evenly decreased at moderate degrees and thus generally
proportional to WT levels (Fig. 3g). The equal ratio of TE- versus
PCG-overlapping CG hypo-DMRs in metl and mthfdI-1 is also
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Figure 3 | mthfd1-1 mostly interferes with non-CG and H3K9 methylation. (a-c) Overlap between hypo-DMRs of different mutants in CG (a), CHG
(b) and CHH (c) contexts. (d-f) CG (d), CHG (e) and CHH (f) methylation levels in DMR fractions corresponding to (a-c), respectively. w = wild-type,
m = met1, t = mthfdl-1, c3 =cmt3, c2=cmt2, d=drm1,2. Box plot (herein and after): horizontal line, median; edges of boxes, 25th (bottom) and 75th (top)
percentiles; error bars, minimum and maximum points within 1.5 x interquartile range. (g) Heat map of DNA methylation levels in mthfdl-1 hypo-DMRs
(rows) clustered by methylation levels. (h) Overlap of metT or mthfdi-1 CG hypo-DMRs with PCGs or TEs. (i) Fluorescence micrographs of representative
nuclei from WT and mthfdl-1. DNA was stained with DAPI and H3K9me2 was immunostained using Alexa Fluor 647 as secondary antibody. Scale bar,
5um. (j) Number of nuclei classified by DAPI staining and H3K9me2 immunofluorescence.

in agreement with a uniform decrease in genomic DNA
methylation in mthfdl-1 (Fig. 3h). Accordingly, the small subset
of met] CG hypo-DMRs shared by mthfdl-1 does not seem to
represent site-specific MTHFD1 function, but is more likely due
to stringent criteria for DMR calling, which were not met by the
majority of sites in mthfdl-1 despite reduced CG methylation
levels (Fig. 3a,d). In the CHH context, RADM and the CMT2
pathway were both affected by mthfdl-1 (Fig. 3cg). The
chromosomal distribution of mthfdi-1 CHH hypo-DMRs, with

high densities inside and at the peripheries of the pericentromeric
regions, and lower densities in the chromosomal arms, reflects
the overlaps with the alternative CHH methylation pathways
(Supplementary Fig. 5d). In summary, the DNA methylation
analysis of mthfdl-1 revealed a rather uniform genome-wide
decrease, which is most pronounced in the CHG and CHH
context.

DNA methylation by CMT3, CMT2 and RdADM is functionally
linked to histone methylation, because CMT2 and CMT3 directly
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bind H3K9me in a feedback loop with the histone methyltrans-
ferases KYP/SUVH4, SUVH5 and SUVHS6 (refs 5,6), and Pol IV
is recruited to chromatin by K3K9me-binding SHH1 (ref. 10). To
test if H3K9me is also affected in mthfdl-1, we analysed H3K9
dimethylation (H3K9me2) by immunofluorescence. Nuclei of
mthfdl-1 mutants showed a strong decrease in H3K9me2, but the
majority of the nuclei still contained DNA-dense chromocenters
visualized by DAPI staining (Fig. 3i,j). Therefore, the strong
decrease in CHG and CHH methylation in contrast to the small
decrease in CG methylation is likely explained by the combined
effect of impaired DNA and H3K9 methylation.

To test if loss of DNA methylation in mthfdl-1 led to
transcriptional derepression, we analysed the expression levels
of different retrotransposons that were previously identified
as upregulated in drml,2 cmt3 triple mutants', Quantitative
reverse transcription (RT)-PCR showed that these TEs are also
strongly induced in mthfdi-1 (Fig. 4a and Supplementary Data 1).
Transcriptome analysis of mthfdl-1 and WT by RNA-seq
confirmed that average transcript levels over CHH and CHG
hypo-DMRs are higher in mthfdi-1 than in WT (Fig. 4b). Many
transcripts from TEs that were silenced in WT were highly
abundant in mthfdl-1, whereas transcriptional differences of
PCGs were more even and showed a slight tendency towards
higher transcript levels in WT (Fig. 4c-e). Correspondingly,
pericentromeric regions showed many differentially upregulated
TEs and—to a lesser degree—PCGs in mthfdl-1, whereas
chromosome arms contained approximately equal distributions
of up- and downregulated PCGs (Fig. 4d,e). The differentially
upregulated TEs in mthfd1-1 belonged to class I, as well as class II
transposons. Among the differentially upregulated TEs, members
of the LTR/Gypsy family were overrepresented, and members of
the RC/Helitron family were under-represented compared with
the genomic distribution (Supplementary Fig. 6). In summary, the
transcriptional analyses have shown that the loss of DNA
methylation in mthfdI-1 led to derepression of transposons and
genes (Fig. 4g), predominantly in the pericentromeric region
(Fig. 4d). The observed transcriptional changes in the
chromosome arms seem to be mainly a consequence of
pleiotropic effects of impaired MTHFD1 function. This is
supported by an analysis of GO terms annotated to genes that
are significantly downregulated in mthfdl-1 compared with WT
(Fig. 4f and Supplementary Data 2). The 10 statistically most
significantly enriched biological processes indicate that MTHFD1
serves important functions in sugar metabolism, isoprenoid
synthesis, redox homoeostasis and photosynthesis. Since mthfd1-
I-downregulated genes did not show a significant loss of DNA
methylation, the overall effects on transcript abundance caused by
decreased gene body methylation in mthfdl-1 are likely to be
negligible (Fig. 4g).

mthfd1-1 mutants show accumulation of S-adenosylhomocysteine.
Arabidopsis MTHFD1 contains two highly conserved protein
domains, a catalytic domain in the N-terminal half, and a
NAD(P *)-binding domain of the Rossmann fold superfamily in
the C-terminal half (Fig. 1b). Therefore MTHFD1 is probably
required for the interconversion of tetrahydrofolate (THF) species
in one-carbon metabolism of Arabidopsis. Members of the
bifunctional enzyme family catalyse the reversible interconversion
of 5,10-methylenetetrahydrofolate (5,10-CH2-THF) to 5,10-
methenyltetrahydrofolate (5,10-CH = THF) (NADP T _dependent
dehydrogenase activity) and further to 10-formyltetrahydrofolate
(10-CHO-THE) (cyclohydrolase activity) (Fig. 5) (ref. 17). These
enzymatic activities have previously been detected in plant
extracts'®, The Arabidopsis genome encodes four homologues,
the mitochondrial MTHFD2/FOLD1 (AT2G38660), FOLD3
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(At4g00600) and FOLD4 (At4g00620), which are putatively
plastidic, and MTHFDI1/FOLD2, which lacks an N-terminal
targeting peptide and is presumably localized in the cytoplasm
(Supplementary Fig. 7) (refs 19-21). We confirmed the
subcellular localization of the latter two homologues by
expression and in vivo imaging of the full-length fusion
proteins MTHFDI1-YPET-3xFLAG, MTHFD1_R175Q-YPET-
3xFLAG and FOLD4-YPET-3xFLAG in Nicotiana benthamiana
(Fig. 6a,b and Supplementary Fig. 8), showing that MTHFD1 is
predominantly in the cytoplasm. The Met cycle is exclusively
localized in the cytoplasm and is required for the synthesis of
SAM, which serves as methyl donor for many transmethylation
reactions, including those catalysed by histone and DNMTs
(Fig. 5). During transmethylation SAM is converted to SAH,
which is further processed into adenosine and Hcy by the SAH
hydrolase (SAHH) (Fig. 5). Hcy is recycled to Met by 5-CH3-
THF-dependent transmethylation activity of methionine synthase
and can serve for a new round of SAM synthesis (Fig. 5)
(refs 14,22). To test if the DNA methylation defects in mthfdl-1
are caused by changes in the Met cycle, we analysed the levels of
SAM, SAH and Hcy, as well as cysteine in mthfdl-1, WT and Col
leaves. SAM and SAH were both significantly increased in
mthfdl-1, but the stronger increase in SAH levels led to an overall
decrease of the methylation index (MI=SAM/SAH) (Fig. 7a—c).
MI is an important measure of the organismal methylation status,
because SAH is a strong competitive inhibitor of SAM-dependent
transmethylation?3. Because of the low intracellular concentration
and high affinity for methyltransferases, it has been suggested that
even small changes in the MI can lead to a reduction in
transmethylation activity?*. Therefore, it is likely that the
decreased MI in mthfdl-1 leads to decreased activities of DNA
and histone methyltransferases, as reflected by the observed DNA
and histone methylation defects. This is further supported by a
12-fold increase in Hcy (and an associated increase in cysteine
levels) in mthfdl-1 (Fig. 7d), because Hcy accumulation leads to
inhibition of SAH hydrolysis and consequently to a lower MI?%2°,

Regulation of folate homoeostasis by MTHFD1. Analysis of
folate metabolites in leaves of mthfdl-1 and WT showed that total
folate content did not differ significantly, but mthfdl-1 had an
8.8-fold increase in THF + 5,10-CH2-THEF (these two compounds
cannot be distinguished by the analysis). On the other hand, the
levels of 5,10-CH =THF, which also include the 10-CHO-THF
pool, were reduced by 30% and 5-CHO-THEF levels were also
~33% lower (Fig. 7e). Unexpectedly, there was no significant
difference in 5-CH3-THF contents, which is the product of
5,10-CH2-THF reductase that serves as co-substrate for the
methylation of Hcy to Met and constitutes the most abundant
active THF species®®. The low levels of the oxidized folates,
10-CHO-THF + 5,10-CH=THF and 5-CHO-THF, suggest an
impairment in the dehydrogenase and cyclohydrolase activities
towards the formation of 10-CHO-THF. On the basis of the
crystal structure and site-directed mutagenesis of human
MTHEFDI, the conserved arginine that is mutated in mthfdi-1
(R175Q), forms a hydrogen bond with NADP* and is required
for dehydrogenase, but not cyclohydrolase activity?”?5.
Therefore, we anticipate that the R175Q mutation has a similar
effect in mthfdl-1 mutants. Accordingly, the accumulation of the
reduced forms THF + 5,10-CH2-THF in mthfdl-1 might reflect
reduced conversion of 5,10-CH2-THF to 5,10-CH = THF, which
is in agreement with the homology-based prediction that the
R175Q mutation affects NADP T binding and dehydrogenase
activity?”?8, The decreased pool of oxidized THFs further
suggests that one-carbon supply from formate via FTHFS
and reverse cyclohydrolase by MTHFD1 is not sufficient to
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Figure 4 | mthfd1-1 mutants show loss of TE silencing and pleiotropic transcriptional deregulation of PCGs. (a) Quantitative RT-PCR analysis of four
exemplary TEs. Transcript levels are normalized to ACTIN7 and relative to WT, and mean values £ s.e.m. (n=3) are shown. (b) Average distribution of
normalized RNA-seq reads (RPKM) over mthfdi-1 hypo-DMRs in CHG or CHH context. X axis indicates distance from the DMR midpoints. (¢) Scatter plot
showing normalized transcript levels (FPKM + 1) of differentially expressed PCGs and TEs in mthfd1-1 versus WT. Solid line: linear regression through all TEs
and PCGs. Dashed: identity line. Marginal density plots: distribution of all TEs and PCGs in WT (x axis) and mthfdl-1 (y-axis). (d) Distribution of average
normalized transcript levels (FPKM +1) of all TEs and PCGs from mthfdi1-1 and WT (lower panel) and fold change in normalized transcript levels of
differentially expressed PCGs and TEs (upper panel) along chromosome 2. Box and vertical line inside box mark pericentromeric region and centromere,
respectively. (e) Fraction of TEs and PCGs significantly up- or downregulated in mthfdi-1. (f) Enrichment score and statistical significance of GO processes
annotated to mthfdl-1-downregulated PCGs. (g) Methylation levels over mthfdi-1 differentially expressed PCGs and TEs in different sequence contexts.
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Figure 5 | Schematic representation of plant SAM and folate metabolism in the cytosol and mitochondria. One-carbon enters the cytoplasmic
folate cycle (green) either through formyltetrahyrofolate synthetase (1) or SHMT (4); MTHFD1 reversibly interconverts 10-CHO-THF to 5,10-CH2-THF
by cyclohydrolase (C) and NADP T -dependent dehydrogenase (D) activity. 5,10-CH2-THF serves for thymidylate synthesis or is converted by
methylenetetrahyrofolate reductase (2) to 5-CH3-THF, which enters the Met cycle (red) and serves for Hcy remethylation to Met by methionine synthase
(3) (ref. 17). SAM synthetase (5) converts Met to SAM, which is further converted to SAH (6) during methylation of cytosines, H3K9 and so on. SAH is a
competitive inhibitor of methyltransferases (6) and is recycled to Hcy by SAH hydrolase (7) (ref. 23). In mitochondria, one-carbon is transferred to THF
during the oxidation of Gly by the glycine decarboxylase complex (8), but surplus of Gly due to photorespiration leads to consumption of one-carbon by
SHMT during serine production39. 5-CHO-THF, a byproduct of SHMT, is metabolized by mitochondrial 5-formyltetrahyrofolate cycloligase in order to
re-enter the folate cycle (9) (ref. 59). Shuttle of THF between mitochondria and the cytosol has been described in other organisms, but remains

uncharacterized in plants.
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Figure 6 | Cytoplasmic localization of MTHFD1-YPET-3xFLAG. (a) Confocal micrographs of MTHFD1-YPET-3xFLAG (M) and FOLD4-YPET-3xFLAG (F)
transiently expressed in N. benthamiana. Excitation (4, nm)/filters (1, nm): YFP =514/519-559, chlorophyll =488/630-730, DAPI =405/409-530,
and fluorescence overlay with bright field. Scale bars, 50 um. (b) Western blot using anti-FLAG antibody against anti-GFP-immunopurified extracts from
N. benthamiana (IN) transiently expressing free YFP (Y), MTHFD1-YPET-3xFLAG (M), MTHFD1_R175Q-YPET-3xFLAG (m), or FOLD4-YPET-3xFLAG (F).
Arrowhead indicates unspecific binding of anti-FLAG (shown as loading reference).

compensate for reduced MTHFD1 dehydrogenase activity
(Fig. 5). This is in accordance with metabolic analyses
showing relatively low one-carbon flow from formate to
serine (Ser)%.

Ser can serve as a one-carbon source through the reversible
enzymatic activity of serine hydroxymethyltransferase (SHMT),
which converts Ser and THF to 5,10-CH2-THF and glycine (Gly)
(Fig. 5). In addition, the Gly decarboxylase complex converts Gly
and THF to 5,10-CH2-THF, carbon dioxide and ammonia during
photorespiration, which in turn can lead to Ser synthesis by
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SHMT in the mitochondria®® (Fig. 5). We analysed amino-acid
levels in rosette leaves and found a threefold increase of Gly levels
in mthfdl-1 compared with WT and Col controls, whereas
Ser levels were only slightly increased in mthfdI-1 (Fig. 7f). In
accordance with our folate analysis, the lower Ser/Gly ratio in
mthfdl-1 might be due to increased SHMT activity towards
5,10-CH2-THF formation!®. Furthermore, mthfdl-1 mutants
showed a 5.4-fold and 1.9-fold increase in proline and Met
levels, respectively (Supplementary Fig. 9). The increase in Met
might be due to increased de novo synthesis (which occurs

| 711640 | DOI: 10.1038/ncomms11640 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms11640

ARTICLE

a SAM b SAH
30 x 25 R
s % 2 20
g fg I g 15
g g 10
g Y g
= el |
0 0.0
Col WT mthfd1-1 Col WT mthfd1-1
C d o Col
12 ymwr 3
Methylation index 10 |@mihid1-1
35 T =
[T
- 30 T g 8 1
<< 25 = 6
3 20 g
s 15 S 4
< £
» 10 S 5 |
5
0 0- - .
Col WT mthfd1-1 Homocysteine  Cysteine
e f o Col .
1.8 - . 1.5 1@ WT
@ mthfd1-1
B 5-CHO-THF = 1.2 4
= s
Lo129 O510-CH=THF+ © (g .
2 10-CHO-THF ~ E
s g
= 0.6 1
a 5- - —_
S 061 5-CH3-THF 5
< B THF +5,10- < 03
CH2-THF
O 4

WT mthfd1-1

Serine Glycine

Figure 7 | mthfd1-1 mutants show impaired one-carbon cycle.

(a-f) Steady-state levels of SAM (a), SAH (b), Methylation Index (M) (c),
selected thiols (d), folates (e) and selected amino acids (f) in leaves of Col,
WT and the mthfd1-1 mutant. Data represent means + SD. Asterisks indicate
significant differences determined by Student’s t-test (P<0.05, n>3).

exclusively in plastids) in response to impaired Met recycling,
whereas 3proline accumulation is typically observed as a stress
response’’.

We sought to manipulate one-carbon metabolism in mthfdI-1
by exogenous application of metabolites involved in the folate and
Met cycle and monitor root growth and DNA methylation effects.
Previously it has been shown that growth phenotypes, DNA
methylation and epigenetic silencing defects caused by decreased
activated THF pools because of impaired plastidic folylpoly-
glutamate synthetase (FPGS1), or chemical inhibition of folate
synthesis by sulfamethazine (SMZ) were complemented by
exogenous application of 5-CHO-THF or Met*2~. Application
of 5-CHO-THF, as well as 5-CH3-THF, tests for defects in
mthfdl-1 caused by reduced folate availability before the flow of
one-carbon into the Met cycle, whereas application of Met tests
for defects in the Met cycle (Fig. 5), and SMZ was used as a
control. In contrast to previously described complementation of
fpgsl mutants, 5-CHO-THF strongly inhibited root growth of
mthfdl-1 seedlings without showing an inhibitory effect on WT
seedlings (Fig. 8a). Although analysis of global DNA methylation
levels revealed that these are largely independent of the observed
root growth responses, average mthfdl-1 CHG methylation over
the previously defined CHG hypo-DMRs significantly increased
upon Met application. On the other hand, 5-CHO-THF, as well
as 5-CH3-THEF, did not rescue the DNA methylation defects in
mthfl-1 (Fig. 8b). These results indicate that, in contrast to the
fpgsl mutants and SMZ inhibition®43>, the DNA methylation

defects in mthfdl-1 are probably not the mere result of
diminished folate pools, but rather point towards an inhibition
of methionine synthase.

Discussion

Methylation patterns in the Arabidopsis genome are remarkably
stable not only from one generation to the next but also at
evolutionary timescales**3%, Comparative genomics and genome-
wide association studies have linked DNA methylation and
phenotypic variation in Brassicaceae to genetic polymorphisms in
the DNA methylation machinery*®*!, and consequently support
an adaptive role of spontaneous epigenetic changes. For example,
two independent studies have revealed that different alleles of
CMT?2 and the concomitant differences in CHH methylation are
associated with climate adaptation*42. Here we have identified an
EMS-induced polymorphism in the essential folate metabolic
enzyme MTHEFDI1 from Arabidopsis, which causes a strong,
genome-wide decrease in DNA methylation. This finding
highlights that DNA methylation patterns in Arabidopsis not
only depend on the pathways and catalytic activities of the DNMTs
but also on the metabolic network that regulates the availability of
the methyl donor SAM and the adequate functioning of the
activated methyl cycle. It is therefore conceivable that regulatory
mechanisms have evolved, which connect nutritional changes to
epigenetic gene regulation by DNA and histone methylation.
Although direct examples in plants are still lacking, it has been
shown that a folate-rich diet in mice leads to changes in coat colour
of the offspring that is caused by altered expression of the agouti
gene due to increased DNA methylation of a transposon in the
agouti locus (A¥)*3. This finding illustrates an example of how
such regulatory mechanisms could work.

The EMS-allele mthfdl-1 was identified through a genetic
screen for mutants that simultaneously affect CHG and CHH
methylation. Correspondingly, our genome-wide BS-seq analysis
of mthfdl-1 mutants revealed extensive hypomethylation in CHG
and CHH sequence contexts. In contrast, loss of CG methylation
was comparatively low. We therefore reason that the feedback
regulation between CHG/CHH and H3K9 methylation is
particularly prone to changes in one-carbon metabolism, because
transmethylation by DNA and histone methyltransferases are
both SAM-dependent. Accordingly, mthfdi-1, as well as previous
analyses of fpgs] mutants and plants treated with SMZ3%3,
showed reduced H3K9me2. Because of the mechanistic
interdependence of non-CG and H3K9 methylation®, it is
difficult to tell whether histone or DNA methylation is more
directly affected by impaired one-carbon metabolism. The
predominant effect on CHG methylation might suggest that
loss of H3K9me?2 is the primary defect. However, the fact that CG
methylation is also decreased in mthfdl-1, a type of methylation
that is not linked with H3K9 methylation, suggests a
general inhibition of the enzymatic activity of different
methyltransferases, including MET1.

Our transcriptome analysis demonstrated that loss of DNA
methylation in mthfdl-1 mutants leads to derepression of TEs
and a generally higher abundance of transcripts from the
pericentromeric heterochromatin compared with WT. With
respect to the almost equal numbers of up- and downregulated
PCGs, loss of gene body methylation can only account for some
of the observed changes, whereas the majority of differential gene
expression is probably caused by pleiotropic effects of impaired
MTHFDI1 function. Secondary to its role in one-carbon
metabolism, a shortfall of NADP T conversion by MTHFDL is
expected to severely disturb the redox state*%. Accordingly, GO
term analysis revealed a significant enrichment of genes involved
in cell redox homoeostasis, oxidative pentose phosphate pathway
and glycolysis (Fig. 4f and Supplementary Data 2) (ref. 45).
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significant difference between mock and chemical treatment (P<0.05, Student's t-test).

MTHEFDI1 related proteins in different species have mono-,
bi- or trifunctional enzymatic activity. Yeast and mammalian
cytosolic homologues, known as C1-THF synthases, are tri-
functional and reversibly catalyse the stepwise oxidation from
5,10-CH2-THF to 10-CHO-THF, which serve for thymidylate/
pantothenate and de novo purine/N-formylmethionine synthesis,
respectively, and the conversion of 10-CHO-THF to THF and
formate (reverse FTHEFS activity) (Fig. 5) (refs 14,46,47).
Bifunctional forms, which are found in certain bacteria and in
plants, lack the FTHFS activity!3484%, Moreover, methylenetetra-
hydrofolate reductase converts 5,10-CH2-THF to 5-CH3-THF and
thereby directs activated methyl towards SAM (Fig. 5).
As such, the reversible enzymatic activity of MTHFD1 channels
one-carbon into different pathways and acts as a crucial regulatory
hub (Fig. 5). Correspondingly, functional mutations, such as in
mthfdl-2, have severe pleiotropic effects and are mostly lethal. This
is in contrast to the subtle morphological defects generally observed
in epigenetic Ambzdopszs mutants, for example, drml drm2 cmt3
triple knockout mutants®’, and denotes that inhibition of MTHFD1
leads to pleiotropic morpholog1cal defects that are independent of
its impact on DNA and histone methylation. The essential nature of
MTHEDI further indicates that the additional three Arabidopsis
MTHFD homologues have plastid- and mitochondrion-specific
functions that cannot compensate for a loss of cytoplasmic
MTHFDI function.

Because of its role in nucleotide biosynthesis and DNA
methylation, folate metabolism is of central relevance in cancer
research, as exemplified by the therapeutical use of antifolates>!
Polymorphisms in human MTHD1 C1-THF synthase have been
associated with cancers, as well as neural tube defects and other
illnesses®!. Interestingly, one polymorphism (R173C) resides in
the same conserved residue that is mutated in the EMS-allele
mthfdl-1 and was linked to severe combined immunodeficiency,
megaloblastic anaemia and altered Met metabolism, including
Hey accumulation®®.  Analyses of fibroblasts harbouring
this mutation showed signs of DNA damage and uracil
misincorporation into DNA due to impaired de novo
thymidylate synthesis®®. Interestingly, the mutation had the
strongest impact on one-carbon flow towards the Met cycle®.
Impaired dehydrogenase activity was partially compensated by
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increased SHMT activity, as well as increased salvage thymldylate
synthesis, whereas de novo purine synthesis was not affected>?.
The study did not include DNA methylation analyses, but given
the conserved function of MTHFD1 and shared effects on Hcy
remethylation, our results predict that DNA methylation is
affected by the MTHFD1 R173C mutation and might be involved
in certain types of severe combined immunodeficiency and
megaloblastic anaemia. In reverse, analogous redirection of
one-carbon flow towards nucleotide synthesis at the expense of
Hcy remethylation is a possible explanation of the defects
observed in mthfdl-1 and was also suggested to occur upon
methotrexate-induced THF depletion in Ambzdog)szs based on
folate measurements and transcriptional analyses®

Hcy accumulation and decreased MI, as observed in mthfdl-1
and previous studies’’3>, are hallmarks of impaired Hcy
remethylation due to impaired folate metabolism. Increased
Hcy levels lead to decreased SAH hydrolase activity and
accumulation of SAH, which competitively inhibits SAM-
dependent transmethylation, including DNA and histone
methylation®*>>,

Decreased ﬂux of one-carbon towards the remethylation of
Hcy should intuitively lead to decreased levels of Met, yet we
observed increased cellular Met in mthfd1-1. However, primary
metabolites, in particular the sulfur amino acids Cys and Met,
are often controlled by multiple layers of regulatory circuits,
as exemplified by the sirl-I mutant, which also show an
increased Met steady level despite a 20-fold decreased flux of
sulfur through the assimilatory sulfate reduction pathway>®. This
increase was the result of decreased flux into Met sinks, due to an
attenuation of translation and growth in sirl-1 (ref. 56). To that
effect, it is conceivable that Met levels were increased in the
mthfdl mutant because histone and DNA methylation (two
major one-carbon sinks) and growth were decreased. Moreover,
increased Met levels might also be due to increased Met de novo
synthesis. Accordingly, the transcriptome analysis of mthfdl-1
shows a 4.3-fold increase in transcripts corresponding to
MRUI (At5g35490), which is also upregulated in the Met
over-accumulating mutant mtol-1 (ref. 57).

In the cases of chemically inhibited THF synthesis or impaired
THF polyglutamylation, exogenous application of 5-CHO-THF,
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which is readily assimilated and metabolized to active THF forms
in Arabidopsis®>>8, successfully reversed the feedback inhibition
of transmethylation and TGS**3. Interestingly, 5-CHO-THF
feeding to mthfdl-1 mutants did not complement the DNA
methylation defect and had a strong adverse effect on root
growth. This hypersensitivity could be attributable to an
inhibitory effect of 5-CHO-THF on SHMT>’. As in R173C
fibroblasts®2, it is likely that the supply of 5,10-CH2-THF in
mthfdl-1 mutants depends on cytosolic SHMT. Although cell
compartmentalization demands a cautious interpretation of the
metabolic profiles, the observed decrease in 5-CHO-THF levels
by 33% in mthfdl-1 versus WT might have led to an increase in
SHMT activity. Since the reaction equilibrium catalysed by
SHMT favours Gly production®, increased SHMT activity might
have contributed to the threefold increase in steady-state Gly
levels observed in mthfdi-1 versus WT. An inhibition of SHMT
by exogenously applied 5-CHO-THF would accordingly cut off
the cytosolic 5,10-CH2-THF supply and explain the enhanced
root growth defect in mthfdl-1 mutants. It is noteworthy that we
did not observe an enhanced DNA methylation defect upon
5-CHO-THF feeding, which suggests that even under normal
growth conditions SHMT-dependent 5,10-CH2-THF production
is unable to perpetuate the Met cycle in mthfdl-1. This is further
supported by the lack of phenotypic rescue of mthfdi-1 by
exogenous 5-CH3-THF. On the other hand, exogenous Met
partially restored global CHG methylation, which together with
the folate quantifications and feeding experiments suggests that
transmethylation in mthfdI-1 is impaired due to an inhibition
of Hcy remethylation, as opposed to limited availability of
folate intermediates®**> or inhibition of SAHH>*. As such, the
described DNA methylation and gene regulatory defects in
mthfdl-1 highlight a central regulatory role of MTHFDI in one-
carbon distribution towards different cell physiological processes.

Methods

Plant material. All plants used in this study were of the Columbia-0

ecotype. T-DNA insertion mutants mthfdl-2 (WiscDsLox244C04), mthfd1-3
(SALK_015165) and mthfdl-4 (SALK_039538) were obtained from the Arabidopsis
Biological Research Center (Ohio State University). Genotypes were analysed by
PCR using primers listed in Supplementary Table 2. The triple mutant drml drm2
cmt3 and the WT transgenic line carrying the SDC,,,-GFP fusion construct were
published previously®!3. mthfd1-1 mutants have been backcrossed with WT plants
carrying SDC,,,-GFP. Plants were grown in the greenhouse at long day light cycles,
unless stated differently.

Genetics screening and mapping analyses. WT seeds (2,000) were suspended in
0.3% EMS solution for 13 h with rotation, washed with water and planted on soil.
Approximately 1,000 independent M2 populations were collected and screened for
GFP fluorescence using a Leica MZ16F Fluorescence Stereomicroscope equipped
with a GPF Plus filter. Pictures were taken with a DFC300 FX digital camera. For
mapping and identification of EMS mutations, mutant #162 was crossed with WT
Ler and 10-days-old F2 seedlings grown on media containing 1 x Murashige and
Skoog basal salt mixture (MP) and 20 ugml ! glufosinate ammonium (Sigma)
were analysed for GFP expression. Genomic DNA was isolated from pooled tissue
of 50 GFP-positive F2 mutants and analysed by whole-genome re-sequencing

for co-segregating single-nucleotide polymorphisms between Col and Ler!3.
Primer sequences of CAPS markers for co-segregation analyses are shown in
Supplementary Table 2.

Local DNA methylation analyses. Genomic DNA was isolated from aerial tissue
of 4-5-weeks-old plants. The MEA-ISR probe for DNA blot analysis was amplified
using primers JP980 and JP981 (Supplementary Table 2) (ref. 15). Vertically
uncropped images of all blots and gels shown in this study are provided in
Supplementary Fig. 10. Chop-PCR analysis of AtSNI was performed by real-time
PCR using primers JP6349 and JP6350 (Supplementary Table 2) (ref. 61). For DNA
methylation analysis of the transgenic SDC promoter, DNA was BS converted
using EZ DNA Methylation Gold kit (Zymo Research) and PCR amplified using
primers listed in Supplementary Table 2. PCR fragments were cloned into pCR2.1-
TOPO (Thermo Fisher Scientific), and 20 clones per genotype were sequenced.

Whole-genome bisulfite sequencing. Genomic DNA was extracted from rosette
leaves of 3-weeks-old plants using DNeasy Plant Mini Kit (Qiagen) and fragmented
into 200 bp average size with a Covaris S2 sonicator. Next, fragmented DNA was
end repaired, adenylated and ligated with TruSeq DNA LT adapters (Illumina)
using NEBNext DNA library prep reagent set (NEB). Subsequently, BS conversion
was performed with CpGenome DNA modification kit (Millipore). Libraries were
amplified using PCR primer cocktail (Illumina) and Pfu Turbo Cx hotstart DNA
polymerase (Agilent). Sequencing was performed on a HiSeq 2000 platform at
50 bp length. Identical reads were removed and unique reads were aligned to the
Arabidopsis reference genome (TAIR10) using BSMAP 2.87 (ref. 62). Read
statistics are listed in Supplementary Table 3. Data for mutants other than the
mthfdl-1 were obtained from GSE39901 (ref. 63). Methylation levels were
calculated as #C/(#C + #T). DMRs were defined by dividing the genome into

100 bp bins and comparing mutants and WT by the number of methylated and
unmethylated Cs with at least four Cs covered using Fisher’s exact test and cutoffs
of Benjamini-Hochberg corrected false discovery rate <0.01. Moreover, absolute
methylation difference of each bin had to be at least 0.4, 0.2 and 0.1 for CG, CHG
and CHH, respectively. Heat maps of DMRs were generated by ‘pheatmap’ package
in R software and clusters were grouped by the complete linkage method with
Euclidean distance measurement. Venn diagrams were generated by calculating
overlaps of 100 bp DMRs.

RNA analyses. Total RNA was isolated with TRIzol (Thermo Fisher Scientific)
from 0.1 g of rosette leaves from 3-weeks-old plants. For real-time RT-PCR
analysis, 2 pug of DNase I-treated total RNA were reverse-transcribed with
SuperScript III (Thermo Fisher Scientific) and cDNA was amplified at target
loci (primers listed in Supplementary Table 2) using iQ SYBR Green Supermix
(Bio-Rad) and a Mx3005P qPCR system (Agilent Technologies).

For RNA-seq analysis, unstranded libraries from poly-A-tailed RNA were
generated according to the manufacturer’s instructions (Illumina TruSeq) and
sequenced with the HiSeq 2,000 platform at 50 bp length. Reads were mapped to
the TAIR10 genome with TopHat2 (ref. 64) using defaults settings, except that
intron length was set to 40-5,000. Read statistics are listed in Supplementary
Table 3. Fragments per kilobase of exon per million fragments mapped (FPKM)
values and differential gene expression were analysed with Cufflinks® using default
settings, except that maximum intron length was set to 5,000 and the —u option was
used. The reference annotation for Cufflinks analysis was downloaded from TAIR
and combined genes, including pseudogenes and TE genes, and TEs. GO term
enrichment in genes that were significantly down regulated in mthfdl-1 compared
with WT by at least twofold was analysed with GOrilla®, using all Arabidopsis
PCGs as background list.

Immunofluorescence analysis. Nuclei from rosette leaves of 3-weeks-old plants
were immunostained with anti-H3K9me2 primary (Abcam ab1220, 5pgml ~1)
and Alexa Fluor 647-conjugated anti-mouse IgG secondary (Thermo Fisher
Scientific A-31571, 10 pgml ~ 1y antibodies, and counterstained with DAPI
(1ngml~1) (ref. 13). Stained nuclei were imaged with a LSM 710 confocal
microscope (Zeiss), with a C-Apochromat x 40/1.2 W Corr M27 objective and
detection at A (nm) =410-504 (DAPI) and 4 (nm) = 653-680 (Alexa Fluor 647).

Subcellular localization. To generate C-terminally tagged translational fusion
proteins MTHFD1-YPET-3xFLAG, MTHFD1_R175Q-YPET-3xFLAG and
FOLD4-YPET-3xFLAG, genomic DNA from Col and mthfd1-1 was amplified with
primer pairs JP14184/5 and JP14190/1 (Supplementary Table 2), spanning the
entire ORF (excluding Stop) and 1147 and 866 bp 5 of the ORF of MTHFDI and
FOLD4, respectively. The amplified products were digested with Xhol & Spel or
Sall & Spel and ligated with the plasmid pBJ36 (ref. 67), which has been linearized
with Xhol & Xbal and contained an insertion of YPET-3xFLAG on the 3'-side of
the Xbal site. Notl fragments from the resulting plasmids were inserted into the
Notl site of the binary vector pMLBART®’. Overnight cultures of transformed
Agrobacterium tumefaciens strain ASE were adjusted to OD600 = 0.3 and
coinfiltrated with p19 into N. benthamiana leaves®®. Leave discs were imaged

4 days after infiltration with a LSM 710 confocal microscope (Zeiss), using a
Plan-Apochromat x 20/0.8 M27 objective and sequential scanning at excitation/
detection 4 (nm) =514/519-559 (YFP), 488/630-730 (chlorophyll) and
405/409-530 (DAPI).

Immunopurification and western blot analysis. Agro-infiltrated N. benthamiana
leaves (0.5 g) were ground in liquid nitrogen, and ground tissue was resuspended in
3 ml of IP buffer (50 mM Tris pH7.6, 150 mM NaCl, 5mM MgCl2, 5% (vol/vol)
glycerol, 1% Tergitol (Type NP-40, Sigma), 2.8 mM B-mercaptoethanol, 1 pgml 1
pepstatin, 1 mM PMSF and 1 x protease inhibitor mixture tablet (Roche,
14696200)). Cleared lysates were incubated with 4 pl of anti-GFP antibody
(A-11122, Molecular Probes), followed by 50 pl of Dynabeads Protein G (Thermo
Fisher Scientific) at 4°C for 1h each. Western blotting was performed with
anti-FLAG M2-Peroxidase (horseradish peroxidase) antibody (A8592-1MG, Sigma,
1:7,500 dilution).

| 7:11640 | DOI: 10.1038/ncomms11640 | www.nature.com/naturecommunications 1


http://www.nature.com/naturecommunications

ARTICLE

Quantification of metabolites. Thiols, amino acids and adenosine nucleotides
were extracted with 0.5ml of 0.1 M hydrochloric acid from 0.1 g of in liquid
nitrogen grinded rosette leaves from 4-weeks-old plants (n =6) grown at long day
light and 21 °C. Amino acids and thiol were labelled with AccQ-Tag (Waters)
and monobromobimane (Callbiochem), respectively, and quantified after
separation by reverse phase chromatography®®. SAM and SAH were converted by
chloroacetaldehyde treatment to their fluorescent etheno-derivates and quantified
according to Burstenbinder et al.”” after separation on a Gemini-NX C18 column
(150 x 3 mm, 5pm, 110 A, Phenomenex, Germany) connected to a Waters 600
HPLC system with a flow rate of 1 mlmin ~! using the following gradient: 5min
100% buffer A (50 mM tri-sodium phosphate deodecahydrate, 10 mM sodium
1-heptane sulfonate, 4% acetonitrile, pH 3.2); linear gradient for 15 min to 15%
buffer B (pure acetonitrile); 7 min linear gradient to 90% buffer B; and 3 min 90%
buffer B followed by re-equilibration of the column in 100% buffer A for 20 min.

Folate analysis. Arabidopsis rosette leaves (~0.15g) were pulverized in a mortar
with addition of liquid N, and homogenized with 10 ml folate extraction buffer
(50 mM HEPES, 50 mM CHES, 10 mM B-mercaptoethanol, 2% Na-ascorbate (p/v),
pH 7.9). The extracts were deglutamylated with a recombinant conjugase from
Arabidopsis (100 pg AtGGH2 g~ ! sample) for 1h at 37 °C. Folates were purified by
affinity chromatography using folate-binding columns. Purified folates were
separated by liquid chromatography (Agilent Technologies, Santa Clara, CA, USA)
using a Prodigy ODS(2) column (150 x 3.2 mm; 5 pum particle size) (Phenomenex,
Torrance, CA, USA) with a 33 min nonlinear gradient of phase A (28 mM K,HPO,,
59 mM H;PO,) and phase B (75% phase A, 25% acetonitrile): 10% B (0 — 2 min);
10 —20% B (2 — 4 min); 20 — 47% B (4 — 20 min); 47 — 80% B (20 — 25 min);
100% B (25 — 30 min); and 10% B (30 — 33 min) with a 1 mlmin ~! flow. Folate
derivatives were detected by a four-channel electrochemical detector (CoulArray
Model 5600A, ESA, Massachusetts, USA) with potentials set at 100, 200, 300 and
400 mV. THF, 5-methyl-THF, 5,10-methenyl-THF and 5-formyl-THF were
quantified using calibration curves made with standards obtained from Schircks
(Schircks Laboratories, Buechstrasse, Jona Switzerland). Because of the acidic pH of
the mobile phase, in these analyses, THF represents THF + 5,10-methylene-THF
and 5,10-CH = THF comprises 5,10-CH = THF + 10-CHO-THF?>,

Root growth assays and global DNA methylation analyses. Seeds were
germinated on Phyto agar (RPI Corp.) containing 1 X Murashige and Skoog Basalt
Salt Mixture (MP) and 500 uM (6R,S)-5-CHO-5,6,7,8-THF calcium salt (Schircks
Laboratories); 50, 100 or 250 uM r-methionine (SIGMA); 5 pM SMZ (SIGMA);
500 uM (6R,S)-5-CH3-5,6,7,8-THF calcium salt (Schircks Laboratories), which has
been re-applied directly to the roots every 3 days due to its instability; or mock.
Seedlings were grown vertically at 16 h light/ 8 h dark cycles and 22 °C. Root
lengths were measured at 6, 8, 10, 12 and 14 days after germination and growth
rates were calculated by linear regression from at least 10 seedlings per genotype
per replicate. For measurement of global DNA methylation, seedlings were pooled
per genotype and isolated genomic DNA was analysed by BS-seq as described
above, except that EZ DNA Methylation-Lightning kit (Zymo Research) was used
for BS conversion. DNA methylation levels were calculated as #C/(#C + #T) at CG,
CHG and CHH sites and averaged over previously defined mthfdl-1 DMRs. Read
statistics are listed in Supplementary Table 3.

Data availability statement. Primary high-throughput sequencing data that
support the findings of this study have been deposited in the Gene Expression
Omnibus (GEO) with the accession code GSE77966 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE77966).

Secondary high-throughput sequencing data that support the findings of this
study are available in the Gene Expression Omnibus (GEO) with the accession code
GSE39901 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39901).

The authors declare that all other relevant data supporting the findings of this
study and computer code are available within the article and its Supplementary
Information files or on request.
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Abstract

The MORC family of GHKL ATPases are an enigmatic class of proteins with diverse chro-
matin related functions. In Arabidopsis, AtMORC1, AtMORC2, and AtMORCSG act together
in heterodimeric complexes to mediate transcriptional silencing of methylated DNA ele-
ments. Here, we studied Arabidopsis AtMORC4 and AtMORC?7. We found that, in contrast
to AtMORC1,2,6, they act to suppress a wide set of non-methylated protein-coding genes
that are enriched for those involved in pathogen response. Furthermore, atmorc4 atmorc7
double mutants show a pathogen response phenotype. We found that AtMORC4 and
AtMORC7 form homomeric complexes in vivo and are concentrated in discrete nuclear bod-
ies adjacent to chromocenters. Analysis of an atmorc1,2,4,5,6,7 hextuple mutant demon-
strates that transcriptional de-repression is largely uncoupled from changes in DNA
methylation in plants devoid of MORC function. However, we also uncover a requirement
for MORC in both DNA methylation and silencing at a small but distinct subset of RNA-
directed DNA methylation target loci. These regions are characterized by poised transcrip-
tional potential and a low density of sites for symmetric cytosine methylation. These results
provide insight into the biological function of MORC proteins in higher eukaryotes.
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Author Summary

Keeping selfish genetic elements—such as transposons-silent, while maintaining access to
genes, is a fundamental challenge for eukaryotes. Different pathways frequently converge
in order to identify transposons and maintain their repression, and in Arabidopsis thali-
ana, transposons are marked with DNA methylation. Previous studies of the Arabidopsis
MORC proteins, which represent a highly conserved protein family, showed that
AtMORC1, AtMORC2, and AtMORCS are required for repression of methylated target
transposons. Here, we describe the Arabidopsis genes AtMORC4 and AtMORC?, which,
instead of targeting methylated elements, appear to act redundantly to repress a large set
of protein-coding genes and are required to mount a full defense against pathogen chal-
lenge. These proteins localize throughout the nucleus and form punctate bodies at the
boundaries of highly compacted chromatin. By knocking out all functional copies of
MORC genes in Arabidopsis, we find that major changes in transcription are not generally
associated with the loss of DNA methylation. However, MORC may be recruited to assist
in silencing of methylated regions that are unusually susceptible to transcriptional re-acti-
vation. This indicates that MORC and DNA methylation are convergently required to
maintain repression at transposon targets.

Introduction

Maintaining regulatory access to genes while repressing the expression of potentially deleteri-
ous transposable elements is a fundamental challenge for living organisms. Eukaryotes achieve
this in part by parsing their genomes into functional units characterized by distinct chromatin
features [1,2]. The most stable chromatin mark is cytosine DNA methylation [3]. In plants,
DNA methylation is often associated with transcriptionally silent regions [4,5] and occurs pri-
marily in three sequence contexts, CG, CHG and CHH (where H is defined by any base except
G). Methylation at the symmetrical CG and CHG sites is maintained by the action of MET1—
the homologue of mammalian DNMT1—and CMTS3, respectively [6]. Asymmetric CHH
methylation must be continuously re-established. In pericentromeric heterochromatin, this is
mostly mediated by CMT2 [7,8]; while in small patches of heterochromatin in the otherwise
euchromatic arms, CHH methylation is mostly maintained by the action of DRM2 in the
RNA-directed DNA methylation (RADM) pathway [9-11].

RdADM primarily targets transposable elements through the combined action of two plant
specific RNA polymerases [12,13]. During RADM, Polymerase IV (Pol IV) is in part recruited
by SHHI1 [14] to generate short transcripts [15-17], which are made double-stranded by the
action of RDR2 and diced into 24nt small RNAs by DCL3. Polymerase V (Pol V) is targeted to
methylated sites via SUVH2/9 [18,19] and generates scaffold transcripts to recruit 24nt small
RNA directed complexes [20,21], which then recruit the de novo methyltransferase DRM2 to
induce DNA methylation in all sequence contexts [10]. The RADM pathway results in a robust
self-reinforcing loop; however, a potential role for 21nt small RNAs and RDR6 during the early
stages of methylation establishment has recently emerged [22-24].

To identify novel factors involved in transcriptional gene silencing, forward genetic screens
from three independent laboratories isolated alleles of AtMORC6 [NP_173344; AT1G19100;
CRHE6; Defective in Meristem Silencing 11 (DMS11)] [25-27]. MORC proteins are members of
the GHKL ATPase superfamily [28,29] and by evolutionary comparison with prokaryotes are
predicted to play a role DNA superstructure manipulations in response to epigenetic signals
[30]. While the involvement of AtMORCS in transcriptional repression is established, the
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extent to which it contributes to DNA methylation at target loci has varied between reports
[25-27]. For instance, a 2012 study [25] found little evidence for methylation changes at either
the de-repressed reporter construct or genome wide, while Lorkovi¢ et al., 2012 [26] and
Brabbs et al., 2013 [27] both observed minor reductions in DNA methylation at their reporter
loci. It therefore remains uncertain whether transcriptional activation is associated with loss of
DNA methylation in atmorc mutants and to what extent AtMORC proteins are involved in the
RdDM pathway.

Another member of the A. thaliana MORC family, AtMORCI [NP_568000; AT4G36290;
Compromised Recognition of Turnip Crinkle Virus 1 (CRT1)], is involved in plant defense and
was isolated as a mutant that is hyper-sensitive to Turnip Crinkle Virus [31]. Interestingly,
AtMORCI was also identified in the same transcriptional repression screen that isolated
AtMORCE6 [25]. Recent studies have implicated changes in DNA methylation and transcrip-
tional responses to pathogen infection [32-34]. Yet it is unclear how AtMORCI1 might function
in both plant defense and transcriptional repression at RADM targets. AtMORCI and its very
close homolog AtMORC?2 act in mutually exclusive heteromeric complexes with AtMORCE,
and an atmorcl atmorc2 atmorc6 triple mutant resembles that of atmorc6 with regard to tran-
scriptional profile and methylation state [35].

As there are seven members of the MORC family in Arabidopsis, we sought to characterize
the remaining AtMORC genes in order to help elucidate MORC function. We found that the
highly related AtMORC4 [NP_199891; AT5G50780; CRH4] and AtMORCY7 [NP_194227;
AT4G24970; CRH3] proteins act partially redundantly to transcriptionally repress a large regu-
lon and also play a role in plant defense. Both AtMORC4 and AtMORC7 were found to form
stable homomers, but do not interact with each other, suggesting that they act in parallel to
control gene silencing. We also found that AtMORC4 and AtMORC?7, like AtMORCI1 and
AtMORCS [25], form nuclear bodies that are adjacent to chromocenters. Finally, by generating
a compound mutant devoid of all MORC function, we demonstrate that transcriptional de-
repression can be largely uncoupled from changes in DNA methylation. However, a small but
distinct subset of RADM loci that are poised for transcriptional reactivation exhibit MORC-
dependent methylation changes and reduced symmetric methylation potential.

Results and Discussion
AtMORC4 and AtMORC?7 act semi-redundantly at a common set of loci

AtMORC4 and AtMORC? are highly related to one another (Fig 1A and 1B) [35]. We obtained
T-DNA knockout lines for these genes (atmorc4-1 and atmorc7-1) (S1A Fig). RT-PCR at tar-
gets known to be de-repressed in the atmorc6 background [25,35] showed little change in tran-
script levels in the homozygous knockouts. However, when we crossed the lines to create an
atmorc4-1 atmorc7-1 double knockout, we observed de-repression at several of the candidate
loci, suggesting that AtMORC4 and AtMORC?7 act redundantly (S1B Fig). To determine the
extent of redundancy between AtMORC4 and AtMORC?7, we performed mRNA-Sequencing
(RNA-seq) on leaves from individual plants of Col-0, atmorc4-1, atmorc7-1, and atmorc4-1
atmorc7-1 backgrounds (hereafter referred to as wild-type (wt), atmorc4, atmorc7 and
atmorc4/7, respectively). We found that AtMORC4 and AtMORCY affect a highly overlapping
gene set with AtMORC? playing a more dominant role (Fig 1C-1E). In atmorc7, 348 annotated
loci were differentially expressed (FDR < 0.05) with 84% being up-regulated. In atmorc4, the
33 differentially expressed loci (30 up, 3 down) were largely a subset of those altered in
atmorc7, with 29 of the 30 up-regulated loci also up-regulated in atmorc7. In the atmorc4/7
double knockout, 50% more loci were differentially expressed than in the individual knockouts
combined, suggesting a significant level of redundancy between AtMORC4 and AtMORC?.
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Fig 1. AtMORC4 and AtMORC?7 act in a partially redundant manner to repress a highly overlapping gene set. (A) Phylogenetic reconstruction of
Arabidopsis thaliana AtMORC genes (genomic sequence). Red numbers indicate branch support values in percentage (http://www.phylogeny.fr). (B)
Schematic representation of AtMORC4 and AtMORC7 domains, drawn approximately to scale (CC = coiled coil). (C) Upper: Overlap of differentially
expressed genes (DEGs—includes both genes and transposons—FDR<0.05) in the mutants indicated Lower: overlap of atmorc4 and atmorc?7 in either
upregulated (UP) or downregulated (DOWN) loci. There is greater overlap for the upregulated loci. Within each overlap, circle size and overlap is proportional
to number of DEGs therein (D) log, fold change for individual DEGs in each of the mutants indicated (ranked highest to lowest). Most are upregulated. (E)
FPKM (fragments per kilobase per million reads) boxplots for upregulated DEGs only present in atmorc4/7, showing that the atmorc4 and atmorc?7 single
mutants also show a similar trend at these loci.

doi:10.1371/journal.pgen.1005998.g001
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Taken together, the results suggest that AtMORC4 and AtMORC? act in a partially redundant
manner, with AAMORC? having a stronger effect than AtMORC4, to mainly repress a highly
overlapping gene set.

AtMORC4 and AtMORC?7 form homomeric complexes in vivo

We have previously shown that AtMORCS6 forms mutually exclusive heteromeric complexes
with either AAMORC1 or AtMORC?2 [35]. To assess whether AtMORC4 and AtMORC7 form
heteromeric complexes, we generated endogenous promoter driven MYC or FLAG tagged
lines for both AtMORC4 and AtMORC? in their respective T-DNA backgrounds. By co-
immunoprecipitation, we detected a homotypic association of AtMORC4 and AtMORC?7 but
did not detect heteromers (Fig 2A-2C). These results were confirmed by mass spectrometry of
the immunoprecipitated samples (IP-MS), showing that the AtMORC4 and AtMORC?7 precip-
itates do not contain peptides from AtMORC:s other than themselves (Fig 2D). Together, this
indicates that AAMORC4 and AtMORC?7 form homomeric complexes in vivo, consistent with
the genetic redundancy observed between them (see Fig 1, S1 Fig).

Transcriptome comparison between AtMORC knockouts

To directly compare the phenotypes of the atmorc4 and atmorc7 mutants with the previously
characterized atmorc6-3 (hereafter referred to as atmorc6), we performed a second round of
RNA-seq analysis. We also sought to generate a genetically MORC-less plant to obtain an
unobfuscated view of MORC function. For this, we created a higher order knockout plant
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Fig 2. AtMORC4 and AtMORC7 form homomeric complexes in vivo. (A) Co-immunoprecipitation of AAMORC4-MY C with AIMORC4-FLAG in F1 plants
(B) Co-immunoprecipitation of AAMORC7-MYC with AtMORC7-FLAG in F1 plants. (C) No interaction by co-immunoprecipitation between AtMORC7-MYC
and AtMORC4-FLAG in F1 plants. (D) Table from immunoprecipitation followed by mass spectrometry (IP-MS) of FLAG tagged AtMORC4 and AtMORC7

plants showing peptides from themselves but not each other. NSAF = normalized spectral abundance factor.

doi:10.1371/journal.pgen.1005998.9002
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containing T-DNA inserts in six out of the seven MORC genes in Arabidopsis, atmorcl-2,
atmorc2-1, atmorc4-1, atmorc5-1, atmorc6-3, and atmorc7-1 (atmorcl/2/4/5/6/7). While a pre-
vious study reported embryonic lethality for a T-DNA insertion in AtMORC3 [NP_195350;
AT4G36270; CRH2] [36], it is likely that this is an indirect effect caused by an unknown linked
mutation in the SALK line (SALK_000009), as we found evidence suggesting that AtMORC3 is
in fact a pseudogene (S2 Fig). We found a premature stop codon in exon three in Col-0 (caus-
ing either an un-translated or truncated protein). Additionally, an independent homozygous
T-DNA allele (SALK_043244) with an exonic insertion exhibited no discernable phenotype.
Given that AtMORCS3 is non-functional in Col-0, the atmorc1/2/4/5/6/7 line eftectively lacks
any functional AtMORC protein.

RNA-seq on individual plants (3 replicates each) from atmorc6, atmorc4/7, atmorcd/6/7,
and atmorcl/2/4/5/6/7 revealed 39, 815, 1188, and 1519 differentially expressed genes
(FDR < 0.05) relative to wt, respectively, with a variety of interesting features (Fig 3). Twenty
times more loci were differentially expressed in atmorc4/7 as compared to atmorcé, suggesting
that AAMORC4 and AtMORC?7 play a more central role in gene expression (Fig 3A). As the
majority of these atmorc4/7 differentially expressed genes were up-regulated (87%), this is con-
sistent with a repressive role and direct regulation at these targets. However, we cannot exclude
the possibility of indirect effects. The difference between atmorc6 and atmorc4/7 is also clearly
apparent from a heatmap over the union set of differentially expressed loci, which shows that
atmorc6 is most similar to wt (Fig 3B). In atmorc6, transposable elements (TEs) constitute 29%
(11 total) of the differentially expressed loci while in atmorc4/7, only 1% (9 total) were misregu-
lated, suggesting that AMORCS is preferentially involved in TE repression while AtMORC4
and AtMORC?7 are primarily responsible for the repression of protein-coding genes.

Comparing atmorc4/7 to atmorc6 revealed that while there was a generally positive correla-
tion, many loci are specifically affected in either atmorc6 or atmorc4/7 (Fig 3C). One example
is ZF1, which encodes a stimulus response zinc finger protein characteristic of the types of
genes up-regulated in atmorc4/7 (see below) and is up-regulated only in atmorc4/7. On the
other hand, the gene SDC [37] was much more highly up-regulated in atmorc6 than it was in
atmorc4/7, consistent with the use of its promoter in the forward genetic screen that resulted in
isolation of atmorc6 [25]. A similar plot comparing atmorc4/6/7 versus atmorcl/2/4/5/6/7
showed an extremely close correlation (Fig 3D and see S3 Fig). This demonstrates that
AtMORC1, AtMORC2, and AtMORC5 [NP_196817; At5G13130; CRH5] do not have a signif-
icant impact on the transcriptome, consistent with the previous report indicating that atmorcl/
2is equivalent to that of atmorc6 and that the expression of AtMORCS is pollen specific [35].

AtMORC4 and AtMORCY? play a role in plant defense

We performed GO term analysis on the genes misregulated in atmorc4/7, which revealed a strik-
ing enrichment for immune response genes, especially ‘response to chitin’ (p value = 2.3¢™*’)

(54 Fig). Interestingly, we had previously noted ‘response to chitin’, albeit with lower significance,
(p < 6™, for genes misregulated in atmorc6 [35]. Chitin is a component of the fungal cell wall
and acts as a basal defense response elicitor [38]. In addition, AtMORC? appears in an RNA co-
expression network with multiple disease resistance genes, including LURP1[39], PUB12[40],
ACD6[41], SDE5[42] and three NB-LRR type proteins [43] (Fig 4A).

Since LURPI mutants are compromised in defense against the Emwal isolate of the oomy-
cete pathogen, Hyaloperonospora arabidopsidis (Hpa) [39] and atmorcl was also identified as
showing enhanced susceptibility to this pathogen [44], we challenged atmorcl, atmorc6,
atmorc4, atmorc7, atmorc4/7, atmorc4/6/7 and atmorc1/2/4/5/6/7 with Emwal Hpa. We
observed significantly increased susceptibility in atmorcl, atmorc6, atmorc4/7, atmorc4/6/7

PLOS Genetics | DOI:10.1371/journal.pgen.1005998 May 12,2016 6/22
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(FDR<0.05) in the different genotypes. Each row is normalized by z-score (red = relatively higher, blue = relatively lower expression in that genotype). (C)
Correlation between atmorc4/7 and atmorc6 DEGs. ZF1 and SDC are indicated as examples of loci specifically upregulated in atmorc4/7 or atmorc6,
respectively. (D) Correlation between atmorc4/6/7 and atmorc1/2/4/5/6/7 DEGs.

doi:10.1371/journal.pgen.1005998.g003

and atmorc1/2/4/5/6/7 as compared to wt (Fig 4B). The individual atmorc4 and atmorc7
mutants did not show a difference from wild type, providing further support for the functional
redundancy between AtMORC4 and AtMORC?7. As we did not observe an additive increase in
susceptibility in the higher order atmorc mutants, we reasoned that this might reflect non-addi-
tive changes in the transcriptome. Indeed, the atmorc4/6/7 and atmorc1/2/4/5/6/7 plants
showed no further increase in expression of the ‘response to chitin’ (GO:0010200) gene set
than did atmorc4/7 (S5 Fig). While the mis-expression of specific genes in this set may contrib-
ute to pathogen susceptibility, it also remains possible that AtMORC proteins play a more
direct role in defense [31,36,45]. Together, these results suggest that—in addition to
AtMORC1—AtMORCS6, AtMORC4, and AtMORC?7 act as positive regulators of defense in A.
thaliana against the oomycete Hpa.

Chromocenter adjacent enrichment of AtMORC4 and AtMORCY in the
nucleus

In Arabidopsis, interphase chromosomes are organized into distinct chromosomal territories,
with euchromatic arms looping out from condensed heterochromatic chromocenters [46-48].
These chromocenters constitute repeat and transposon-rich pericentromeric heterochromatin
and are readily visible by light microscopy as intensely DAPI stained nuclear foci. AtMORC1
and AtMORCS6 form punctate bodies adjacent to chromocenters and in atmorc6 mutants, peri-
centromeric regions are decondensed, suggesting that AtMORCS plays a role in higher order
chromatin compaction at the interface of these transposon-rich regions [25,48]. Because
AtMORCH4 and AtMORC?7 were found to target both genes and transposons, we determined
their localization in the nucleus. Using pAtMORC4:AtMORC4-MYC and pAtMORC7::
AtMORC7-MYC lines, we observed chromocenter adjacent bodies formed by both AtMORC4
and AtMORCY7 (Fig 5A and 5B and S1 and S2 Videos). AtMORC? bodies were generally more
intensely stained than AtMORCH4 bodies. Consistent with the effects of atmorc4/7 mutation on
euchromatic gene expression, AtMORC4 and AtMORC? were also uniformly distributed
throughout the nucleoplasm whereas AtMORCI and AtMORCS6 tended to appear as punctate
nuclear foci (see Fig 5C and 5D and previously observed [25]). AtMORC4 and AtMORC7
staining was specifically excluded from chromocenters, but was frequently enriched along
chromocenter boundaries, forming multiple foci or forming rings around chromocenters (Fig
5). The function of these nuclear bodies is currently unknown.

The contribution of MORC to DNA methylation patterning

We utilized the atmorc1/2/4/5/6/7 hextuple mutant to determine the contribution of AtMORCs
to DNA methylation patterning. We performed whole-genome bisulfite sequencing (BS-seq),
to examine DNA methylation at single cytosine resolution, in atmorc1/2/4/5/6/7 as well as
atmorc4/7 and wt (2 biological replicates each). We also included the previously published BS-
seq dataset for atmorc6 [35] in our analysis. Global levels of methylation over the chromosomes
were unaltered in any AtMORC knockout background in all three sequence-contexts (S6A

Fig). Focusing specifically on loci that were de-repressed in atmorcl/2/4/5/6/7, we observed
very little overall change in methylation upstream, downstream or throughout the gene body at
these loci (S6B Fig). These results suggest that the most significant changes in transcription
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expression network for AtMORCY [http://atted.jp]. AtMORC?7, shown in yellow, is co-expressed with multiple
immunity related genes. Blue asterisk indicates genes with established roles in pathogen defense [39-42]
and NB-LRRs are classic resistance genes [43]. (B) Mean Emwa1 Hpa sporangiophore count per cotyledon
over wt, (4-5 days post inoculation of 10 day old seedlings, >100 cotyledons scored per genotype). Data from
three individual replicates of the experiment. Error bars represent SEM. * indicates significant difference from
wt (p-value < 0.05).
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Fig 5. Chromocenter adjacent enrichment of AAMORC4 and AtIMORC?7 in the nucleus. (A-D)
Representative examples of body forming AAMORC7-MYC, AtMORC4-MYC, At-MORC1-MYC, and
AtMORC6-MYC nuclei, respectively. (E) Untransformed wt nucleus subjected to the same antibody staining
and imaging procedure. Left panels = anti-MYC channel; middle panels = DAPI channel (gray scaled). DAPI
stains DNA, defining the position of dense chromocenters as high intensity white foci; right panels = merged
channels (DAPI in blue, MYC in green). White triangles indicate examples of chromocenter adjacent
AtMORC localization. Scale bars =5 uM.

doi:10.1371/journal.pgen.1005998.9005

resulting from the loss of AtMORC:s are not generally accompanied by losses in DNA
methylation.

Next we examined the potential contribution of AtMORC to the different DNA methylation
pathways. MET1 maintains CG methylation throughout the genome, CMT3 maintains the
majority of CHG methylation, DRM2 maintains CHH methylation at RADM sites, and CMT2
maintains CHH methylation in pericentromeric heterochromatin [3,7,8,10]. Using previously
defined loci whose methylation is dependent upon these methyltransferases [8,49], we exam-
ined methylation levels in the AtMORC mutants. Again we found essentially no reduction in
methylation in the AtMORC knockouts, suggesting that ALMORCs do not play a significant
role in any of the major DNA methylation pathways in Arabidopsis (S7A Fig). We also tested
whether AtMORCs might act downstream of DNA methylation from any of these specific
methyltransferase pathways by plotting RNA-seq reads over differentially methylated regions
(DMRs) defined as changing in the different methyltransferase mutant backgrounds; however,
we did not observe any consistent changes in bulk levels of RNA in the AtMORC knockouts at
these collections of methylated loci (S7B Fig).

Since AtMORCS has been implicated in transcriptional silencing at RADM loci, reportedly
interacting with members of the RADM pathway [19,26], we examined whether there might be
more localized changes in DNA methylation by parsing the genome into 100bp windows and
searching for DMRs. We found 519 atmorc1/2/4/5/6/7 hypomethylated CHH DMRs, 54% of
which overlapped with drm1/2 hypomethylated CHH DMRs (Fig 6A, S8A Fig). In addition,
the remaining 46% of hypomethylated CHH DMRs that were called as being specific to
atmorcl/2/4/5/6/7 in fact showed dramatically reduced methylation in drm1/2 (Fig 6B, right
panel), suggesting that even though these DMRs did not make the stringent cutoff required to
be a DMR, the majority of atmorc1/2/4/5/6/7 hypomethylated DMRs correspond to sites of
RNA directed DNA methylation. In contrast, only 2% of atmorc1/2/4/5/6/7 hypomethylated
DMRs exclusively overlapped with cmt2 hypomethylated CHH DMRs (S8A Fig). We also
checked whether these atmorc1/2/4/5/6/7 hypomethylated CHH DMRs might be the result of
spontaneous epi-allelic variation by comparison with a previously defined set of DMRs that are
known to change states in the wild type [50], but found only a 3% overlap (S8B Fig). Together,
these data suggest that AtMORGC:s are required for CHH methylation at a small subset of drm1/
2-RdDM loci.

Comparing atmorc6 with atmorc4/7 at atmorc1/2/4/5/6/7 hypo CHH DMRs, we found that
atmorc6 more strongly resembles that of atmorc1/2/4/5/6/7 (S9 Fig). Interestingly, atmorc4/7
and atmorc6 do not appear to affect mutually exclusive regions, suggesting that AtMORC4/7
and AtMORCS are required at overlapping target loci (S9A Fig). However, atmorc4/7 generally
showed less severe CHH methylation loss than atmorc6 (S9A and S9B Fig), which is consistent
with AtMORC4 and AtMORC?7 being primarily involved in repression of protein-coding
genes, and AtMORCS6 being predominantly involved in repression of methylated elements.

Since the AtMORC:s appear to be transcriptional repressors, we plotted RNA-seq data over
the atmorc1/2/4/5/6/7 hypomethylated CHH DMRs. We observed a clear increase in bulk levels
of RNA over these sites in the atmorc1/2/4/5/6/7 knockout (S10A Fig). While this result might
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Fig 6. atmorc but not drm1/2 specific hypomethylated CHH DMRs are associated with transcriptional
de-repression. (A) Overlap between atmorc1/2/4/5/6/7 hypo-CHH DMRs and drm1/2 hypo-CHH DMRs. (B)
Boxplot for CHH methylation levels in wt, drm1/2, and atmorc1/2/4/5/6/7 at the hypo CHH DMR regions
indicated. Note that although 241 loci were defined as ‘atmorc1/2/4/5/6/7 only’ in (A), they still lose
significant of CHH methylation in in drm1/2, indicating that these regions are still likely targets of RdDM. (C)
Upper: Scatter plot showing RNA-seq reads over DMR regions indicated from atmorc1/2/4/5/6/7 vs. wt
(average from three replicates each). Each dot represents a single DMR. Lower: Boxplots using the same
RNA-seq data as above. (D) Same as in (C) except using RNA-seq data from drm1/2 vs. wt from (data from
GEO:GSE51304) [8] (average from two replicates each). In (C) and (D) only DMRs with transcripts
detectable in both genotypes were included.

doi:10.1371/journal.pgen.1005998.9g006

seem intuitive, this was not the case for drm1/2 hypomethylated CHH DMRs, where loss of
DRM1/2 did not result in significant transcriptional re-activation (S10B Fig and [8]). To deter-
mine whether the overall change in transcription seen in atmorc1/2/4/5/6/7 knockout is caused
by a small number of jackpot sites or is the result of many DMRs becoming transcriptionally
reactivated at a moderate level, we plotted RNA-seq reads from individual DMRs (Fig 6C and
6D). We found that atmorc1/2/4/5/6/7 hypomethylated CHH DMRs were frequently charac-
terized by transcriptional de-repression, while drm1/2 exclusive hypomethylated CHH sites
were not. Interestingly, the atmorc1/2/4/5/6/7 defined hypomethylated CHH sites were also
transcriptionally reactivated in the drm1/2 background (Fig 6D). Thus this set of sites is suscep-
tible to transcriptional depression when CHH methylation is lost, either by loss of RADM or by
loss of MORC function.

In order to determine if the 519 atmorc1/2/4/5/6/7 hypomethylated DMR regions might
have unique qualities that distinguish them from other sites that do not lose CHH methylation,
we analyzed their DNA sequence composition. Interestingly, when we calculated CG, CHG,
and CHH density, we found that the atmorc1/2/4/5/6/7 defined subset had significantly fewer
CG and CHG sites as compared to the rest of the RADM loci and compared to the genome
average (Fig 7). An attractive hypothesis therefore is that a low density of symmetric methyla-
tion (due to a low density of methylatable sites) may not be sufficient to maintain silencing
once asymmetric CHH methylation is lost, which would explain why these particular regions
become reactivated in drm1/2. Since AtMORC:s are not generally required for CHH methyla-
tion maintenance, it would then seem likely that AtMORCs primary role would be to help
maintain transcriptional repression at these regions of diffuse symmetric methylation and
poised transcriptional potential. The transcriptional reactivation of these sites in atmorc may
then secondarily lead to loss of CHH methylation at these loci, and it is indeed known that pos-
itive epigenetic marks associated with transcription can lead to a loss of RADM function
[14,51,52]. In addition, symmetric CG methylation plays a role in the stable association of Pol
V to chromatin, and thus perpetuates RADM and CHH methylation [18]. Thus we hypothesize
that this unique set of 519 atmorc1/2/4/5/6/7 hypomethylated DMR regions experience a loss
of methylation because they are both depleted in symmetric methylation and because they
become transcriptionally reactivated in atmorc mutants.

Conclusion

In this study, we established a role for the previously uncharacterized AtMORC4 and
AtMORCY genes in widespread repression of protein-coding genes and in pathogen defense.
We found that these proteins act partially redundantly, forming mututally exclusive homo-
meric complexes, which explains why they have not previously been identified in forward
genetic screens. In addition, AtMORC4 and AtMORC? formed bodies adjacent to chromocen-
ters while also showing localization throughout the nucleoplasm. By analysing a compound
mutant devoid of all MORC function, we showed that AtMORC is not a key component in the
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Fig 7. atmorc defined transcriptionally activatable subset of RADM loci are characterized by reduced symmetric CG and CHG site density. In Fig 6
we showed that atmorc hypo CHH DMRs defined a subset of RADM loci that become transcriptionally reactivated when CHH methylation is lost. Here we
calculated density per base pair of CG (A), CHG (B), and CHH (C) sites at this subset of RdDM loci, termed ‘atmorc subset’ (defined as the intersect between
atmorc1/2/4/5/6/7 and drm1/2 hypo CHH DMRs, n = 279, see Fig 6A), and compatre it to the rest of RdADM loci, termed ‘drm1/2 only’ (n = 4770, see Fig 6A),
and the genome average ‘Genome Avg.’. While asymmetric CHH density is relatively high at the ‘atmorc subset’, the density of sites for symmetric CG and
CHG methylation are depleted by approximately half as compared to the ‘drm1/2 only’ loci and the genome average. Counts of CG, CHG, and CHH reflect
presence on either strand, ie 2% CG indicates two CpG sites—one on each strand—for every 100bps. *** indicates statistically significant difference,
p<0.001.

doi:10.1371/journal.pgen.1005998.g007

maintenance of any of the major DNA methylation pathways and that major changes in tran-
scription were not generally accompanied by loss of DNA methyation. However, at a small
subset of RADM targets (approximately 5%), AtMORC was required for both methylation and
silencing, suggesting that these methylation losses are likely an indirect consequence of the loss
of gene silencing. These findings reconcile our laboratory’s previous reports of methylation-
independent silencing [25] with that of other laboratories reporting hypomethylation at spe-
cific de-repressed reporter loci in atmorc6 mutant backgrounds [26,27].

We recently reported that mouse MORCL is required for DNA methylation and silencing at
a specific subset of transposon promoters that are normally methylated at a developmentally
late stage during the wave of global de novo methylation in the male germ line [53]. As in Ara-
bidopsis, there were no genome wide changes in DNA methylation in the mouse morcl
mutant, but specific methylation defects at a class of transposons that failed to establish silenc-
ing. These commonalities suggest that Arabidopsis MORCs may act similarly to mammalian
MORCI, to maintain silencing at loci that are poised for transcriptional de-repression, with
DNA hypomethylation as a secondary effect.

Nuclear localization of AtMORC4 and AtMORC?7 broadly reflected that of their euchro-
matic gene and pericentromeric transposon targets, with both chromocenter adjacent enrich-
ment and distribution throughout the nucleus. Since we previously reported that AtMORC6
and AtMORCI form chromocenter adjacent bodies [25] (and see Fig 5), this appears to be a
general feature of Arabidopsis MORC proteins, although the function of these bodies is at
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present completely unknown. In the future, it will be important to determine the precise
molecular mechanisms by which MORC proteins interact with chromatin and regulate gene
expression.

Materials and Methods
Plant materials and growth

Wild-type and all mutant lines are from the ecotype Columbia (Col-0) and were grown under
either continuous light (S1 Fig, Fig 2) or long days (16 hour light—all other experiment). The
T-DNA lines used in this study were: atmorcl-2 (gene AT4G36290) SAIL_893_B06 (aka crt1-
2), atmorc2-1 (gene AT4G36280) SALK_072774C (aka crhI-1), atmorc3-2 (gene AT4G36270)
SALK_043244, atmorc4-1 (gene AT5G50780) GK-249F08 (aka crh4-2), atmorc5-1 (gene
AT5G13130) SALK_049050C (aka crh5-2), atmorc6-3 (gene AT1G19100) GABI_599B06 (aka
crh6-5), and atmorc7-1 (gene AT4G24970) SALK_051729 (aka crh3-1). T-DNAs were con-
firmed by PCR based genotyping. Primer sequences are described in S1 Table.

Plasmid construction and transgenic plants

The pAtMORC4:AtMORC4-MYC, pAtMORC4::AtMORC4-FLAG, pAtMORC7::
AtMORC7-MYC, and pAtMORC7:AtMORC7-MYC constructs were generated by the same
method described in [35]. Briefly, the AtMORC4 and AtMORC?7 genomic regions, including
~1 kb upstream from the transcriptional start sites, were PCR amplified and cloned into a
PENTR/D-TOPO vector (#K2400-20, Thermo Fisher). The cloned genomic regions were then
transferred into a pEG302 based binary destination vector that included a MYC or FLAG epi-
tope tag at the C-terminus via a Gateway LR Clonase II reaction (#11791-100, Thermo Fisher).
Agrobacterium tumfaciens AGLO strain carrying these constructs were used to transform A.
thaliana plants in their respective mutant backgrounds using the floral dip method [54].

BS-seq libraries

2-3 leaves from individual 3-week old plants were used to make individual BS-seq libraries
based on methods described by [49]. Briefly, genomic DNA was extracted using DNeasy Plant
Mini kit (#69106) and 500ng was sheared using the Covaris S2 instrument. Libraries were gen-
erated using the Kapa Hyper Prep Kit (#KK8502) with bisulfite conversion using the EZ DNA
Methylation Lightning Kit (#D5030). Libraries were sequenced on a HiSeq 2000 (Illumina).

RNA-seq libraries and RT-PCRs

RNA was extracted from 2-3 leaves of 3-week old plants using Trizol reagent and DNAse
treated using TURBO DNA-free kit (#AM1907). For RNA-seq, 1-2.5 pg of RNA starting mate-
rial per library was first rRNA depleted using Epicentre RiboZero (#MRZPL1224) prior to
library generation using Epicentre ScriptSeqv2 (#SSV21124). Libraries were sequenced on a
HiSeq 2000 (Illumina). For RT-PCRs, cDNA was generated using SuperScript III (#18080-044,
ThermoFisher) with random hexamer priming. The samples were digested with RNAse H in
accordance with manufacturer’s protocol. RT-PCR was then performed with iQ SYBR Green
Mastermix (BioRad) using an Agilent Technologies Mx3005p qPCR System (Stratagene).

Hpa assay

Hyaloperonospora arabidopsidis (Hpa) isolate Emwal was propagated on the susceptible Ara-
bidopsis ecotype Ws. Conidiospores of Hpa strain Emwal were resuspended in autoclaved RO-
water at a concentration of 3x10* spores/mL and spray-inoculated onto 10-day old seedlings.
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Inoculated plants were covered with a lid to increase humidity and grown at 19°C under a
9-hour light period. Sporangiophores per cotyledon were counted 4 to 5 days post inoculation
using a Leica M205 FA stereoscope. The experiments were repeated 3 times and the sporangio-
phores on approximately 100 cotyledons per genotype were counted in each experiment.

Co-Immunoprecipitation (Co-IP) and Immunoprecipitation Mass
spectrometry (IP-MS)

Co-IP and IP-MS on pAtMORC4:: AtMORC4-MYC/FLAG and pAtMORC7:AtMORC7--
MYC/FLAG lines were performed as previously described [35]. For IP-MS, M2 magnetic
FLAG-beads (SIGMA, M8823) were added to the supernatant and immunoprecipitated pro-
teins were eluted using 3XxFLAG peptides (SIGMA, F4799). The MS was performed as
described by [55]. For the Co-IPs, we added 100 uL M2 magnetic FLAG-beads (SIGMA,
M8823) to the supernatant for pulldown. For the western blots, we used HRP-coupled FLAG-
specific antibody (SIGMA, A8592) and MY C-specific antibodies (Pierce, MA1-980).

Nuclear immunofluorescence

Nuclear immunofluorescence experiments for AtMORC4/7-MYC tagged lines were performed
based on the method described in [25]. Leaves from three-week old plants were fixed in 4%
paraformaldehyde in TRIS buffer (10 mM TRIS pH 7.5, 10 mM EDTA, and 100 mM NaCl) for
20 minutes and washed twice in TRIS buffer. Leaves were chopped in 200-400 microliters lysis
buffer (15 mM TRIS pH 7.5, 2 mM EDTA, 0.5 mM spermine, 80 mM KCl, 20 mM NaCl, and
0.1% Triton X-100) and filtered through a 3 uM cell strainer (Corning, #352235). 5 uL of nuclei
suspension was added to 12 pL of sorting buffer (100mM TRIS pH 7.5, 50mM KCI, 2mM
MgCl2, 0.05% Tween-20, and 20.5% sucrose) and air dried on chloroform dipped microscope
slides for two hours and then post-fixed in 4% paraformaldehyde in PBS for 20 minutes. Slides
were washed three times in PBS and incubated in blocking buffer (3% BSA, and 10% horse
serum in PBS) for 30 minutes at 37°C. Nuclei were incubated at 4°C overnight in mouse mono-
clonal antibody against c-Myc (9E10, Abcam ab32; 1:200). Slides were washed in PBS and incu-
bated with goat anti-mouse FITC antibody (Abcam, ab7064; 1:200) for 90 minutes at room
temperature. Following PBS washes, nuclei were counterstained and mounted in Vectashield
mounting media with DAPI (Vector, H-1200). Nuclei were analyzed with a Zeiss LSM 710
Confocal microscope at 63X or 100X magnification using Zen software.

Bioinformatics

For RNA-seq analysis, reads were aligned with TopHat, including the fr-secondstrand parame-
ter. Cufflinks was used to generate count data using annotation from TAIR10 that was fed into
the DEseq2 package in R for differential expression analysis. For BS-seq, reads were aligned
using BSMAP with methylation levels calculated and DMRs defined as previously described
[49]. For the atmorc DMRs, each biological replicated (two per mutant) was compared against
two wild type biological replicates from the same experiment, requiring that the DMR be iden-
tified in all four mutant vs. wt comparisons to be considered a ‘true’ DMR. The dmr1/2, cmt2,
cmt3, and met] DMRs were previously defined [49], using a single mutant biological replicate
compared against three biological wild type replicates.

Data deposition

The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO)
database (accession number GSE78836).
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Supporting Information

S1 Fig. atmorc4/7 double mutant shows de-repression at AtMORC6 transposon targets.
(A) RT-PCR on cDNA derived from atmorc4-1/atmorc7-1 double mutant compared to wt
showing no detectable wild type transcript in these T-DNA mutants. Primers were designed to
span the T-DNA region in atmorc4-1 (upper) and atmorc7-1 (middle) (S1 Table). UBQ10
(lower) was amplified as a loading control (S1 Table). (B) RT-PCR at AtMORCS targets indi-
cated using the genotypes indicated. Error bars indicate standard error of the mean (SEM).
(PDF)

S2 Fig. AtMORC3 is likely to be a pseudogene. (A) TAIR predicted gene structure for
AtMORCI, AtMORC2, and AtMORC3. Boxes = exons, light blue = UTR, and dark blue = CDS.
AtMORCI, AtMORC2, and AtMORC3 are highly related to one another, (see Fig 1A, and (B)
below), encode the same number of exons, and lie directly adjacent to one another on A. thali-
ana chromosome four, indicating that they likely arose from a tandem duplication event. In
the predicted 5 UTR of AtMORC3, there is an ATG start codon. However, a G to A mutation
causes a W to Stop codon in exon three. BLAST of this in silico translated region identifies all
other AtMORC proteins. However, because this ORF is predicted to be too small, TAIR finds
the next in-frame ATG in exon 5, annotating this to be the translational start. If this protein
were made, it would be N-terminally truncated, missing half of the GHKL ATPase including
two out of the four motifs thought to be essential for ATP binding [28,29]. (B) Phylogenetic
reconstruction of AtMORC genes in Arabidopsis thaliana and close relatives, Capsella rubella
and Arabidopsis lyrata. The tandem arrangement of AtMORCI, AtMORC2, and AtMORCS3,
and the premature stop codon identified in AtMORCS3 is consistent with the pseudogenisation
of a redundant paralogue. Therefore, we checked whether AtMORCI, AtMORC2, and
AtMORCS3 are also present in A. thaliana sister species. We found that while the closely related
A. lyrata encodes a single copy of each of A. thaliana’s AtMORC genes, the slightly more dis-
tantly related C. rubella does not encode a copy of either AtMORC2 or AtMORC3 (and encodes
two copies of AtMORC4). Therefore C. rubella has either lost its versions of AtMORC2/
AtMORCS3 or the tandem duplication of AtMORCI occurred after the divergence of A. thaliana
and A. lyrata from C. rubella. In either scenario, it suggests that AtMORC2 and AtMORC3 are
likely non-essential and may act redundantly with AtMORCI. In support of this hypothesis, we
have already shown that AtMORC?2 is redundant with AtMORCI [35]. (C) Positions of the
SALK_000009 and SALK_043244 insertions in AtMORC3. (D) Sequence of SALK 043244
T-DNA homozygous insert in AtMORC3. As the SALK_000009 line, which has a T-DNA
insert in the 5 UTR of AtMORC3, was found to be embryonic lethal [36], we took an indepen-
dent AtMORC3 T-DNA line to homozygosity and sequence confirmed the presence of the
insert in exon 11, finding that this line displays no discernable phenotype. Together with the
premature stop codon in exon 3, it is likely that AtMORC3 is a non-functional pseudogene in
Columbia-0.

(PDF)

S3 Fig. Comparison of RNA-seq in atmorc4/6/7 vs. atmorc1/2/4/5/6/7. (A) Overlap between
atmorc4/6/7 and atmorc1/2/4/5/6/7 upregulated DEGs. (B) Boxplot showing the FPKM (frag-
ments per kilobase per million reads) for the 241 genes in atmorc1/2/4/5/6/7 that did not over-
lap with atmorc4/6/7 (purple section in (A)). This shows that while these genes did not make
the significance cutoff required to be called DEGs in atmorc4/6/7, they still show the same
trend for upregulation, indicating that the addition of atmorcl, 2 and 5 has very little additional
impact on the transcriptome (also see Fig 3D).

(PDF)
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S4 Fig. DEGs in atmorc4/7 are highly enriched for pathogen defense. (A) Top ten listed GO
term categories from atmorc4/7 misregulated genes (FDR<0.05) [http://bioinfo.cau.edu.cn/
agriGO] identified RNA-seq round 2 (see Fig 3). (B) Top ten listed GO term categories from
atmorc4/7 misregulated genes (FDR<0.05) [http://bioinfo.cau.edu.cn/agriGO] identified
RNA-seq round 1 (see Fig 1).

(PDF)

S5 Fig. No additive transcriptional effect at ‘response to chitin’ genes in higher-order
atmorc knockouts. Boxplot showing FPKMs at the ‘response to chitin’ gene set (GO:0010200)
in the genotypes indicated.

(PDF)

S6 Fig. Negligible DNA methylation changes genome wide and at AtMORC targets in
AtMORC knockouts. (A) Genome wide profiles of CG, CHG, and CHH context methylation
in the wt, atmorc4/7, atmorcé6, and atmorcl/2/4/5/6/7 backgrounds. Average of two biological
replicates of each genotype, except atmorc6 (data obtained from GSE54677) [35]. (B) Metaplot
of methylation levels in wt, atmorc4/7 and atmorc1/2/4/5/6/7 over DEGs (>2 fold change,
FDR<0.05) in atmorc1/2/4/5/6/7 background, in CG, CHG and CHH contexts. TSS = tran-
scriptional start site, TTS = transcriptional termination site.

(PDF)

S7 Fig. Loss of AtMORC does not significantly impact any of the major DNA methylation
pathways and does not act downstream of DNA methylation. (A) Boxplots for methylation
levels at drm1/2 CHH, cmt2 CHH, cmt3 CHG, and met1 CG defined hypomethylated DMRs
[8,49] in the wt, atmorcd/7, atmorc6, atmorcl/2/4/5/6/7, and control methyltransferase mutant
backgrounds indicated. (B) RNA-seq from wt and atmorc1/2/4/5/6/7 (black and green, respec-
tively, three replicates each, see Fig 3) over methylated loci defined by drm1/2 CHH, cmt2
CHH, ¢mt3 CHG, and metl CG hypo DMRs (as in (A)).

(PDF)

S8 Fig. atmorcl/2/4/5/6/7 hypo CHH DMRs overlap with RADM sites. (A) Overlap of
atmorcl/2/4/5/6/7 defined hypo CHH DMRs with previously defined drm1/2 and cmt2 hypo
CHH DMRs [8,49]. (B) Overlap of atmorc1/2/4/5/6/7 hypo CHH DMRs with CHH loci prone
to spontaneous epiallelic variation [50].

(PDF)

S9 Fig. Comparison of atmorc6 with atmorc4/7 at atmorc1/2/4/5/6/7 hypo CHH DMRs. (A)
Heatmap showing CHH methylation levels at all atmorc1/2/4/5/6/7 hypo CHH DMRSs in the
genotypes indicated. atmorc4/7 and atmorc6 appear to affect many similar targets. Scale 0-0.6
indicates CHH methylation level. (B) Boxplot for methylation levels at same atmorc1/2/4/5/6/7
hypo CHH DMRs as in (A). drm1/2 is used as a control in (A) and (B), and demonstrates that
atmorc hypo CHH DMRs are primarily RADM target loci.

(PDF)

$10 Fig. atmorc1/2/4/5/6/7 hypo CHH DMRs show evidence for transcriptional de-repres-
sion. (A) RNA-seq metaplot of wt vs. atmorc1/2/4/5/6/7 (black and green, respectively, three
replicates each, see Fig 3) over atmorcl/2/4/5/6/7 defined hypo CHH DMRSs. (B) RNA-seq
metaplot of wt vs. drm1/2 (black and red, respectively, two replicates each) over drm1/2 hypo
CHH DMRs (data from GEO:GSE51304) [8].

(PDF)
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S1 Video. AtMORC7-MYC rotate. z-stack at 0.83 uM intervals through the AtMORC7-MYC
expressing nucleus depicted in Fig 5A was rendered in 3D with interpolation and rotated 360
degrees about the y-axis. Blue channel = DAPI staining; green channel = anti-MYC staining.
(AVI)

$2 Video. AtMORC7-MYC stack. z-stack at 0.83 pM intervals through the AtMORC7-MYC
expressing nucleus depicted in Fig 5A. z-stack slices from the furthest to closest depth are
shown in sequence (5 frames per second), illustrating the presence of AtMORC7-MYC bodies
first at one chromocenter (upper middle of nucleolus) and then more prominently at another
(middle left, between nucleolus and nuclear periphery). Blue channel = DAPI staining; green
channel = anti MYC staining. Scale bar = 2 uM

(AVI)

S1 Table. Primers used in this study. List of relevant primers used in the study.
(PDF)
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Epigenetic gene silencing is of central importance to maintain
genome integrity and is mediated by an elaborate interplay between
DNA methylation, histone posttranslational modifications, and chro-
matin remodeling complexes. DNA methylation and repressive
histone marks usually correlate with transcriptionally silent het-
erochromatin, however there are exceptions to this relationship.
In Arabidopsis, mutation of Morpheus Molecule 1 (MOM1) causes
transcriptional derepression of heterochromatin independently of
changes in DNA methylation. More recently, two Arabidopsis homo-
logues of mouse microrchidia (MORC) genes have also been impli-
cated in gene silencing and heterochromatin condensation without
altering genome-wide DNA methylation patterns. In this study, we
show that Arabidopsis microrchidia (AtMORC6) physically interacts
with AtMORC1 and with its close homologue, AtMORC2, in two
mutually exclusive protein complexes. RNA-sequencing analyses of
high-order mutants indicate that AtMORC17 and AtMORC2 act redun-
dantly to repress a common set of loci. We also examined genetic
interactions between AtMORC6 and MOM1 pathways. Although
AtMORC6 and MOM1 control the silencing of a very similar set of
genomic loci, we observed synergistic transcriptional regulation in
the mom1/atmorc6 double mutant, suggesting that these epige-
netic regulators act mainly by different silencing mechanisms.

epigenetics | plant biology

NA methylation and histone posttranslational modifications
are essential for silencing of transposable elements (TEs)
and other repeat sequences. In the plant model organism Ara-
bidopsis thaliana, DNA methylation sites are found in three
different cytosine contexts: CG, CHG, and CHH (in which H is
A, T, or C) (1). Symmetric CG and CHG methylations are medi-
ated by DNA Methyltransferase 1 (METI) and Chromomethylase 3
(CMT3), respectively (2, 3). Asymmetric CHH methylation is
maintained at nonoverlapping sites by CMT2 and Domains Rear-
ranged Methyltransferase 2 (DRM?2) (4, 5). In the RNA-directed
DNA methylation (RADM) pathway, de novo methylation of
CHH sites is established by DRM2 and involves 24-nucleotide
small interfering RNAs and long noncoding RNAs (6-11). Ge-
nome-wide studies revealed that DNA methylation and re-
pressive histone modifications such as dimethylation of histone
3 lysine 9 (H3K9me2) correlate with transcriptionally silent
chromatin (12-16). Furthermore, transcriptional derepression of
silenced methylated loci is accompanied by loss of DNA methyl-
ation. A prominent exception to this interdependence is the Mor-
pheus Molecule 1 (MOMI).
MOM] is unique to the plant kingdom and was identified in
a random transfer-DNA (T-DNA) insertion screen reporting
the derepression of a silenced transgene (17). The mom1 mutant
shows a loss of transcriptional gene silencing at loci located
predominantly in the pericentromeric regions of the chro-
mosomes (18). Interestingly, these transcriptional gene-silencing
defects occur without major changes in DNA methylation or
histone marks (17-21). RNA Polymerase IV and V' (PollV and

7474-7479 | PNAS | May 20,2014 | vol. 111 | no. 20

PolV), which are key components of the RADM pathway, were
identified as enhancers of the momI phenotype (18). To date,
the extent to which MOM1 is implicated in RADM as well as its
molecular mechanism of action remain poorly understood. Be-
cause MOM1 shows partial sequence similarities to chromodo-
main-helicase-DNA binding proteins, it has been proposed that
MOM] is involved in heterochromatin compaction (17, 22).
However, the momI mutant does not show any heterochromatin
decondensation (20, 23).

Recently, members of the Arabidopsis microrchidia (AtMORC)
ATPase family have also been shown to be involved in trans-
poson repression and gene silencing (24-26). The MORCI gene
was originally described in mice, where it was found to be es-
sential for male primordial germ cell development (27, 28).
The Arabidopsis genome contains seven MORC homologs,
which were termed AtMORCI [NP_568000; AT4G36290;
Compromized Recognition of Turnip Crinkle Virus 1 (CRTI)],
AtMORC?2 [NP_195351; AT4G36280; CRTI-Homolog 1 (CRHI)],
AtMORC3 (NP_195350; AT4G36270; CRH2), AtMORC4
(NP_199891; AT5G50780; CRH4), AtMORCS5 (NP_196817;
AT5G13130; CRH5), AtMORC6 [NP_173344; AT1G19100;
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CRHO; Defective in Meristem Silencing 11 (DMSI11)], and
AtMORC?7 (NP_194227; AT4G24970; CRH3) (25, 29-32).
AtMORCI and AtMORC?2 are the most closely related homologs
and share 80.9% amino acid sequence identity (29-32) (Fig. S14).
AtMORCG6 has been identified in four independent forward genetic
screens (24-26, 31) as required for gene silencing and maintenance
of heterochromatin integrity. AtMORCI is also required for
gene silencing (26), although it was originally described as a
master regulator in plant disease resistance signaling (30-33).

Currently, the molecular mechanisms by which the different
AtMORC homologs achieve gene silencing remain to be eluci-
dated. AtMORC proteins carry a gyrase, Hsp90, histidine kinase,
and MutL (GHKL) domain together with an S5 domain that
constitute an active adenosine triphosphatase (ATPase) module
(27, 31, 34). They also carry a putative C-terminal coiled-coil
domain (27). In vitro assays showed that both AtMORCI1 and
AtMORCS6 are bona fide ATPases (26, 31). A modest reduction
of DNA methylation and repressive histone marks at specific
RdDM target sites in atmorc6 mutant suggested that Af/MORC6
could also play a role in RdDM (24, 25). However, whole ge-
nome sequencing analyses of DNA methylation and H3K9me?2
in atmorcl and atmorc6 did not reveal significant differences
compared with the wild-type level either in the genome at large
or at sites of the highest level of gene derepression in atmorc
mutants (26). Therefore, it is unlikely that the predominant
function of AtMORC proteins is maintenance of DNA methyl-
ation and H3K9me2, although some interaction with the RADM
pathway seems likely.

In this study, we describe the physical interactions between
three different AtMORC homologs and their functional im-
plication in gene silencing. Biochemical analyses indicate that
AtMORCS6 forms mutually exclusive heteromers with AtMORC1
and its close homolog, AtMORC2. RNA-sequencing (RNA-seq)
analyses of high-order mutants show that A#MORC1 and AtMORC?2
act redundantly to repress a set of TEs similar to AtMORC6.
Furthermore, we also examined the relationship between
AtMORC6- and MOM]I-mediated silencing as both pathways
have only minor impacts on genome-wide DNA methylation.
Interestingly, we observed a synergistic effect on transposon
derepression, suggesting that these epigenetic regulators act by
independent silencing mechanisms.

Results and Discussion

AtMORC6 Interacts in Vivo with AtMORC1 and AtMORC2 to Form
Distinct Heteromers. Previous analyses showed similar transcrip-
tional derepression between the single atmorc6 single mutant

Table 1.
AtMORC6-FLAG IP

and the atmorcl1/atmorc6 double mutant, suggesting that A#/MORC]
and AtMORC6 could interact to enforce gene silencing (26).
To test this hypothesis, FLAG epitope-tagged AtMORCI and
AtMORC6 under their respective endogenous promoters were
introduced into cmit3/atmorc1-3 and atmorc6-1 lines, respectively.
Western blotting analyses confirmed that both AIMORCI-FLAG
and AtMORC6-FLAG were expressed in their respective mutant
background and could complement the suppressor of drm2 cmt3
(SDC)::GFP silencing defects (Fig. S1B). These lines were sub-
sequently used to immunoprecipitate FLAG-tagged AtMORC
proteins from leaf tissue, and mass spectrometry (MS) analyses
were performed to determine potential interacting proteins. MS
analyses indicated that AtMORC1 was strongly immunoprecipi-
tated with AAMORCG6-FLAG and vice versa (Table 1). This in-
teraction was validated by coimmunoprecipitation (co-IP) using
F; transgenic plant lines expressing complementing AtMORCI-
myelocytomatosis (MYC) (26) and AtMORC6-FLAG (Fig. 14).
To further characterize the interaction between AtMORCI1
and AtMORC6, we performed gel filtration experiments. Leaf
protein extracts from epitope-tagged lines were separated on
a Superdex 200 10/300GL column, and the eluted fractions were
probed by immunoblotting. We observed that both AtMORCI1-
FLAG and AtMORC6-FLAG were predominantly eluting
around 200-300 KDa, suggesting that AtMORC proteins are
primarily existing in vivo as dimers (Fig. S2). Together with the
co-IP experiments, these results indicate that AtMORCI and
AtMORC®6 are primarily found in vivo as heteromers, most likely
as heterodimers. Nevertheless, it cannot be completely ruled out
that AtMORC proteins might also form heterotetramers or
higher molecular weight complexes, as we observed some signal in
fractions with predicted sizes up to several hundred kilodaltons.
MS analysis of FLAG-tagged AtMORC6 IPs revealed an
additional interaction with the closest homolog of AtMORCI,
AtMORC?2 (Table 1). This result is consistent with a recent in-
dependent study that also found peptides of AtMORCI1 and
AtMORC?2 in an IP-MS of AtMORCS6 in flowers (35). In-
terestingly, AtMORC2 was not immunoprecipitated with
AtMORCI, suggesting that AtMORC6 was interacting with
AtMORCI1 and AtMORC?2 in two distinct complexes (Table 1).
To validate the heteromerization between AtMORC6 and
AtMORC?2, we engineered a complementing transgenic line
expressing FLAG-tagged AtMORC2 in an atmorcl/atmorc2
background (Fig. S1 C and D) and performed IP followed by MS.
MS analysis showed that AtMORC6 was immunoprecipitated with
FLAG-AtMORC?2 (Table 1). Consistent with this interaction, gel
filtration analysis of FLAG-AtMORC?2 leaf extracts showed that

FLAG-tagged AtMORC proteins were immunoprecipitated and interacting proteins were analyzed by MS

Name Accession Spectra NSAF % AtMORC6
AtMORC6 AT1G19100 77 75 2,060 539 100 100
AtMORC1 AT4G36290 62 31 1,732 233 84 43
AtMORC2 AT4G36280 35 20 992 152 48 28
AtMORC1-FLAG IP

Name Accession Spectra NSAF % AtMORCI1
AtMORC1 AT4G36290 76 71 6,273 765 100 100
AtMORC6 AT1G19100 11 42 870 434 14 57
FLAG-AtMORC2 IP

Name Accession Spectra NSAF % AtMORC2
AtMORC2 AT4G36280 65 — 370 — 100 —
AtMORC6 AT1G19100 32 — 172 — 47 —

The total numbers of identified spectra, the normalized spectral abundance factor (NSAF), and the percentage relative to the bait

protein are given for two biological replicates.
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Fig. 1. Redundancy of AtMORC17 and AtMORC2 in transposon silencing. (A)
AtMORC1 physically interacts with AtMORC6. AtMORC6-FLAG was coimmu-
noprecipitated with AtMORC1-MYC in F; plants expressing both epitope-
tagged proteins. Epitope-tagged proteins were detected by Western blotting.
(B) RT-PCR assessing endogenous expression of SDC, AtCopia28, and Roman-
iaT5. Three biological replicates were performed for each tested genotype.
Two individual alleles were used for atmorc? and atmorc2. (C and D) Venn
diagrams of overlap between TEs up-regulated (fourfold increase; FDR, 0.05;
Fisher's exact test) in each genotype. Gray regions represent categories with no
TEs counted. Blue shading represents the union set of TEs up-regulated in
atmorc mutants. (E) Boxplot and (F) heatmap of average reads per kilo base
per million (RPKM) values between two biological replicates for TEs in a union
set for different genotypes. An asterisk indicates a significant increase relative
to wild-type samples (P < 1e-3, Mann-Whitney U test).

FLAG-AtMORC?2 was principally present in the elution fractions
around 200-300 KDa, corresponding to similar elution fractions as
AtMORC6-FLAG (Fig. S2). In summary, our biochemical anal-
yses indicate that AMORCS physically interacts with AtMORC1
and AtMORC?2 in the form of two mutually exclusive heteromers.

AtMORC6 was shown to interact in vitro with DMS3 when
both proteins were coexpressed in Escherichia coli, providing
a physical link to the RADM pathway (25). DMS3 is a structural
maintenance of chromosomes hinge domain-containing protein
that lacks an ATPase domain (36). Based on the stimulation of
AtMORC6 ATPase activity by in vitro interaction with DMS3, it
was proposed that AtMORC6 and DMS3 cooperate to promote
transcriptional repression. DMS3 has also been shown to interact
with additional components of the DRD1-DMS3-RDM1 (DDR)
complex including Defective in RNA-Directed DNA Methylation
1 (DRD1) or RDM1 as well as with the largest subunit of PolV
(37). Furthermore, genome-wide association of PolV to chromatin
and thus the production of PolV-dependent transcripts and sub-
sequent DNA methylation are dependent on all members of the
DDR complex (37, 38). However, we did not detect DMS3 or
other components of the DDR complex in our IP-MS experiments.
Also, previous IP-MS experiments using FLAG-tagged DRD1
and DMS3 proteins as bait did not immunoprecipitate AAMORC6
(37). Nevertheless, we cannot rule out that the interactions be-
tween components of the DDR complex and AtMORC6 are weak
or ephemeral and could not be detected under our IP conditions.

A recent study found that AtMORC6 was immunoprecipitated
in flowers in very small amounts with SUVHY, an SRA- (SET
[suppressor of variegation 3-9 [Su(var)3-9], enhancer of zeste
[E(z)], and trithorax (Trx)] and RING [really interesting new gene]
associated)- and SET-domain-containing protein (35). SUVH9
and its closest homolog, SUVH2, were shown to bind methylated
DNA and recruit PolV to chromatin through an interaction with
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the DDR complex (11, 35, 39). Yeast two-hybrid assays further
indicated that the interactions between AtMORC proteins and
SUVH proteins were direct (35). These data, together with the
slight changes observed in DNA methylation of certain RADM
target loci (24, 25, 40), suggest that AtMORC proteins modulate
RdDM through interactions with the DDR complex and SUVH
proteins. Nevertheless, the mild changes of small RNAs and
DNA methylation genome-wide in atmorc mutants (26) suggest
that AtMORC:s are unlikely to be canonical RADM factors. It is
also plausible that AtMORC:s contribute to processing of target
loci transcripts, thus leading to posttranslational silencing.
Future experiments are needed to clarify the precise function in
gene silencing and degree of involvement of AtMORC:s in the
RdDM pathway.

AtMORC2 Acts Redundantly with AtMORC1 to Achieve Gene Silencing.
To further study the role of AtMORC?2 in gene silencing and its
functional relationship with A#MORCI and AtMORC6, we gen-
erated high-order mutants and performed transcriptional pro-
filing analyses. Real-time PCR (RT-PCR) from RNA extracted
from leaf tissue indicated that SDC was derepressed in atmorcl
but not atmorc2 (Fig. 1B), consistent with the fact that AzMORC2
was not identified in the genetic screens that identified AtMORC1
and AtMORC6 (24-26, 31). RT-PCR also showed an increased
derepression of two transposons, AtCopia28 and RomaniaT5,
in the atmorcl/atmorc2 double mutant compared with atmorcl
and atmorc2 single mutants (Fig. 1B), indicating that AtMORC1
and AtMORC?2 act redundantly in transposon silencing. Further
genome-wide characterization of the transcriptome by RNA-seq
indicated that only two transposons was significantly up-regulated
in atmorc2 compared with wild type [using a very stringent cutoff
of fold change >4; false discovery rate (FDR) < 0.05], whereas
nine TEs were up-regulated in atmorcl (Fig. 1C). Transcriptional
derepression of protein-coding genes was also more pronounced
in atmorcl compared with atmorc2 (Fig. 24). Publicly available
microarray data indicate that expression of AtMORCI is higher
than AtMORC?2 in most tissues and developmental stages (Fig.
S3A), providing a plausible explanation for the stronger silencing
defects observed in atmorcl compared with atmorc2. Interestingly,
combined deletion of AtMORCI and AtMORC2 led to significantly
higher transcription of TEs and protein-coding genes compared
with both single mutants (Fig. 1 C, E, and F and Fig. 2 4, C, and
D), confirming that AtMORC1 and AtMORC?2 are functionally
redundant. In addition, the overexpression of FLAG-AtMORC2
succeeded in complementing transcriptional derepression in the
atmorcljatmorc2 double mutant (Fig. S1D).

The observed redundancy between AtMORCI1 and AtMORC2
and their physical interaction with AtMORCS6 in two mutually
exclusive heteromers predict that a loss of At/MORC6 should be
phenotypically comparable to the combined loss of AtMORCI1
and AtMORC?2. To test this hypothesis, we compared the tran-
scriptomes of atmorcl/atmorc2 with the atmorc6 single mutant.
RNA-seq revealed a high overlap of transcriptional derepression
between atmorcl/atmorc2 and atmorc6 (Fig. 1 D-F and Fig. 2 B-
D), supporting the notion that AtzMORC6 function is epistatic
to both AtMORCI and AtMORC2 combined. Derepressed
transposons were not restricted to a specific family in any of the
mutant backgrounds analyzed (Fig. S3B). Finally, the observed
transcriptional derepression did not significantly increase in
a triple mutant lacking AtMORCI1, AtMORC2, and AtMORC6
(Fig. 1 D-F and Fig. 2 B-D). These results are consistent with
the model that AtMORCS6 interacts exclusively with either
AtMORC1 or AtMORC?2 to achieve gene silencing and that
AtMORCI1 is functionally redundant with AtTMORC?2.

It appeared that up-regulated genes were preferentially lo-
calized in H3K9me2-enriched heterochromatin (12) even though
they are protein-coding (Fig. 2F). This is in agreement with the
previous observations that Af/MORC1 and AtMORC6 are mainly
involved in silencing and compaction of heterochromatin (26).
Gene ontology term analysis using AmiGO (41) of all up-regulated
protein-coding genes indicated enrichments (P < 6e-4) in response
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Fig. 2. Redundancy of AtMORC1 and AtMORC2 in gene silencing. (A and B)
Venn diagrams showing relationships between sets of protein-coding genes
called up-regulated (fourfold increase in expression; FDR < 0.05) for different
genotypes. Gray regions represent categories with no gene counted. Blue
shading represents the union set of genes up-regulated in atmorc mutants.
(C) Boxplot and (D) heatmap of average RPKM values for different genotypes
(two biological replicates) for protein-coding genes in a union set for dif-
ferent genotypes. An asterisk indicates a significant increase relative to wild-
type samples (P < 1e-8, Mann-Whitney U test). Two asterisks represent a
significant increase relative to wild-type samples and the atmorc1 single
mutant (P < 1e-2, Mann-Whintey U test). (E) Overrepresentation in
H3K9me2-enriched heterochromatin of protein-coding genes significantly
up-regulated in atmorc1-2/atmorc2-1, atmorc6-3, or atmorci-2/atmorc2-1/
atmorc6-3 mutants. An asterisk indicates a significant increase relative to all
protein-coding genes (P < 1e-3, Fisher’s exact test). (F) Metagene analysis of
RNA-seq reads over protein-coding genes called up-regulated in atmorc1-2/
atmorc2-1, atmorc6-3, or atmorci-2/atmorc2-1/atmorc6-3 mutants. Reads
are derived from previously published RNA-seq libraries for two replicates
of the drm1/drm2 double mutant and the corresponding wild type (WT).

to chitin and in response to organonitrogen compounds in atmorcl/
atmorc2 and in atmorcl/atmorc2/atmorc6. 1t is interesting to note
that chitin has been recognized as a general elicitor of plant defense
responses (42), which is in agreement with the reported implication
of AtMORC]I in plant immunity (31). To assess if protein-coding
genes up-regulated in atmorc6 were also targets of the RADM
machinery, we looked at their expression in a mutant lacking the
methyltransferases DRMI and DRM?2 that is thus defective in
RdDM (4). These were not significantly up-regulated in drml/drm2
(Fig. 2F), indicating that AtMORCs are unlikely to be canonical
RdDM factors.

Our combined genetics and RNA-seq data show that the si-
multaneous absence of AtMORCI and AtMORC2 in atmorcl/
atmorc2 cannot be functionally compensated by the presence of
AtMORCG6 alone (Figs. 1 and 2). Also, the loss of AtMORC6 in
atmorc6 cannot be compensated by the presence of AIMORCI
and AtMORC2 (Figs. 1 and 2). Furthermore, the atmorcl/
atmorc2/atmorco6 triple mutant does not have a stronger phenotype
than the atmorcl/atmorc2 double mutant (Fig. 1 B and D—F and
Fig. 2 B-D). Together with the observation that AAMORCI and
AtMORC?2 did not interact, these results lead to the conclusion
that AtMORGC:s function as heteromers and not as homomers.

AtMORC6 and MOM1 Act Synergistically to Silence a Common Set of

Transposons. AtMORC1 and AtMORC6 were identified in a for-
ward genetic screen reporting the derepression of an SDC::GFP
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transgene in wild type or in the ¢mit3 mutant background (26).
Further screening of ethyl methanesulfonate (EMS) mutagen-
ized seeds followed by deep genome resequencing identified two
new alleles of AtMORC6 in the cmt3 background. In the first
line, cmit3 262, glycine 212 was mutated to glutamic acid, and in
cmt3 379, a guanine (chrl:6599258) was mutated to adenine in
the splice site before exon 14. Interestingly, we also identified
three loss-of-function alleles of the MOM1 gene in the same genetic
screen. The EMS mutations in these new mom! alleles were a stop
codon introduced at amino acid 603 (line 337 in a wild-type back-
ground), a stop codon introduced at amino acid 586 (cm3 265), and
a substitution of Leucine 656 to Phenylalanine (cm3 113).

MOM] is unique to the plant kingdom and has no homologs
in the Arabidopsis genome. Previous studies showed that DNA
methylation in momI mutants was similar to the wild-type level
(17-19, 21). This observation was recently confirmed by ge-
nome-wide bisulfite-sequencing (BS-seq) analyses (43). RNA-
seq analyses showed that 52 TEs were significantly up-regulated
in moml using similarly stringent cutoffs as for atmorc mutants
(Fig. 34), and we found that the DNA methylation levels of
these TEs also remained unchanged in moml compared with
wild type (Fig. 3D). Nineteen transposons were significantly
derepressed in atmorc6 in this experiment, and most of these
were also derepressed in mom! (Fig. 34). The numbers of TEs
significantly up-regulated in atmorc6 slightly vary between the
two RNA-seq experiments performed (Figs. 1D and 34) be-
cause both experiments were done independently. As shown
previously, DNA methylation was not significantly changed in
TEs up-regulated in atmorc6 (26) (Fig. 3D). These data in-
dicate that overall transcriptional derepression is higher in
moml compared with atmorc6 and that MOM1 and AtMORC6
mediate the silencing of a subset of common targets as well as
of a number of independent loci.
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Fig. 3. Synergy of AtMORC6 and MOMT1 in transposon silencing. (A) Venn
diagram showing relationships between sets of TEs called up-regulated (four-
fold increase in expression; FDR < 0.05) for different genotypes. Grayed
regions highlight sets with no elements, and red shading highlights TEs
uniquely called up-regulated in the higher order mutant. (B) Boxplot and
(C) heatmap of average RPKM values between two biological replicates for
TEs uniquely called up-regulated in the mom1/atmorcé mutant background
for different genotypes. An asterisk indicates a significant increase relative
to all other genotypes (P < 1e-8, Mann-Whitney U test). (D) Metagene
analysis of DNA methylation levels across all Arabidopsis TEs for the atmorc6-3,
mom1-2, mom1-2/atmorc6-3, and wild-type genotypes. Also shown are the
methylation levels at TEs up-regulated in mutant genotypes.
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Fig. 4. Synergy of AtMORC6 and MOMT1 in gene silencing. (A) Venn diagram
showing relationships between sets of protein-coding genes called up-regu-
lated (fourfold increase in expression; FDR < 0.05) for different genotypes.
Grayed regions highlight sets with no elements. (B) Boxplot and (C) heatmap
of average RPKM values for different genotypes (two biological replicates) for
protein-coding genes uniquely called up-regulated in the mom1/atmorcé
mutant background. An asterisk represents a significant increase relative to
wild-type samples (P < 1e-2, Mann-Whintey U test). (D) Overrepresentation in
H3K9me2-enriched heterochromatin of protein-coding genes significantly
up-regulated in atmorc6-3, mom1-2, or mom1-2/atmorc6-3 mutants. An aster-
isk indicates a significant increase relative to all protein-coding genes (P < 1e-3,
Fisher's exact test). (E) Metagene analysis of RNA-seq reads over protein-
coding genes called up-regulated in atmorc6-3, mom1-2, or mom1-2/atmorc6-3
mutants. Reads are derived from previously published RNA-seq libraries
for two replicates of the drm1/drm2 double mutant and the corresponding
wild type (WT).

To further understand the relationship between MOM1- and
AtMORC6-mediated transcriptional silencing, we generated a
double mutant lacking MOM1 and AtMORC6. RNA-seq analyses
in moml/atmorc6 showed a significant increase in derepression of
TEs and to a smaller extent of protein-coding genes compared
with both single mutants (Fig. 3 A-C and Fig. 4 A-C). RT-PCR
analyses corroborated the synergistic derepression of SDC and
RomaniatT5 (Fig. S4A4). Overexpressed TEs in all three genotypes
profiled by RNA-seq are predominantly located in the pericen-
tromeric heterochromatin and belong to diverse families, consis-
tent with previous reports (18, 26) (Fig. S4 B and C). Genome-wide
BS-seq analysis showed that DNA methylation was unchanged in
TEs up-regulated in moml/atmorc6 (Fig. 3D). Similar to AtMORC6
target loci, protein-coding genes significantly up-regulated in momI
were preferentially located in heterochromatin (Fig. 4D). Further-
more, transcription of these was not affected in the drml/drm2
mutant, suggesting a limited role of MOMI in RdADM (Fig. 4E).
Altogether, these results indicate that A#/MORC6 and MOM1 act
synergistically to silence a largely common set of heterochromatic
DNA elements through two independent pathways.

Conclusion

In this study, we combined biochemistry, genetics, and genomics
to understand further the mode of action of the recently dis-
covered Arabidopsis MORC homologs. We found that AtMORC6-
mediated transcriptional silencing requires the formation of
mutually exclusive heteromers with AtMORCI and its closest
homolog, AtMORC?2. Further biochemical studies involving
domain deletions or point mutations should uncover the molec-
ular mechanisms of the AtMORC proteins and the implication of
heteromerization for ATPase activity. It is interesting to note the
similarities between AtMORC:S and the structural maintenance of
chromosome proteins cohesin and condensin (44). These three
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protein families are ATPases that function in vivo as heteromers
and modulate chromatin superstructure to regulate proper ex-
pression and maintenance of genomic integrity.

Genetic and RNA-seq analyses showed that AtMORC6 acts
synergistically with the putative chromatin remodeler MOM1 to
silence a common set of heterochromatin-localized loci. The
synergistic effect observed in the moml/atmorc6 double mutant
suggests that AZ/MORC6 and MOM1 act in two convergent path-
ways that are both required for the proper silencing of pericen-
tromeric heterochromatin. It has been previously shown that
AtMORC6 and AtMORCI accumulate in the nucleus as discrete
nuclear bodies that localize in the vicinity of the heterochromatic
chromocenters (26). It will be interesting to determine in the future
whether MOM1 accumulates in a similar fashion in the nucleus to
form distinct nuclear bodies. The identification of MOM1 inter-
actors will also be crucial to understanding its mode of action.

Materials and Methods

Plant Material and Growing Conditions. Wild-type and all mutant lines are
from the ecotype Columbia and were grown under continuous light. Plant
lines used include atmorc7-2 (SAIL_893_B06; crt1-2), atmorc1-4 (SAIL_1239_C08),
atmorc1-5 (SAIL_131_H11; crt1-5), atmorc2-1 (SALK_072774C; crh1-1), atmorc2-4
(SALK_021267C; crh1-4), atmorc6-3 (GABI_599B06), cmt3-11 (SALK_148381),
and mom1-2 (SAIL_610_G01). EMS mutagenized atmorc6-1 and cmt3/morc1-3
lines and complementing AtMORC1-MYC and AtMORC6-MYC lines are de-
scribed in ref. 26. T-DNA insertions were confirmed by PCR-based genotyping.
Primer sequences are described in Table S1.

Cloning of pAtMORC1::AtMORC1-FLAG, pAtMORC2::FLAG-AtMORC2, and
pAtMORC16::AtMORC6-FLAG. Cloning was done according to ref. 26. Briefly,
AtMORC1 and AtMORC6 genomic regions were PCR amplified and the FLAG
epitope was added to the C terminus of AtMORC1 and AtMORC6 and at the
N terminus of AtMORC2. The amplified region includes a ~1 Kb promoter
sequence upstream of the respective transcriptional start site.

IP and MS Analysis. Ten grams of 2-wk-old seedling tissue of each epitope-
tagged line were ground in liquid nitrogen and resuspended in 45 mL ice-cold
IP buffer [50 mM Tris-HCl pH 8.0, 150 mM NacCl, 5 mM MgCl,, 0.1% Nonidet
P-40, 10% (vol/vol) glycerol, 1x Protease Inhibitor Mixture (Roche)] and
centrifuged for 10 min at 4 °C at 16,000 x g. We added 200 uL M2 magnetic
FLAG-beads (SIGMA, M8823) to the supernatants and incubated it for 60 min
rotating at 4 °C. M2 magnetic FLAG-beads were washed five times in ice-cold
IP buffer for 5 min rotating at 4 °C, and immunoprecipitated proteins were
eluted three times with 100 uL 3x-FLAG peptides (SIGMA, F4799) for 15 min
at 25 °C. The eluted protein complexes were precipitated by trichloroacetic
acid and subjected to MS analyses as previously described (14).

Co-IP and Immunoblotting. We ground 1.5 g of 2-wk-old seedling tissue of
each epitope-tagged line in liquid nitrogen, resuspended it in 12 mL ice-cold
IP buffer [50 mM Tris-HCl pH 8.0, 150 mM NacCl, 5 mM MgCl;, 0.1% Nonidet
P-40, 10% (vol/vol) glycerol, 1x Protease Inhibitor Mixture (Roche)], and
centrifuged it for 10 min at 4 °C at 16,000 x g. We added 100 pL M2 mag-
netic FLAG-beads (SIGMA, M8823) or 150 pL MYC-conjugated agarose beads
(COVANCE, AFC-150P-1000) to the supernatants and incubated it for 60 min
rotating at 4 °C. Beads were washed five times in ice-cold IP buffer for 5 min
rotating at 4 °C, and immunoprecipitated proteins were eluted in 1x Lammli
buffer for 15 min at 80 °C.

Western blots were performed as previously described (26) with GFP-
specific antibody (Invitrogen, AA1122), HRP-coupled FLAG-specific antibody
(SIGMA, A8592), and MY C-specific antibody (Pierce, MA1-980).

Gel Filtration. Gel filtration experiments were performed according to ref. 37.
Briefly, 0.5 g of 2-wk-old seedling tissue of each epitope-tagged line were
ground in liquid nitrogen and resuspended in 1 mL of ice-cold IP buffer
[50 mM Tris:HCl pH 8.0, 150 mM NaCl, 0.1% Nonidet P-40, 10% (vol/vol)
glycerol, 1x Protease Inhibitor Mixture (Roche)] and centrifuged for 10 min
at 4 °C at 16,000 x g. The supernatants were centrifuged again for 10 min at
4°C at 16,000 x g. The supernatants were then centrifuged through a 0.2 ym
filter (Millipore), 500 uL were loaded onto a Superdex 200 10/300GL column
(GE Healthcare, 17-5175-01) column, and 250 puL fractions were collected.
We ran 20 pL of every collected fraction on a 4-12% SDS/PAGE. Before
use, the column was equilibrated and calibrated with gel filtration standards
(Biorad, 151-1901).
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RNA Extraction. We froze 100 mg of 20-d-old leaf tissue in liquid nitrogen. The
frozen leaves were then added to a mortar containing liquid nitrogen. Im-
mediately after the liquid nitrogen boiled off, the leaf tissue was crushed to
powder using a pestle. We immediately added 1.2 mL of TRIzol Reagent (Life
Technologies 15596) to the cold powder, and then it was pulverized further
until a clear, dark brown solution was visible. The solution was transferred to
a chilled Eppendorf tube, and 400 pL of chloroform was added. The tube was
vortexed for 5's at maximum power, then spun in a centrifuge at 16,000 x g
(4 °C) for 10 min to separate the aqueous and organic phases. We collected
700 pL of the aqueous (top) phase. To precipitate the RNA, 700 pL of iso-
propanol was added to the aqueous material, the solution was vortexed for
5 s at maximum power, and then it was centrifuged for 10 min at 16,000 x g
(4 °Q). The supernatant was removed, and 500 uL of room temperature 80%
(volivol) ethanol was added to the pellet, which was then spun for 5 min at
16,000 x g (4 °C). The supernatant was removed and the pellet was air-dried
for 5 to 10 min. The pelleted RNA was resuspended in 100 pL water and then
purified using the Qiagen RNeasy Mini (Qiagen 74104) “RNA Cleanup
Protocol” according to manufacturer’s instructions. RNA was quantified
using Nanodrop.

RT-PCR. We treated 1 pg of input RNA with DNase | (Life Technologies, 18068)
according to the manufacturer’s protocol. Of the 11 pL final reaction volume,
3 pL was set aside as a negative control for RT-PCR, whereas 8 pL was converted
to cDNA using SuperScript Il (Life Technologies 18080). We used 5% of cDNA
for each RT-PCR. RT-PCR was performed using IQ SYBR Green Supermix (Bio-
Rad 170-8880), with 375 nM final primer concentration using a Stratagene
Mx3005p instrument. Amplification conditions were as follows: 95 °C 10:00; 40
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cycles, 95 °C, 30's, 55 °C 1:00, 72 °C 1:00; melting curve. At least two technical
replicates were performed per biological replicate, and three biological repli-
cates were used in all experiments. Relative abundance of transcripts was cal-
culated using the difference of squares method. Primer sequences are described
in Table S1.

BS-Seq, RNA-Seq, and Accession Codes. BS-seq was done according to ref. 26.
RNA-seq libraries were generated using 2 pg of input RNA using TruSeq RNA
Sample Preparation Kit v2 (lllumina RS-122-2001) according to the manu-
facturer’s protocols. Sequencing data were deposited into Gene Expression
Omnibus under accession no. GSE54677.
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Fig. S1. Phylogenetic analysis and epitope-tagging of Arabidopsis Microrchidia (AtMORC)1, AtMORC2, and AtMORC6. (A) Phylogenetic analysis of the At-
MORC gene family in Arabidopsis thaliana. The alignment was made with Genebee using the default parameters. (B) AtMORC1 and AtMORC6 transgenic lines.
FLAG epitope-tagged AtMORCT and AtMORC6 were expressed under their respective endogenous promoter in their respective mutant background. Protein
expression and complementation of the SDC::GFP silencing defects were probed by Western blotting. The large subunit of rubisco (rbcL) was used as the
loading control. (C) Transgenic AtMORC2 line. FLAG epitope-tagged AtMORC2 was expressed under its respective endogenous promoter in the atmorc1/
atmorc2 double mutant background. FLAG-AtMORC2 is enriched in the elution fraction after immunoprecipitation. (D) Complementation of tran-
scriptional derepression by expression of FLAG-AtMORC2 in atmorc1/atmorc2. RT-PCR shows increased levels of FLAG-AtMORC2 transcripts compared
with wild-type and atmorc7-2 despite being expressed under its respective endogenous promoter. Derepression of suppressor of drm2 cmt3 (SDC)::GFP,
AtCopia28, Solo long terminal repeat (LTR), and RomaniaT5 is suppressed by overexpression of FLAG-AtMORC2.
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Fig. S3. Analysis of AtMORCs' expression and derepressed transposon families in atmorc mutants. (A) Transcript levels of AtMORC1, AtMORC2, and AtMORC6
over stages of development. Gene expression data were retrieved from Genevestigator (www.genevestigator.com). (B) Transposons significantly derepressed
in the different genotypes grouped according to their family.
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Primers used in this study

Genotype

Insertion line

Left border primer

Right border primer

atmorci-2
atmorci-4
atmorci-5
atmorc2-1
atmorc2-4
atmorc6-3
cmt3-11
mom1-2
LB3
LBA1
LB 08409
RT-PCR
Locus
Actin 7
SDC
AtCopia28
RomaniaT5
SoloLTR

SAIL_893_B06
SAIL_1239_C08
SAIL_131_H11
SALK_072774C
SALK_021267C
GABI_599B06
SALK_148381
SAIL_610_GO1
SAIL T-DNA
SALK T-DNA
GABI-KAT

TTGCAGTTTGGAACCAAAATC
CGTATCTCAGCCGCTAACTTG
CGTATCTCAGCCGCTAACTTG
CTACTCAGAGCGTTGGCATTC
TTTCGTCATCATTGCTTTTCC
GGAAAGCTGGAAGCTATAATGATG
TAACGGAAGGATGCCAGATT
ACAATGCAGGAGCAAACACTC
TAGCATCTGAATTTCATAACCAATCTCGATACAC
TGGTTCACGTAGTGGGCCATCG
ATATTGACCATCATACTCATTGC

Left border primer
TCGTGGTGGTGAGTTTGTTAC
AATGTAAGTTGTAAACCATTTGAACGTGACC
AGTCCTTTTGGTTGCTGAACA
GTATCCTTTGGCCCGGTATT
AACTAACGTCATTACATACACATCTTG

TGAGTTTTGACGACGATGATG
AAGCAGCTGCAGTGGATTATG
AAGCAGCTGCAGTGGATTATG
GTTGTAGCTGTATGGGGCTTG
GGTTGACTCTTCCACTGCTTG
GATGACATCTGCCCCAAGTCTC
CAAGAAATGGGCTGTTGACAT
GGAAAGGAGATACTTCACCGG

Right border primer
CAGCATCATCACAAGCATCC
CAGGCATCCGTAGAACTCATGAGC
CCGGATGTAGCAACATTCACT
GCCTCTTCGAAATGCCATAA
AATTAGGATCTTGTTTGCCAGCTA
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Fig. S4. Synergy of AtMORC6 and Morpheus Molecule 1 (MOMT) in transposon silencing. (A) RT-PCR assessing endogenous expression of SDC, RomaniaT5,
and SoloLTR. Two biological replicates were performed for each tested genotype. (B) Chromosomal view of percent change in read abundance between higher
order mutants and other genotypes. (C) Transposons significantly derepressed in the different genotypes grouped according to their family.
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The Microrchidia (Morc) family of GHKL ATPases are present in a wide variety of prokaryotic
and eukaryotic organisms but are of largely unknown function. Genetic screens in Arabidopsis
thaliana have identified Morc genes as important repressors of transposons and other
DNA-methylated and silent genes. MORC1-deficient mice were previously found to display
male-specific germ cell loss and infertility. Here we show that MORC1 is responsible for
transposon repression in the male germline in a pattern that is similar to that observed for
germ cells deficient for the DNA methyltransferase homologue DNMT3L. MorcT mutants
show highly localized defects in the establishment of DNA methylation at specific classes of
transposons, and this is associated with failed transposon silencing at these sites. Our results
identify MORCT1 as an important new regulator of the epigenetic landscape of male germ cells
during the period of global de novo methylation.
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wo Morc genes in A. thaliana, AtMorcl and AtMorc6, were

identified in forward genetic screens for novel transcrip-

tional repressorsb?. AtMORC1 and AtMORC6 are
required for silencing of a variety of transposons and are
essential for higher-order chromatin compaction. The single
Morc gene in Caenorhabditis elegans was also shown to be
required for silencing of a repetitive transgene locus!. The
founding member of the Morc gene family is mammalian Morcl.
MORCI is highly expressed in the blastocyst and male germline
but is not expressed in most differentiated cells®>. Mice deficient
for MORCI1 are normal, except that homozygous mutant males
are infertile with small testicles (hence the name microrchidia)*°.
Male germ cells in the Morcl mutant do not undergo successful
chromosomal pairing during the zygotene stage of meiosis and
instead undergo apoptosis, with no germ cells surviving to
complete prophase L.

During germ cell development, most DNA methylation is lost
between E8.5 and E13.5. Then, between E13.5 and birth (~E19),
the genome undergoes global de novo methylation®8, Failure to
establish DNA methylation at this time causes transposon
upregulation and meiotic failure. Indeed, the meiotic block in
the Morcl mutant is similar to that observed for mice that have
defects in DNA methylation and transposon repression, including
mice deficient for DNA methyltransferases’~!! or the pre-meiotic
Piwi-interacting RNA (piRNA) pathway!>!3, Therefore, we
hypothesized that MORCI might be a critical factor for
transposon silencing and DNA methylation in the mouse
germline. Here we demonstrate that MORCI-deficient male
germ cells undergo transposon derepression starting in late
embryogenesis and continuing through the onset of meiosis. We
also demonstrate that this phenotype is associated with failed
locus-specific de novo methylation targeted specifically towards
late-methylating transposon sequences.

Results
MORCI1 represses transposons in the male germline. To further
characterize MORC1 we used a previously described FVB/N
Morcl mutant (MorcI'€) mouse strain in which a tyrosinase gene
was integrated into the Morcl locus®. Transgene insertion
resulted in loss of exons 2-4, eliminating a large region of the
GHKL ATPase domain including residues predicted to be critical
for catalysis and ATP binding'* (Fig. 1a). Consistent with
previous reports, we found that MorcI®®*€ mice have a
spermatogenesis defect with a complete absence of post-meiotic
spermatids and spermatozoa (Supplementary Fig. 1la—c).

Quantative reverse transcription-PCR (qRT-PCR) from wild
type (WT), embryonic whole testis indicates that Morcl
messenger RNA becomes detectable at E14.5 and peaks at
E16.5 (Supplementary Fig. 2a), which intriguingly is a period of
rapid transposon methylation in the male germline. We generated
an antibody against the coiled-coil domain of mouse MORCI
(Supplementary Fig. 2b) and found that MORC1 was localized to
the nucleus of male germ cells at E16.5 (Fig. 1b). Conversely,
MORCI protein was undetectable in Morc1%/® mutant germ cells
(Fig. 1b). To test for transposon derepression in Morc1'¢*8 germ
cells, we performed immunostaining for LINE1 ORFlp and
intracisternal particle A (IAP) at postnatal day 14.5 (P14.5). We
found that both of these transposon classes were ectopically
expressed during early postnatal development, with particular
enrichment of LINE1 ORFlp in the meiotic cells towards the
centre of the tubule (Fig. 1c,d). LINE1 ORFlp was also
derepressed at E16.5 and E18.5, showing that transposon
derepression in Morc1'¢’*8 arises well before the apparent meiotic
defect (Supplementary Fig. 2c).

To identify which genes and specific transposons are targets of
MORCI1-mediated repression, we performed mRNA-Sequencing

2

(RNA-Seq) of whole testes from Morcl 918 and Morcl'¥+
heterozygous controls at P10.5 and P14.5. Given that germ cells
make up only a small percentage of the testis during the
embryonic early and postnatal period, we also performed RNA-
Seq on ribosomal RNA-depleted total RNA from sorted germ
cells at E16.5, E18.5, P2.5 and P10.5. To purify germ cells, we
crossed the Morc1€ allele into the Oct4-IRES-eGfp reporter strain,
which exhibits a distinct eGFP ' population from 9.5 to P2.5
(Supplementary Fig. 3a)!>16, To isolate germ cells at P10.5, we
gated the side scatter (SSC) low (SSCLo), epithelial cell adhesion
molecule  (EPCAM)  high (EPCAM™Y)  and major
histocompatibility complex negative (MHCI™) population of
testicular cells (Supplementary Fig. 3b). A list of sequencing
samples and the experiments to which they correspond is
included in Supplementary Data 1. Consistent with RT-PCR
and published data®!7, Morcl mRNA was confirmed to show
high expression at E16.5 and lower expression at later time points
in the sorted germ cells (Fig. 2a).

The RNA-Seq data showed a broad transposon derepression
defect in Morcl®®8 starting at E16.5 (Fig. 2c-e and
Supplementary Data 2). Quantitative RT-PCR analysis of various
transposable element classes gave similar results as RNA-Seq data
(Supplementary Fig. 4a). In addition, RNA-Seq on sorted
Morc1®'8 and control germ cells at P10.5 resembled the pattern
of transposon derepression observed in whole testes
(Supplementary Fig. 4a). Heterozygous MorcI1®®'* mice showed
no marked increase in transposon expression relative to WT
Morcl+/* mice, confirming their validity as littermate controls
(Supplementary Fig. 4b).

Different transposon classes showed different patterns of
derepression in MorcI®¥8, Some classes (RLTR4, RLTR6, MuRRS
and Etn) were upregulated during embryogenesis but silenced even
in the knockout at later time points (Fig. 2b). Other transposons
(MMERVKI10C, GLN and some IAP species) were most highly
upregulated at postnatal time points (Fig. 2c,d). LINEs were
upregulated both in late embryogenesis and again at P14.5 after the
onset of meiosis (Fig. 2e), which was confirmed by immunofluor-
escence (Fig. 1d and Supplementary Fig. 2¢c). These fluctuations in
transposon upregulation may reflect differences in the inherent
transcriptional programmes of certain transposon classes, as well as
varied effectiveness of other, partially redundant transposon
repression pathways at different times. In the aggregate, however,
these results indicate that MORCI constitutes a new participant in
transposon repression in the mammalian germline, acting on many
different elements. Notably, MORCI silences many transposon
classes well after it is downregulated, consistent with it acting
through an epigenetic mark such as DNA methylation.

PiRNA biogenesis occurs normally in the Morcl mutant.
During this period in germline development (E14.5 to birth), germ
cells undergo mitotic arrest and global nuclear reprogramming that
most notably involves genome-wide de novo DNA methylation
mediated by the DNMT3A/DNMT3L complex' 18, The pre-
meiotic piRNA pathway, involving the nuclear PIWI protein
MIWI2, is also active during this period in promoting transposon
silencing. To evaluate whether MORC1 acts on the same
transposon classes as DNMT3L or MIWI2, we performed RNA-
Seq on whole testes from Dnmt3l ~/ = (ref. 10) and Miwi2 =/~
(ref. 12) mice and their respective controls at P10.5, and compared
this with the Morci®® P105 whole testis data
set. Morc1®¥8 and Dnmt3]~/~ exhibited derepression of an
overlapping set of transposons, primarily long terminal repeat
(LTR) retrotransposons, while the Miwi2 ™~ /= mutant testes had a
milder phenotype and showed derepression of specific LINE
elements and the IAP-Ey class of retrotransposons, which was not
affected in MorcI'®®€ or Dnmt3l~/~ mutant testes (Fig. 2f-h).
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Figure 1| MORC1 is a nuclear protein essential for transposon repression. (a) Domain structure of MorcT gene and disruption in Morc1!9 allele.
Deleted residues predicted to be critical for catalytic activity or ATP binding are denoted. (b) Detection of MORC1 by immunofluorescence (IF) in E16.5
testes. MORC1 is present as a germ cell-specific nuclear protein in the Morc1t9/+ (het) control but is absent from the MorcTt9/t9 (knockout (KO)). Aberrant
expression of IAP GAG (c) and LINE ORF1p (d) in Morc1t9/19 as detected by IF at P14.5. Note that IAP is overexpressed in most germ cells, whereas LINE is
primarily present in the more differentiated cells deeper into the tubule. Scale bars, 20 um (b-d).

The lack of overlap between Morcl and Miwi2 predicts that
piRNAs would be unperturbed in Morc1'¥*¢ mice. To test this, we
performed small RNA sequencing of the testis at E16.5 to
examine piRNA production. Our data revealed that the ratio of
piRNA/microRNA and the generation of antisense piRNAs were
unaltered in Morcl'¥®€ (Table 1), indicating that the piRNA
pathway remains largely intact in Morc1®¥® testis at E16.5, and
that transposon derepression in MorcI1®¥®¢ is most likely to be
independent of the piRNA pathway. In fact, at P10.5 we observed
an increase in the fraction of piRNAs derived from LTR

retrotransposons, especially of the IAP family, in the
MORCI1-deficient testis (Supﬁ)lementary Fig. 5a-c), similar to
that observed in Dnmt31~/~1°. These LTR transposon-derived
piRNAs corresponded to primary sense piRNAs (Supplementary
Fig. 5d,e), suggesting that they are probably more abundant
simply because the underlying mRNA species are derepressed
in Morcl®¥%, and some fraction are converted to piRNAs
(Supplementary Fig. 5f). Hence, our results indicate that
MORCI acts in a transposon-silencing pathway independent of
piRNA production.
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Figure 2 | MorcT'9/t9 shows transposon upregulation resembling Dnmt3/—/ ~. (a) Expression of MorcT mRNA over development in Morc1t9/+, as
measured by RNA-seq. (b-e) Overexpression of transposon species over the course of mammalian development, represented as a ratio of expression in the
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Table 1 | piRNA abundance and characteristics in E16.5
Morc1t9/+ and Morc1'9/9 testes.

Morc1 het Morc1 KO
Putative piRNA/miRNA 0.55 0.59
Sense/antisense 1.34 1.34
Primary/secondary 4.43 391

Hypomethylation of transposable elements in Morcl®/’s.
Because of the resemblance between transposons derepressed in
Morc1¥*8 and Dnmt3l~/~ testes (Fig. 2fg), we sought to
examine whether Morcl might affect global DNA methylation
levels. To address this, we performed whole genome bisulfite
sequencing at E16.5, P2.5 and P10.5 on sorted Morc1®¥*¢ and
control germ cells isolated as above. At E16.5, the germline is
undergoing de novo DNA methylation and by P2.5 de novo
methylation is largely complete. Between roughly P2.5 and P10.5,

miRNA, micro RNA; piRNA, Piwi-interacting RNA; smRNA, small RNA.

Ratios of putative piRNA/miRNA, sense piRNA/antisense piRNA and primary piRNA/secondary
piRNA populations are indicated for smRNA obtained from pooled E16.5 Morc1'% * and Morcitd/t9
testes. No substantial defect in piRNA biogenesis is observed in MORC1-deficient testis.

germline cells re-enter the cell cycle and either initiate the first
wave of spermatogenesis to generate meiotic cells or localize
to the basement membrane and generate the long-term
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self-renewing spermatogonial stem cell population?®?!, In

contrast to Dnmt3]~/~ mutant germ cells that show a
dramatic global reduction in DNA methylation??, we found no
change in global levels of methylation at any time point in
Morc1®%8-sorted germ cells (Fig. 3a). Thus, despite the similar
morphological phenotypes and transposon expression defects of
Morc1'¥* and Dnmt31~/~ mice, MORC1 does not act by
controlling de novo or maintenance methylation at a genome-
wide level.

In mammals, DNA methylation is very dynamic and promoter
DNA methylation frequently correlates with gene repression. To
determine whether there may be localized defects in DNA
methylation in Morc1'¢%8, and whether these are associated with
derepressed transposons identified by RNA-Seq, we calculated
statistically 51gn1ﬁcant differentially methylated regions (DMRs)
in the MorcI'¥/"8 germ cells relative to the MorcI®* control. At
E16.5, we found very few DMRs (Fig. 3b). However, at P2.5 we
identified 6,309 hypomethylated regions (Supplementary Data 3)
but only 145 hypermethylated regions (Supplementary Data 4),
indicating that Morc1'¥*€ germ cells have locus and stage-specific
DNA methylation defects (Fig. 3b). In addition, the over-
whelming majority of regions identified as hypomethylated at
P2.5 remain hypomethylated at P10.5 (Fig. 3c) and only a few
regions lost methylation between P2.5 and P10.5 (Fig. 3d).

The hypomethylated DMRs in Morc1®¥8 germ cells were
highly enriched for LINE and LTR transposons rather than
protein-coding genes compared with control regions (see
Supplementary Methods), consistent with the transposon expres-
sion defects observed in Morc1%®®8 germ cells (Fig. 4a). Indeed,

93.9% of hypomethylated DMRs contained an LTR or LINE,
compared with 40.6% of control DMRs. The hypomethylated
DMRs were strongly concentrated in the categories of transpo-
sons that showed evidence of derepression (Fig. 4b-d) during
some stage of development before meiosis.

A partial exception to this trend were IAP elements.
Hypomethylated DMRs were strongly enriched for IAP elements
and corresponding LTRs (Supplementary Fig. 6a), but there was a
poor correspondence between the extent to which a subcategory
of IAPs was upregulated and the frequency of overlap with DMRs
(Fig. 2d and Supplementary Fig. 6b). This is probably because
certain highly similar repetitive elements such as LTR1 give very
few uniquely mapping reads and are therefore missing from the
data set. To overcome this, we also mapped the BS-seq data to
RepBase consensus sequences for relevant transposons. We
confirmed hypomethylation of the upregulated IAPLTRI1 class
(Supplementary Fig. 6¢c). Mapping to repeat consensus sequences
also confirmed hypomethylation of LINE and LTR classes, which
frequently overlap with DMRs (Fig. 4c-e).

Only 20 protein-coding genes contained an annotated
transcription start site (TSS) within 1kb of a hypomethylated
DMR (Supplementary Data 5) and only 3 contained a TSS within
a DMR. Interestingly, all three of these genes (Nebulin, Tmc2 and
Cdkl4) contain an RLTR10A transposable element immediately
upstream of the TSS and all three genes showed a statistically
significant increase in expression (Supplementary Fig. 7 and
Supplementary Data 5). Thus, at a very few loci, MORC1
regulates genic expression, probably as a byproduct of its
transposon repression activity in the local neighbourhood.
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Figure 3 | MORC1 regulates DNA methylation in a stage- and locus-specific manner. (a) Total CG and CA methylation levels in MorcT%’+ and
Morc1t9/19 sorted germ cells. Three to four replicates per genotype and time point were analysed; mean and s.e. are indicated. (b) Number of
hypermethylated and hypomethylated DMRs, calculated using pooled BS-seq data at each time point. (¢) Boxplots of DNA methylation levels at E16.5, P2.5
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Figure 4 | Hypomethylated regions in Morc1t9/t9 correspond to upregulated transposon classes. (a) The overlap of hypomethylated DMRs and control
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for these LTRs.

Considering MORCI’s role as local modulator of DNA
methylation, we examined changes in methylation in the three
well-characterized paternally methylated imprinted loci®.
Methylation occurred normally at two of the three loci
(H19 and DIkI-Gt2), but the imprinting control region of

Rasgrfl showed increased transcription and hypomethylation
in the Morcl mutant (Supplementary Fig. 8). Interestingly,
this is a transposon-rich area, which has previously been
demonstrated as a target of the piRNA pathwa}},4 (see
Discussion below).
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Of the very few hypermethylated loci observed in the Morcl
mutant, most were not conserved across time points and are
probably a consequence of biological or statistical noise. However,
15 hypermethylated DMRs were reproducible between P2.5 and
P10.5. Nine of these 15 were embedded in 2 transcripts
upregulated in Morc1®®"8: 6 DMRs contained within the body
of the Cdkl4 gene described above and 3 DMRs in an
unannotated transcript probably originating from a hypomethy-
lated TAPLTR1 element (Supplementary Fig. 9). These are
probably examples of transcriptional run-through from a nearby
promoter causing methylation of a locus, a phenomenon that has
been described for some imprinted loci®®.

DMRs are sites of transposon transcriptional initiation. The
highly localized affect of MORC1 on the germline epigenome
suggests that MORC1 may function at the transcriptional start
sites of transposons to facilitate their silencing and methylation.
In support of this, we discovered that hypomethylation in
Morc1%®®8 mutant germline cells was concentrated at the 5'- ends
of LINE elements coincident with the location of transcriptional
initiation (Fig. 4¢)20. Furthermore, LTR transposons, which are
typically flanked by LTRs that serve promoter and enhancer
functions?’, showed hypomethylation on both ends in Morc1%¥/%8
(Fig. 4d), and the LTRs themselves are heavily hypomethylated
(Fig. 4d.e).

We also noted that hypomethylated DMRs in Morc1%¥/%8 germ
cells were late targets for de novo methylation during the course
of epigenetic reprogramming, since in control Morc1®¥ T cells
these genomic regions were also hypomethylated relative to the
genome average at E16.5 (Fig. 3c,d and Supplementary Fig. 10).
This suggests that these loci are somewhat resistant to
de novo methylation. Consistent with this possibility, we also
discovered that these Morcl affected genomic regions have
increased H3K4me3 relative to control regions of the genome in
WT cells E13.5 (Supplementary Fig. 11a)%%. To determine
whether these loci are enriched in H3K4me3 during the
dynamic de novo methylation of the germline genome, we
performed chromatin immunoprecipitation (ChIP) analysis for
H3K4me3 at E16.5 and confirmed that these regions still
exhibited higher H3K4me3 (Fig. 5a). In contrast, other
chromatin marks such as H2B10ac, K3K27ac and H3K27me3
showed no correlation with Morc1®¥/'8 DMRs (Supplementary
Fig. 11b). It is well established that H3K4 methylation
antagonizes de novo DNA methylation by blocking DNMT3A/
3L binding to histone H3 (ref. 29). Thus, the presence of
H3K4me3 could potentially explain why these loci methylate with
slow kinetics and require an additional factor (MORC1) for
eventual silencing and methylation. It is also well established that
H3K4me3 is a mark of transcriptional start sites, consistent with
the idea that many DMRs are TSSs for transposons that are active
in the embryonic germline.

At E16.5, we found that RNA transcripts were significantly
elevated at Morc1®®8-hypomethylated DMRs relative to the
surrounding areas, even in control Morc1®¥'* germ cells (Fig. 5b).
However, by P10.5, this RNA expression was severely repressed in
control Morc1®* germ cells with modest but increased
expression in MorcI'®¢ (Fig. 5b). This data is consistent with a
model in which the hypomethylated DMRs correspond to
TSSs that are normally methylated and suppressed during
development.

To further confirm that these DMRs correspond to transcrip-
tional start sites, we employed ATAC-seq, which can be used to
identify areas of open chromatin that are a signature of promoter
and enhancer sites’’. We confirmed that ATAC-seq can be
accurately adopted for small sample sizes, that reads cluster near

transcriptional start sites in E16.5 germ cells, and that ATAC-seq
read density at the TSS correlates with gene expression
(Supplementary Fig. 12). We found that ATAC-seq peaks
overlapped tightly with DMRs (Fig. 5c¢,d) and most DMRs
showed ATAC-seq reads substantially elevated over background
(Fig. 5e). In contrast, reads from the naked DNA control were not
enriched over DMRs (Fig. 5d). At P10.5, a more limited subset of
DMRs exhibited elevated ATAC-seq reads (Fig. 5e), consistent
with the observation that transcription is retained only at some
DMRs in postnatal germ cells (Supplementary Fig. 13a,b). Other
sites lose ATAC peaks and transcription (Supplementary
Fig. 13c), either because relevant transcription factors are
absent or because other mechanisms of transposon silencing are
effective. Importantly, at E16.5, where we observe expression
from DMR regions in both Morc1®* and Morc1%¥%8 cells, we
also observed a high ATAC-seq signal in both Morc1®* and
Morc1®'8 cells (Fig. 5d). In contrast, at P10.5, where DMRs are
silenced in heterozygotes but remain expressed in MorcI1®¥/%8, we
only observed high ATAC-seq signal in the Morc1®¥% cells
(Fig. 5d). These results support the view that DMRs in Morc1%¢/%¢
cells correspond to promoters of transposons that fail to silence
properly, leading to an inappropriately open chromatin state, and
ectopic transposon expression, which is retained at P10.5, even
after MORCI expression has ceased.

Discussion

The results of this study identify MORCI as a critical regulator of
transposon repression in the male germline. MORCI does not act
as a global regulator of DNA methylation. Instead, MORCI1
functions to facilitate DNA methylation of a variety of
transposons in the germline with very little effect on the
expression or methylation of protein-coding genes. The observa-
tion that Morc homologues are required for gene silencing in
Arabidopsis, C. elegans and now mammals suggests that the Morc
family of proteins constitute conserved epigenetic regulators that
probably function in a wide variety of eukaryotic organisms and
developmental contexts.

The MorcI®*8 phenotype of transposon derepression and a
block in meiosis prophase I superficially resembles the phenotype
observed in mice deficient for proteins involved in the pre-
pachytene piRNA pathway, including Mili*"32, Miwi2 (ref. 12),
MitoPLD?3, MovIOL1 (refs 34,35), MaeP%7, Tdrkh3®, Tdrd9
(ref. 13) and MVH?*40, What distinguishes Morc1®®%8 from these
characterized pre-pachytene piRNA mutants, however, is the
apparently normal piRNA biogenesis in MorcI¥*8 (Table 1).
We do note similarities in the pattern of hypomethylation in
Morc1%®®8 and Mili =/~ mutant germ cells, including the Rasgrfl
imprinting control region®!, as well as many of the same
transposon families*!. The dissimilarity in transposon repression
observed in Miwi2~/~ and Morc1¥*8 germ cells (Fig. 2fh)
suggests that MORCL1’s role in the nucleus is independent from
the nuclear piRNA pathway mediated by MIWI2. It is possible
that MORC1 participates downstream of the nuclear piRNA
pathway during embryogenesis and has a separate, piRNA-
independent silencing role during the postnatal stages. This could
cause Morc1®®" to have a broader transposon derepression
phenotype than Miwi2~/~. Alternatively, there may exist a
MILI-dependent, MIWI2-independent mechanism for promoting
methylation of target loci.

TEX19.1 has also been implicated in transposon repression in
the male germline and has no known link to the piRNA
pathway*?. However, TEX19.1 is cytoplasmic*>*3, ~shows
dysregulation only of MMERVKIOC elements*>** and
Tex19.1 /= has an incomplete infertility defect*>*3. Thus, the
Morc1'9*8 and Tex19.1~/~ defects are fairly dissimilar and there
is no evidence that they participate in the same pathway.
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Figure 5 | Hypomethylated regions in Morc19/t9 correspond to TSS of transposons active in late embryogenesis. (a) H3K4me3 abundance at E16.5 is
calculated within regions identified as hypomethylated DMRs (Hypo DMR) in P2.5 Morc1'9/19 germ cells. (b) Average distributions of uniquely mapping
E16.5 RNA-Seq reads (left) and P10.5 RNA-seq reads (right) from individual replicates are plotted over regions identified as hypomethylated at P2.5. (c)
Pooled E16.5 ATAC-seq reads are plotted relative to methylation distribution at two loci with hypomethylated DMRs. Each CG is represented as by a bar,
with the height of the bar indicating the frequency with which the CG is methylated. A dot at a position indicates no methylation. At least one read must
map to the CG for a bar to appear. (d) ATAC-seq reads from individual replicates at E16.5 (left) and P10.5 (right) are plotted relative to DMRs. (e) ATAC-
seq read abundance at DMRs and adjacent regions is represented as a boxplot, with each DMR constituting one point in the boxplot. For a-e, DMRs refer to
regions hypomethylated in Morc1t9/19 germ cells at P2.5.
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Although we have revealed a critical role for MORCI in
transposon silencing, the actual mechanism by which MORC1
promotes DNA methylation in the male germline is unknown.
Our study suggests at least three potential routes by which
MORCI represses transposons and facilitates DNA methylation.
One possibility is that MORCI1 directly silences transcription,
perhaps using its ATPase activity to compact chromatin, thereby
reducing H3K4 methylation levels at target sites. This silencing
would allow for normal de novo methylation by DNMT3L.
A second possibility is that MORC1 could recruit an H3K4
demethylase, which would similarly promote DNA methylation.
Either mechanism agrees with our observation that MORCI-
hypomethylated DMRs originate from loci with increased
H3K4me3 at E13.5. A third non-mutually exclusive possibility
is that MORCI1 directly recruits the DNA methylation machinery
to target loci, mediating methylation and silencing.

In conclusion, a robust genome defense system in the male
germline is critical to safeguard genome integrity. We have
identified a new participant that acts by facilitating DNA
methylation of specific repetitive elements classes.

Methods
Mice. FVB/N-Morc'® = (TYD1AZ] mice (Morc1'®) were recovered from cryopre-
servation at the Jackson Laboratory and maintained by intercrossing brothers and
sisters in the FVB/N background. Male Morc1'®/®% mice were viable healthy but
infertile, whereas female MorcI'¥''8 mice were viable healthy and fertile. For PCR
genotyping, the WT allele was detected as a 347-bp band with the following pri-
mers; forward: 5'-ATGCAACTTGAGGGGAAACA-3' and reverse: 5'-GCAGGAG
TTATGCGATGTCA-3/, and the mutant allele was detected as a 244-bp band with
the following primers; forward: 5'-AGTTAGCCGTTATTAGTGGAGAGG-3' and
reverse: 5-AGAAAGCCTGCCTCAAAACA-3". PCR conditions involved ten
cycles of 94 °C, 65°C and 68 °C, followed by 28 cycles of 94 °C, 50 °C and 72 °C.
For sorting germ cells from E16-5-P2.5, MorcI'8 /8 females were crossed into the
Oct4-IRES-Gfp mixed background. For embryonic staging, timed pregnancies were
established and the day a vaginal plug was identified was called embryonic day 0.5
(E0.5). For postnatal time points, the day a litter was first observed was referred to a
postnatal day 0.5 (P0.5).

All animal experiments were approved by The UCLA Institutional Animal Care
and Use Committee, also known as the Chancellor’s Animal Research Committee.

Antibodies. Murine Morcl coiled-coil domain (amino acids 788-950), expressed
in and purified from bacteria, was provided by Jiamu Du and Dinshaw Patel
(Sloan Kettering). Anti-Morcl antibody was raised in rabbit in collaboration with
Rockland Immunochemicals.

Anti-LINE Orflp antibody was provided by Alex Bortvin (Carnegie Institution
for Science) and anti-IAP Gaga antibody was provided by Bryan Cullen (Duke).

Immunofluorescence. Whole testes were fixed with 4% paraformaldehyde,
immobilized in paraffin and sectioned. After removal of paraffin, sections were
stained at the following antibody concentrations: anti-LINE Orflp (1:300),
anti-IAP Gag (1:300), anti-MORCI1 (1:100), anti-VASA (1:100, R&D Systems
AF2030), stained with fluorescent secondary antibody and mounted with DAPI
(4,6-diamidino-2-phenylindole). Slides were imaged by Confocal microscopy.

Embryonic germ cell purification. Collection of embryonic testes were performed
following institutional approval for appropriate care and use of laboratory animals.
Pregnant females were euthanized using CO, and the embryos removed from the
womb and stored on a 10-cm dish filled with chilled 1 x PBS. Testicles were
removed from the embryos, placed in an individual 15-ml falcon tube with 3 ml of
0.25% Trypsin, with 3 pl of DNAse I 1 Unit per 1 pl (Life Technologies). Testes
were incubated for 15 min at 37 °C. After incubation, the cells were agitated into
suspension gently by pipetting. The trypsin was then quenched using 5 ml DMEM/
10% fetal bovine serum (Life Technologies). The cells were centrifuged at 278g for
5min and resuspended in 500 ul FACS buffer (1 x PBS 1% BSA). 7-Aminoacti-
nomycin D was added at a 1:50 dilution (BD Biosciences) and the cells strained
through BD FACS tubes (Corning) before analysis. Green fluorescent protein-
positive cells were sorted into Buffer RLT (Qiagen) or ATL (Qiagen) for RNA or
DNA extraction, respectively.

Postnatal germ cell purification. Pups were euthanized using isoflurane. The
testes were removed using tweezers, placed in a 1.5-ml centrifuge tube and chilled
on ice. When all testes had been removed, each pair was placed in 1 ml of type IV
collagenase (Invitrogen) in an ultra-low-attachment six-well plate (Corning).

All extraneous tissue and the tunica were removed and the seminiferous tubules
were teased apart. The samples were then incubated at 37 °C for 15min and
centrifuged for 5min at 278g. Testes were then resuspended in 500 pul of 0.25%
Trypsin (Life Technologies) and incubated for 5min at 37 °C. After the incubation
period, the testes were agitated gently into suspension by pipetting. Five hundred
microlitres of DMEM/10% fetal bovine serum was added and the samples were
centrifuged for 5min at 200g.

For the P2.5 timepoints, green fluorescent protein-positive cells were sorted as
with embryonic time points. To sort germ cells at P10.5, the cells were washed with
1 ml FACS buffer and then resuspended in 500 ul FACS buffer. Cells were then
incubated with 1:160 EPCAM PE (Biolegend 118205) and 1:250 ul H2-K9 647
(Biolegend 115106) on ice for 20 min in the dark, then centrifuged 5min at 200g
and resuspended in 500 pl FACS buffer. DAPI was added (1:1,000, Life
Technologies) and the cells were strained through BD FACS tubes (Corning)
before analysis. SSC'® EpCAMM H2-K3~ cells were sorted into Buffer RLT or ATL
for RNA or DNA extraction, respectively.

qRT-PCR of Morc1. For embryonic samples, gonads were pooled from approxi-
mately five to seven mice per time point. RNA was extracted by the TRIzol method
and DNase-treated (Qiagen) before complementary DNA conversion (Superscript
111, Life Technologies). Quantitative amplification of cDNA was performed in
triplicate using SYBR Green quantitation (PCR primers listed below) on a 7900 HT
Fast Real Time PCR System (Applied Biosystems).

Rrm2, F: 5'-CCGAGCTGGAAAGTAAAGCG-3'

R: 5-ATGGGAAAGACAACGAAGCG-3'

Morc Exon 7, F: 5-GACCCGCAGAAGTTCTTCA-3'

R: 5-TGCTGCATCAATTCAGCTTC-3'.

RNA preparation. RNA for was extracted from whole testes or cells using the
RNeasy Micro Kit (Qiagen 74004). The material was quantified using a Nanodrop
ND-1000 (Nanodrop) for RNA from whole testis or the Qubit RNA High Sensi-
tivity Assay (Life Technologies) for RNA from sorted germ cells. RNA quality for
material from whole testis was assessed by gel electrophoresis and visualization of
the 28S and 18S rRNA bands.

DNA preparation. DNA for bisulfite sequencing was extracted using the QiaAMP
DNA Micro kit (Qiagen) and quantified using the Qubit dsDNA High Sensitivity
Kit (Life Technologies).

qRT-PCR of retrotransposons. qRT-PCR for retrotransposons was conducted
using published primer sets**. One microgram total RNA was treated with DNAse
I Amplification Grade (Life Technologies) and converted to cDNA using
SuperScript II Reverse transcriptase and random hexamers as primer (Life
Technologies). The samples were digested with RNAse H in accordance with
manufacturer’s protocol. RT-PCR was then performed using iQ SYBR Green
Mastermix (BioRad) with 750 nM concentration of each primer. The samples was
amplified (PCR programme: 95 °C 10:00, 50x (95 °C 30s, 55 °C 30s, 72 °C 30s))
with detection of PCR product after each elongation step and determination of
melting temperature after the completion of PCR. The reaction was performed
using an Agilent Technologies Mx3005p qPCR System (Stratagene). Upregulation
of transposon transcript in the mutant is estimated using difference of squares with
glyceraldehyde 3-phosphate dehydrogenase as a control.

RNA-seq library preparation. RNA from whole testes was processed for
sequencing using a TruSeq RNA Sample Preparation Kit v2 (Illumina) with

250 ng-2 pg total RNA as starting material. Mutant and controls were always
matched for starting RNA content. RNA from sorted germ cell was processed using
the Ovation Human FFPE RNA-Seq Multiple kit (Nugen) using custom primers
for depletion of murine rRNA provided by the manufacturer, using 10 ng of total
RNA. Each library was prepared using RNA from one individual mouse.

Small-RNA isolation and library preparation. Total RNA was isolated from
embryonic testes using Ribozol. Thirty micrograms of total RNA was loaded on
12% urea-polyacrylamide (PAA) gel. The 19-30 nt fraction was excised and snap-
frozen in liquid nitrogen in 400 pl 0.4 M NaCl. RNA was eluted from the gel
overnight at 16 °C while shaking at 1,000 r.p.m. and then precipitated with 3 vol
absolute ethanol. Pre-adenylated 3'-linker (/5'Phos/TGGAATTCTCGGGTGCC
AAGGAACTC/3'ddC/; 5'-DNA adenylation kit, NEB) was ligated to RNA over-
night at 4 °C using Truncated RNA Ligase 2 (NEB). Ligation reactions were loaded
onto 10% urea-PAGE, the 45-56 nt fraction was excised and nucleic acids extracted
as above. 5'-Linker (5'-rGrUrUrCrArGrArGrUrUrCrUrArCrArGrUrCrCrGrAr
CrGrArUrC-3') was ligated to the samples using RNA Ligase 1 (NEB) overnight at
4°C. Ligation reactions were loaded on 10% Urea-PAA gel, 72-83 nt fraction was
excised and nucleic acids extracted as above. Extracted samples were reverse
transcribed (primer sequence: 5'-GGAGTTCCTTGGCACCCGAGA-3') and
library amplified by PCR using standard Illumina primers. Final libraries were
excised from the agarose gel and sequenced.
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Bisulfite library preparation. Libraries were prepared using the Ovation Ultralow
Methyl-Seq Library System (Nugen). Five to 25ng DNA was used as starting
material. Matched mutant and control samples always contained identical quan-
tities of DNA. Unmethylated Lambda phage DNA (NEB) was spiked in at 0.5%
input DNA quantity to determine conversion efficiency, which was consistently
>98%. Each library was prepared using DNA from one individual mouse.

ChIP sequencing. The ChIP sequencing (ChIP-seq) protocol was adapted from
published sources?8. FACS-sorted cells from an individual mouse were diluted to
292 ul with 1 x PBS at room temperature. Formaldehyde (Sigma) was added to a
final concentration of 1% and the sample was incubated for 10 min at room
temperature with rocking. One molar glycine was then added to yield a final
concentration of 0.14 M and the samples were quenched 30 min with rocking. Cells
were then spun at 425¢ for 10 min at room temperature. The cell pellet was flash
frozen.

After thawing, the cells were resuspended in 200 pl lysis buffer (50 mM Tris-Cl
pH 8.0, 20 mM EDTA pH 8.0, 1% SDS, 1 x Complete Protease Inhibitor (Roche))
and incubated on ice for 10 min. Samples were then subjected to a 9-min
disruption using a Bioruptor on ‘High’ setting, with 30s/30 s off disruption (hence,
4.5min of disruption in total). Samples were spun at 14,000¢ for 10 min, to remove
insoluble material. The soluble sample was diluted to 500 pl with dilution buffer
(16.7 mM Tris pH 8, 0.01% SDS, 1.1% TritonX-100, 1.2 mM EDTA, 167 mM NaCl)
and 10% of material was saved as input. Sample was precleared with 30 pl Protein
A Dynabeads (Life Technologies) and preincubated for 1h. The cleared material
was incubated with 1 pl anti-H3K4me3 antibody (Millipore 04-745) overnight.

The samples were incubated with 30 ul Protein A Dynabeads and the
precipitated material was recovered with a magnet. The beads were washed 2 x for
4 min with Buffer A (50 mM HEPES pH 7.9, 1% Triton X-100, 0.1% Deoxycholate,
1mM EDTA, 140 mM NaCl), 2 x for 4 min with Buffer B (50 mM HEPES pH 7.9,
0.1% SDS, 1% Triton X-100, 0.1% Deoxycholate, 1 mM EDTA, 500 mM NaCl) and
2 x for 4min with 10 mM Tris/1 mM EDTA. Bound material was eluted with
100 pl elution buffer (50 mM Tris pH 8.0, 1 mM EDTA, 1% SDS) at 65 °C for
10 min and then eluted a second time with 150 pl elution buffer.

The input samples were thawed and diluted with 200 pl buffer. Cross-linking of
ChIP and input samples was reversed by incubating 16 h at 65 °C. Samples were
cooled and treated with 1.5 pl of 10 mg ml~! RNaseA (PureLink RNAse A,
Invitrogen 12091-021) for 30 min at 37 °C. One hundred micrograms of Proteinase
K was then added and the samples treated for 2 h at 56 °C. The samples were then
purified using a Qiagen Minelute kit.

Samples were amplified by a SeqPlex DNA Amplification kit (Sigma) and then
converted to libraries using an Ovation Rapid Library kit.

ATAC-seq library construction. Libraries were generated using a method adapted
from published protocol®’. Briefly, FACS-collected cells from individual mice were
spun at 500g for 5 min at 4 °C. Cells were resuspended in 50 pl lysis buffer (10 mM
Tris pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.1% NP40, 1 x Complete Protease
Inhibitor(Roche)) and spun at 500g for 10 min. at 4 °C to collect nuclei. The nuclei
were resuspended in 50 pl Transposase reaction (25 pl 2 x Tagmentation buffer,
22.5 pl water, 2.5 pl Tn5 Transposase enzyme) and reacted for 30 min at 37 °C on a
PCR machine. The material was purified using a Qiagen MinElute protocol, eluting
with 14 pl EB (Qiagen).

To amplify ATAC-seq libraries from the treated material, we amplified using
the Ad1 primer below and a different Ad2 primer for each sample, which functions
as a barcode

Adl: 5'-AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCG
TCAGATGTG-3’

Ad2.1_TAAGGCGA: 5-CAAGCAGAAGACGGCATACGAGATTCGCCTT
AGTCTCGTGGGCTCGGAGATGT-3'

Ad2.2_CGTACTAG: 5'-CAAGCAGAAGACGGCATACGAGATCTAGTACG
GTCTCGTGGGCTCGGAGATGT-3'

Ad2.3_AGGCAGAA: 5'-CAAGCAGAAGACGGCATACGAGATTTCTGCCT
GTCTCGTGGGCTCGGAGATGT-3'

Ad2.4_TCCTGAGC: 5'-CAAGCAGAAGACGGCATACGAGATGCTCAGG
AGTCTCGTGGGCTCGGAGATGT-3'

Ad2.5_GGACTCCT: 5'-CAAGCAGAAGACGGCATACGAGATAGGAGTCC
GTCTCGTGGGCTCGGAGATGT-3'

Ad2.6_TAGGCATG: 5'-CAAGCAGAAGACGGCATACGAGATCATGCC
TAGTCTCGTGGGCTCGGAGATGT-3'

Ad2.7_CTCTCTAC: 5-CAAGCAGAAGACGGCATACGAGATGTAGAGAG
GTCTCGTGGGCTCGGAGATGT-3'

Ad2.8_CAGAGAGG: 5'-CAAGCAGAAGACGGCATACGAGATCCTCTCTG
GTCTCGTGGGCTCGGAGATGT-3'

Ad2.9_GCTACGCT: 5-CAAGCAGAAGACGGCATACGAGATAGCGTAGC
GTCTCGTGGGCTCGGAGATGT-3'

Ad2.10_CGAGGCTG: 5'-CAAGCAGAAGACGGCATACGAGATCAGCCTC
GGTCTCGTGGGCTCGGAGATGT-3

The eluted material was amplified in 50 ul volume using 1.25uM primer
concentration and a 1 X concentration NEBNext High-Fidelity Master-Mix (NEB)
(programme: 72 °C 5:00, 98 °C 30s, 5 x (98°C 105, 63°C 30, 72 °C 1min), 4°C
hold). After these five cycles of amplification, the tube was kept on ice.

10

A 5-pl aliquot was then removed and used to perform a 15-pl side reaction with
identical concentrations of primer and enzyme as above, except that 0.6 x SYBR
Green (Invitrogen S-7563) is included to monitor amplification. This side reaction
was amplified on a Stratagene Mx3005p qPCR (Agilent) system with the following
amplification conditions (98 °C 305, 20 x (98°C 105, 63 °C 305, 72 °C 1:100)).
The number of additional cycles ‘N’ required to reach one-fourth maximum
fluorescence was observed. The purpose of this side reaction was to minimize the
number of PCR cycles required used to generate the libraries, as length and GC bias
increases with more amplification The remaining 45 pl of the reaction was then
further amplified (98 °C 30s, N x (98°C 105, 63 °C 305, 72 °C 1:00), 4 °C) and the
libraries were puried by a Qiagen MinElute kit eluting with 20 pl volume. Libraries
were visualized by running on a 5% TBE gel and imaged by incubating for 20 min
in 1 x SYBR Green/1 x TBE. Libraries quantified using the KAPA Library
Quantification Kit (Kapa Biosystems).

RNA-seq analysis. For all analyses, reads were trimmed to 50 bp and those
mapping to ribosomal RNA (GenBank identifiers: 185 NR_003278.3, 28S
NR_003279.1, 55 D14832.1, 5.8S K01367.1) by up to three mismatches were
discarded.

Analysis on repeat families. Reads were then mapped to the mm9 genome
allowing no mismatches and keeping reads that map up to 10,000 sites in the
genome using Bowtie®. Each mapping read was assigned a score of 1/n, where  is
the number of sites in the genome the read mapped to. Repeats were obtained from
RepeatMasker. Expression values for each repeat family was calculated by adding
the scores contained within the repeat body, divided by the total million reads
mapped and average length (kb) of repeats within the family.

Analysis on individual genes and repeats. Reads were then mapped to known
mm9 gene and repeat annotations by allowing up to two mismatches and only
retaining reads that mapped to one location. When reads did not map to the
annotated genes and repeats, the reads were mapped to the mm9 genome. Number
of reads mapping to genes and repeats were determined by using HTSeq
(doi: 10.1101/002824) using default parameters. Expression values were calculated
as reads per kilobase of exons per million mapping reads. Differential gene and
repeat expression was determined by using DESeq?, by using default parameters.

Whole-genome bisulfite sequencing. Reads were split into 50 bp reads before
mapping. Reads were mapped to the mm9 genome as well as the lambda genome
using BS seeker2 (ref. 48) using default parameters. Methylation levels were
determined by #C/(#C + #T). For identifying DMRs, the genome was tiled into
500 bp bins and CG methylation levels in knockout and control were compared
within each bin. Bins that had a methylation level difference of 50% as well as a
false discovery rate <0.05 calculated by Fisher’s exact test corrected by the
Benjamini-Hochberg procedure were selected. Finally, DMRs containing at least
four cytosines in CG contexts, each covered by at least four reads were retained.
Control regions were defined completely randomly, except that control regions
have (1) exact same coverage of cytosines in CG contexts as the Morcl T/% data
within DMRs; (2) WT CG methylation levels are similar as the Morcl /%8 data
within DMRs (<5%). (3) same number of regions per chromosome as DMRs. We
defined genes as associated with DMRs when the TSS of an Ensembl transcript
model was within 1kb of a DMR.

To align to Repeat consensus sequences, the RepBase consensus sequences for
30 repetitive elements (B1_SINE, ERVB7 1-I MM (EtnERV2/MusD), IAP-d,
TAPEY3_I, IAPEY_I, IAPEY_LTR, IAPEY3_LTR, IAPEZI, IAPLTR1_Mm,
TAPLTR2_Mm, IAPLTR3, IAPLTR3_I, IAPLTR4, IAPLTR4-I, LIMdA_],
LIMdF_I, LIMAGf_I, LIMATf_I, First 234 bases of GSAT_MM (Major_satellite),
MMERGLN_I, MMERGLN_LTR, MERVL, MERVL_LTR, First 120 bases of
SATMIN (Minor_satellite), MMERVK10C, RLTR10C, RLTR27_MM,
RLTR6_MM, RLTR6I_MM, RLTRETN_MM and RSINE1 were combined into a
microgenome. Then, whole-genome bisulfite sequencing reads were mapped to the
microgenome using BSMAP*, accepting uniquely mapping reads only [ —w 1],
mapping to two forward possible strands [ — n 0] and allowing 2 mismatches [ — v
2]. Methylation levels were determined by #C/(#C + #T). The methylation levels at
each CG site was calculated.

Small RNA sequencing. Sequence adaptors were removed using a custom-
designed dynamic programming algorithm that recognizes both exact and inexact
matches, and the trimmed reads were aligned to the mm9 genome following a
custom suffix array-based procedure®’. Reads with lengths > 24 nt were considered
for piRNA analysis. Based on alignment coordinates, the reads were annotated as
derived from exons, introns, transposons and other repeats according to the
genome annotation obtained via UCSC Genome Bioinformatics®!. Reads that had
multiple valid alignments were annotated based on ten alignments selected at
random, and the majority annotation was assigned as the final annotation. In case
of ties, annotation was picked based on a fixed hierarchy principle®®. Sense or
antisense annotation was assigned to piRNA reads with respect to the strandedness
of an underlying genomic feature. If a piRNA read contained U in position 1,
such piRNA was considered as primary, while the presence of A in position 10
defined secondary piRNAs.
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ChIP-seq analysis. Previously published ChIP-seq data®® was obtained from
GSE38165 in Gene Expression Omnibus. Reads were mapped to the mm9 genome
using Bowtie by allowing up to two mismatches and only retaining reads that
mapped to one location in the genome. Reads mapping to the same location were
collapsed into one read. For all analyses, the data were normalized to total number
of mapping reads in the library

ATAC-seq analysis. Data were collected using 50 bp paired end sequencing on a
HiSeq. In keeping with established methodologies®’, reads were aligned to mm9
using Bowtie®? with the parameters ~X2000 and -m1. The -X2000 parameter
allows the fragments <2kb to align and only unique aligning reads were collected
(—m1l). Duplicated reads were removed with samtools (rmdup function)®3.
Previous results show that for Tn5 transposase, the transposon binds as a dimer
and insert two adaptors separated by 9 bp>*. Thus, all reads aligned to the positive
strands were offset by +4bp and all reads aligned to the negative strands were
offset by — 5bp.
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MORC Family ATPases Required
for Heterochromatin Condensation
and Gene Silencing

Guillaume Moissiard,* Shawn ]. Cokus, Joshua Cary,* Suhua Feng,* Allison C. Billi,?
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Transposable elements (TEs) and DNA repeats are commonly targeted by DNA and histone methylation
to achieve epigenetic gene silencing. We isolated mutations in two Arabidopsis genes, AtMIORC1

and AtMORC6, which cause derepression of DNA-methylated genes and TEs but no losses of DNA or
histone methylation. AtMORC1 and AtMORC6 are members of the conserved Microrchidia (MORC)
adenosine triphosphatase (ATPase) family, which are predicted to catalyze alterations in chromosome
superstructure. The atmorc1 and atmorcé mutants show decondensation of pericentromeric
heterochromatin, increased interaction of pericentromeric regions with the rest of the genome, and
transcriptional defects that are largely restricted to loci residing in pericentromeric regions. Knockdown
of the single MORC homolog in Caenorhabditis elegans also impairs transgene silencing. We
propose that the MORC ATPases are conserved regulators of gene silencing in eukaryotes.
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(MET1) and CHROMOMETHYLASE3 (CMT3),
respectively, whereas CHH methylation is main-
ly catalyzed by DOMAINS REARRANGED
METHYLTRANSFERASE2 (DRM2) (/). Silent
loci are also enriched in the repressive histone H3
lysine 9 dimethylation mark (H3K9me2) (2, 3).
Suppressor of drm2 cmt3 (SDC) is a gene
whose repression in most tissues depends on the
redundant activities of DRM2 and CMT3 (4, 5).
Hence, a loss of SDC silencing is observed in the
drm2 cmt3 double mutant but not in drm2 or cmt3
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Fig. 1. Mutations of two MORC homologs induce SDC:GFP and TE overex-
pression. (A) wt, drm2 mutant, and cmt3 mutant plants carrying SDC::GFP showed
no GFP fluorescence under ultraviolet (UV) light (insets show each plant under
white light), and drm2 cmt3 double mutant and EMS-mutagenized lines wt #67,
cmt3 #49, and cmt3 #7 plants showed strong GFP fluorescence. (B) Western blot
using antibody against GFP (anti-GFP) confirms SDC::GFP overexpression in the
EMS mutants. Coomassie staining of the large Rubisco subunit (rbcl) is used as
loading control. (C) Number of TEs overexpressed in atmorcl and atmorcé6 mu-
tants and classified by superfamily. For each mutant, only TEs with at least a
fourfold increase in both the EMS and T-DNA alleles over wt and with a P < 0.05

are represented. (D) Relative fold increase of four TE transcripts in atmorc1-4 and
atmorc6-3 over wt assayed by real-time quantitative polymerase chain reaction (RT-qPCR) and normalized to ACTIN7. Errors bars indicate standard deviation

based on three independent biological replicates.
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single mutants. The SDC promoter carries seven
tandem repeats, which recruit the DNA methyl-
ation machinery and cause transcriptional gene
silencing. We engineered a green fluorescent pro-
tein (GFP)-based sensor construct controlled by
the SDC promoter (fig. S1A). The SDC::GFP
transgene behaves similarly to endogenous SDC,
and GFP fluorescence is not detectable in wild-
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Wi
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Methylation level

type, drm2, or cmt3 plants but is highly expressed
in drm2 cmt3 double mutant (Fig. 1A).

We carried out ethyl methanesulfonate (EMS)
mutagenesis screens in wild-type (wt) or cmz3
backgrounds for mutants showing SDC::GFP
overexpression and identified the wt #67, cmz3
#7, and cmt3 #49 mutants (Fig. 1, A and B).
Mapping experiments using bulk segregant anal-

REPORTS I

ysis coupled to deep genome resequencing in-
dicated that cmz3 #7 contained a mutation in
At4236290 (AtMORCT), previously also named COM-
PROMISED RECOGNITION OF TCV-1 (CRTI)
(6, 7), whereas wt #67 and cmt3 #49 both con-
tained mutations in At1g19100 (AtMORC6) (7)
(figs. S1B, S2, and S3A). An atmorcl allele was
previously reported to show reduced resistance to
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Fig. 2. DNA methylation is not impaired in C

atmorc1 and atmorcé mutants. (A and B) Meta-
plot analyses show DNA methylation level in
atmorc1-4, atmorc6-3, and wt for the set of TEs
up-regulated in atmorcI-4 (A) and atmorcé-3
(B). The gray vertical lines mark the boundaries
between 1 kilobase upstream and downstream
regions of TEs. (C) Southern blot analyses as-
sayed CG methylation level at CEN180 repeats
by using Hpall-treated genomic DNAs. m, meth-
ylated; u, unmethylated. met1-3 genomic DNA is
used as positive control for loss of CG methyla-
tion (23). (D) Percent DNA methylation at SDC
and four TEs overexpressed in atmorc1-4 and
atmorcé-3 mutants assayed by bisulfite sequenc-
ing. Twenty-four clones were analyzed for each
individual analysis.
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the turnip crinkle virus (TCV) (6, 7), suggesting
that AtMORC is involved in viral resistance in
addition to its role in gene silencing described in
this study, whereas mutations in AZMORC6 have
not been described. To ensure that atmorcl and
atmorc6 mutations were those responsible for the
loss of SDC silencing, we isolated knock-out trans-
ferred DNA (T-DNA) insertion lines atmorcil-4
and atmorc6-3 and confirmed SDC overexpres-
sion in these two mutant alleles (fig. S3, B to D).
Genetic complementation crosses between the re-
cessive EMS and T-DNA mutants confirmed
AtMORC1 and AtMORC6 as the mutated genes
responsible for SDC::GFP activation in the three
EMS lines (fig. S3E). Therefore, #7, #67, and
#49 were renamed atmorcl-3, atmorc6-1, and
atmorc6-2, respectively.

By using RNA sequencing (RNA-seq) (8),
we found that the majority of RNAs significantly
affected in the atmorcl and atmorc6 mutants
showed up-regulation, and many of these were
transposable elements (TEs) belonging to various
transposon superfamilies, including, among others,
the LTR/Gypsy, LTR/Copia, DNA/MuDR, and
DNA/Harbinger families (Fig. 1, C and D; fig.
S4A; table S1). The expression defects in the
atmorcl and atmorc6 mutants were very similar,
with all but two of the transposons up-regulated
in atmorcl also up-regulated in atmorco (fig. S4B).
Protein-coding genes overexpressed in the atmorcl
and atmorc6 EMS and T-DNA mutants included
endogenous SDC (table S2). There was a high
degree of overlap between the genes up-regulated
in atmorcl and atmorco (fig. S4C), most of them
corresponding to DNA-methylated and silenced
loci (fig. S4, D and E). We also performed RNA-
seq in the atmorcl atmorc6 double mutant and
found a very similar set of genes and transposons
up-regulated, with only a few genes up-regulated
in the double mutant that were not up-regulated
in each of the single mutants (table S3), sug-
gesting that AtMORC1 and AtMORC6 may act
together to enforce gene silencing.

Whole-genome bisulfite sequencing (BS-seq)
(9) revealed that DNA methylation levels in all
sequence contexts were unaltered in atmorcl or
atmorc6 relative to wild type at TEs up-regulated
in atmorcl or atmorc6 (Fig. 2, A and B), nor
were there any bulk alterations in protein-coding
genes or TEs in the genome (fig. S5, A and B). In
addition, analyses at the pericentromeric satel-
lite CEN180 repeats and five loci up-regulated
in atmorcl and atmorc6 showed that the DNA
methylation patterns in atmorcI-4 and atmorc6-3
were similar to those of wild type (Fig. 2, C and
D). Chromatin immunoprecipitation sequencing
(ChIP-seq) analyses of H3K9me2 also did not
reveal any changes in the atmorcl or atmorc6
mutants at SDC or other up-regulated locations
(fig. S6, A and B). Lastly, small RNA sequencing
analyses showed that elements up-regulated in
atmorcl and atmorc6 mutants were enriched in
small interfering RNAs (siRNAs), but these siRNA
levels did not change in the mutants (fig. S7).
Thus, AtMORCI and AtMORC6 are not required

to maintain DNA methylation, H3K9me2, or siRNAs,
suggesting that AtMORC1 and AtMORC6 are
likely to either act downstream of DNA methyl-
ation or enforce silencing by a novel mechanism.

AtMORC1 and AtMORC6 are homologs of
mouse Microrchidial (MORCI) (10, 11) and con-
tain gyrase, Hsp90, histidine kinase, and MutL
(GHKL) and S5 domains, together comprising
an adenosine triphosphatase (ATPase) module
(6) in addition to a putative C-terminal coiled-coil
domain (fig. S1B). The EMS mutations found

in atmorcl-3, atmorc6-1, and atmorc6-2 alleles
all introduced premature stop codons within the
GHKL domain (fig. SIB).

Because of the similarity of AtMORC1 and
AtMORCS6 to ATPases involved in manipulating
chromatin superstructure (/2), these proteins may
affect gene silencing through higher-order com-
paction of methylated and silent chromatin. In
wild-type nuclei, pericentromeric heterochro-
matin forms densely staining nuclear bodies called
chromocenters that localize to the nuclear periphery
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Fig. 3. AtMORC1 and AtMORC6 are required for maintenance of chromatin architecture and form
nuclear bodies near chromocenters, and morc-1 is involved in gene silencing in C. elegans. (A) Interaction
matrix of the wt Arabidopsis genome from Hi-C analysis. Positions along the five chromosomes are shown
from left to right and top to bottom, and each pixel represents interactions from uniquely mapping paired
end reads in 200-kilobase bins. Black bars and circles mark the positions of the pericentromeric and
telomeric regions, respectively. Light gray regions represent areas masked out because of problematic
mapping. Black bars show separation between chromosomes. (B) Difference plot shows enrichment of Hi-C
interactions in atmorcé-1 in red and interactions depleted in atmorcé-1 in blue. (C) Anti-Myc im-
munostaining showing localization of pAtMORC6::AtMORC6-Myc and pAtMORC1::AtMORC1-Myc in
nuclear bodies adjacent to chromocenters. AtMORC1 and AtMORC6 showed 2.0 + 1.0 (average + standard
deviation) and 2.5 + 1.2 bodies per chromocenter, respectively. DAPI (4°,6-diamidino-2-phenylindole)
staining shows chromocenter location. Bottom images are merges. (D) A silenced seam cell—specific GFP
transgene in the eri-1 (mg366) sensitized background is overexpressed in worms fed with bacteria ex-
pressing double-stranded RNA targeting morc-1 or rde-4 but not in worms fed with bacteria expressing a
control empty vector. Results are representative of five independent replicates.
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(13). We observed decondensation of chromo-
centers in the atmorcl and atmorc6 mutants (as
well as in atmorcl atmorc6 double mutant) (figs.
S8 to S11) and found that loci transcriptionally
derepressed in the mutants mostly localized to
pericentromeric heterochromatin (fig. S12 and
tables S1 and S3). To directly examine whole-
genome chromatin interactions, we performed
Hi-C analyses in wild type and atmorc6-1 (14).
Consistent with previous cytological studies (/3),
the wild-type genome showed interactions be-
tween telomeres as well as between euchromatic
regions on the same chromosome arm (Fig. 3A).
In contrast, pericentromeric heterochromatin re-
gions interacted very weakly with the rest of the
genome, consistent with their compaction in chro-
mocenters (Fig. 3A). Although afmorc6-1 showed
aroughly similar chromatin architecture (fig. S13),
plotting the differences between mutant and wild
type showed that atmorc6-1 shows an increase in
interactions between the pericentromeric regions
of all chromosomes with the euchromatic arms
of all chromosomes and a corresponding deple-
tion of interactions of euchromatic arms with
themselves. Because the analysis reports relative
changes with the sum of differences set to zero,
the most likely interpretation of these findings is
that pericentromeric regions interact more strongly
with the euchromatic arms in atmorc6-1, although
we cannot exclude that the mutant also has effects
on the euchromatic arms (Fig. 3B). This interpre-
tation is consistent with the cytological observa-
tions showing that chromocenters expand out
into a larger area of the nucleus in the mutants
(fig. S8). We also found, by using complement-
ing myc-tagged transgenes, that AtMORC1 and
AtMORCS proteins formed small nuclear bodies
that were usually adjacent to but not within chro-
mocenters (Fig. 3C and figs. S14 and S15). These
results are all consistent with a model in which
AtMORC1 and AtMORC6 enforce compaction
and gene silencing of pericentromeric hetero-
chromatin, although it is also possible that changes
in chromatin and gene expression in the mutant
secondarily lead to the observed changes in chro-
matin compaction. Mutation of the plant-specific
MOM]I gene has also been shown to affect gene
silencing but not DNA methylation in Arabidopsis;
however, mom/ mutants do not show chromo-
center decondensation and therefore are likely to
act via a different mechanism (15, 16).

A single MORC homolog, morc-1, is present
in the worm Caenorhabditis elegans, which is
devoid of DNA methylation (/7). To test whether
the C. elegans morc-1 (ZC155.3) is involved in
gene silencing, we performed RNA interference
(RNAi)-mediated knockdown of morc-1 in the
eri-1 sensitized background, in which a GFP
transgene is silenced in most of the worm seam
cells (Fig. 3D) (18). morc-1-depleted worms showed
GFP reactivation similar to worms depleted of
rde-4, an essential component of gene silencing
in C. elegans (Fig. 3D) (19). These results sug-
gest that MORCs may play an ancient and con-
served role in gene silencing. In addition, the
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observation that morc-1 is required for gene si-
lencing in C. elegans reinforces our view that
MORC:s in Arabidopsis are enforcing silencing
by a mechanism that may not be directly linked
with DNA methylation. It is interesting to note
that the phenotype of the Morci-knockout mouse
resembles Miwi2- and Dnmt3L-knockout mouse
phenotypes, showing male-specific meiotic de-
fects during spermatogenesis (10, 20-22). Miwi2
and Dnmt3L are both required for TE silencing,
and it is possible that Morc1 might be involved in
transposon silencing in mammals as well. We
propose that MORC family ATPases act to reg-
ulate chromatin architecture and gene silencing in
a wide variety of eukaryotes.
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The Structures of COPI-Coated
Vesicles Reveal Alternate Coatomer
Conformations and Interactions

Marco Faini,* Simone Prinz,* Rainer Beck,? Martin Schorb,* James D. Riches,** Kirsten Bacia,?
Britta Briigger,? Felix T. Wieland,?t John A. G. Briggs™*t

Transport between compartments of eukaryotic cells is mediated by coated vesicles. The
archetypal protein coats COPI, COPII, and clathrin are conserved from yeast to human. Structural
studies of COPII and clathrin coats assembled in vitro without membranes suggest that coat
components assemble regular cages with the same set of interactions between components.
Detailed three-dimensional structures of coated membrane vesicles have not been obtained.
Here, we solved the structures of individual COPI-coated membrane vesicles by cryoelectron
tomography and subtomogram averaging of in vitro reconstituted budding reactions. The coat
protein complex, coatomer, was observed to adopt alternative conformations to change the number
of other coatomers with which it interacts and to form vesicles with variable sizes and shapes.
This represents a fundamentally different basis for vesicle coat assembly.

ellular transport vesicles are formed by
conserved protein coats (/-3). Detailed
structural information about vesicle coats
assembled on a membrane bilayer has remained
elusive. The clearest insights into the architecture
of vesicle coats have been obtained by applying
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electron microscopy (EM) to coat protein com-
plex COPII and clathrin protein cages, assembled
in vitro from outer coat protein components in the
absence of membranes (/, 4, 5). The cages have
point group symmetries and discrete size dis-
tributions (6), whereas in vivo formed clathrin-
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Involvement of a Jumonji-C domain-containing
histone demethylase in DRM2-mediated maintenance

of DNA methylation
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Histone demethylases—both lysine-specific demethylase 1
(LSD1) and Jumon;ji-C (JmjC) domain-containing proteins—are
broadly implicated in the regulation of chromatin-dependent
processes. In Arabidopsis thaliana, histone marks directly affect
DNA methylation, and mutations in LSD1 homologues show
reduced DNA methylation at some loci. We screened transfer
DNA mutations in genes encoding JmjC domains for defects in DNA
methylation. Mutations in jmj74 result in reduced DNA methyl-
ation in non-CG contexts at targets of DRM2 (domains rearranged
methyltransferase 2)-mediated RNA-directed DNA methylation
(RADM), which is associated with an increase in H3K4m3. Unlike
other components of RADM, JMJ14 is not required for de novo
methylation of a transgene, suggesting that JMJ14 is specifically
involved in the maintenance phase of DRM2-mediated RADM.
Keywords: DNA methylation; epigenetics; Jumonji-C; histone
demethylase; Arabidopsis
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INTRODUCTION

Cytosine DNA methylation is an epigenetic modification that is
conserved in all kingdoms of eukaryotes and is largely associated
with heterochromatic regions undergoing transcriptional gene
silencing. In the model plant Arabidopsis thaliana, at least three
methylation pathways exist and each is associated with a specific
methyltransferase. Methyltransferase 1 (MET1) is a homologue of
mammalian DNA methyltransferase 1 (DNMT1) and maintains
methylation in the CG dinucleotide context. Chromomethylase 3
(CMT3) is a plant-specific methyltransferase that preferentially
deposits the methyl mark in CHG contexts (where H is adenine,
thymine or cytosine). Finally, the mammalian DNMT3 homologue
DRM2 (domains rearranged methyltransferase 2) performs de novo
DNA methylation, and maintains CHH or asymmetrical methyl-
ation through a small interfering RNA (siRNA)-driven signal in a
process known as RNA-directed DNA methylation (RADM; Law &
Jacobsen, 2010). At some loci, CMT3 and DRM2 act redundantly
to control the maintenance of both CHG and CHH methylation,
but DRM2 alone is responsible for de novo DNA methylation
(Cao & Jacobsen, 2002a; Chan et al, 2004).

Methylation patterns are correlated with specific histone
modification signatures. For example, genome-wide studies in
Arabidopsis have shown that histone 3 Lys9 dimethylation
(H3K9m2) is a histone mark that often occurs with CHG methyl-
ation and endogenous clusters of siRNAs (Bernatavichute et al,
2008). H3K9m2 directed by the Kryptonite (KYP), SU (VAR) 3-9
homologue (SUVH) 5 and 6 histone methyltransferases is required
for the maintenance of CHG DNA methylation (Jackson et al, 2002;
Malagnac et al, 2002; Ebbs & Bender, 2006), probably through
direct targeting of CMT3 (Lindroth et al, 2004). Conversely,
histone 3 Lys4 mono/di/trimethylation (H3K4m1/2/3) is strongly
negatively correlated with DNA methylation at nongenic silent
loci (Zhang et al, 2009).
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JmjC domain-containing histone demethylase and DNA methylation
A. Deleris et al

The discovery in mammals of two classes of enzyme that are
able to demethylate histones—lysine-specific demethylase 1
(LSDT; Shi et al, 2004) and Jumonji-C (JmjC) domain-containing
proteins (Klose et al, 2006)—revealed that active removal of
methyl marks from histones is necessary for proper epigenetic
regulation. Two plant homologues of the mammalian histone
demethylase LSD1—LSD1-LIKE 1 (LDL1) and 2 (LDL2)—are
required for H3K4 demethylation at the FLC and FWA loci (Jiang
et al, 2007). Although FLC is not a DNA-methylated gene, FWA
transcription is controlled by DNA methylation at the tandem
repeats in its 5-untranslated region (5-UTR), and FWA hypo-
methylation results in ectopic expression and a late-flowering
phenotype (Soppe et al, 2000). Interestingly, IdIT Idl2 double
mutants flower late, and molecular analysis showed hypo-
methylation at FWA. These data suggest that persistent H3K4
demethylation is required to maintain DNA methylation at some
loci in the genome. To gain further insight into the relationship
between active histone demethylation and DNA methylation at
silent loci, we compiled a collection of homozygous transfer DNA
insertion mutants in genes containing JmjC domains in Arabidopsis.
We show that JMJ14 is required to maintain full levels of non-CG
methylation at sites controlled by DRM2. We also found that the
loss of non-CG methylation in jmj74 mutants corresponded with
increases in H3K4m3 marks, suggesting that JMJ14 targets DNA-
methylated loci. Interestingly, jmj74 mutants had no effect on
DRM2-mediated establishment of methylation of an incoming
FWA transgene, which is in contrast to all other mutants that were
tested in the DRM2 pathway (Chan et al, 2004; Johnson et al,
2008; Ausin et al, 2009; Law & Jacobsen, 2010). These results
suggest that establishment and maintenance of methylation
mediated by DRM2 can be differentially regulated, and that
JMJ14 has a specific role in the maintenance of RADM.

RESULTS
Jjmj14 mutations affect non-CG maintenance methylation
Arabidopsis contains 21 genes with domains homologous to JmjC
histone demethylases (Lu et al, 2008; Hong et al, 2009). To examine
potential effects on DNA methylation, we analysed 17 JmjC mutants
for which null alleles were available, at the medea-intergenic
subtelomeric repeat (MEA-ISR) locus by using Southern blotting
(supplementary Table S1 online). The MEA-ISR is a set of seven
tandem repeats downstream from the medea (MEA) gene. Both
METT (CG methylation) and DRM2 (CHG and CHH methylations)
maintain DNA methylation at MEA-ISR, and hypomethylation
phenotypes can be observed after digestion with the methylation-
sensitive enzyme Mspl (Cao & Jacobsen, 2002a). By Southern blot
analysis, we were able to observe a consistent reduction of MEA-ISR
methylation in two null alleles of jmj714 (Fig 1A). IMJ14—also referred
to as JMJ4 and putative lysine demethylase 7B (PKDM7B)—is the
protein encoded by At4g20400 (Lu et al, 2008). To confirm the
jmj14 methylation defect, we performed bisulphite sequencing
at the MEA-ISR locus (Fig 1B). Data from this analysis showed
a reduction in non-CG methylation, but CG methylation was
unchanged compared with the wild-type control. This indicates
that the jmj74 mutation interacts with the DRM2 pathway, but not
the MET1 pathway.

To confirm the genetic interaction of JMJ14 with the DRM2
pathway, we examined the effect of the mutation on other RdDM
targets. Analysis of the methylation state of the 5’UTR of FWA was
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performed by using bisulphite sequencing. FWA, similarly to
MEA-ISR, is mainly targeted by MET1 and DRM2 (Cao & Jacobsen,
2002a). Similarly to the bisulphite data at MEA-ISR, we observed a
reduction in non-CG methylation but no effect at CG sites at FWA
(Fig 1C). Finally, to examine DRM2-dependent methylation at the
transposable element AtSNT, DNA from both wild type and jmj14
mutants was digested with the restriction endonuclease Haelll that
cleaves GGCC sequences, but not GGmCC. Digested DNA was
analysed by real-time quantitative PCR using primers that amplify
a region spanning three asymmetrically methylated restriction
sites (Fig 1D). Relative quantification of uncut DNA in the digested
samples showed a significant decrease in CHH methylation in
jmj14 mutants compared with wild type, although not to the same
extent as in drm2. To examine whether the jmj714 mutant defects
were specific to the DRM2 pathway, we also analysed the
methylation state of Ta3—a single-copy transposable element that
is methylated by CMT3 but not DRM2 (Cao & Jacobsen, 2002a).
We observed no effect on methylation in any context for jmji4
compared with the wild-type control (Fig 1E). This indicates that
JMJ14 acts primarily in the DRM2 pathway.

jmj14 affects chromatin at RADM target loci

To examine the localization of JMJ14, we created a carboxy-
terminal epitope-tagged (9 x Myc) JM/14 transgene driven by the
endogenous JMJ/14 promoter and showed that this transgene fully
complements the early-flowering phenotype (Jeong et al, 2009) of
the jmj74 mutant (Fig 2A,B). Immunostaining for the Myc epitope
revealed strong nuclear staining, consistent with the function of
JMJ14 as a histone demethylase. Interestingly, we observed a
specific pattern in which staining was uniformly present through-
out the nucleoplasm but not in the nucleolus and the chromo-
centres (areas of dense heterochromatin that are highly enriched
for H3K9m2; Fig 2C). This pattern is similar to that found for
DRM2 (Li et al, 2006), consistent with the hypothesis that JMJ14
acts in the DRM2 pathway.

Phylogenetic analyses have shown that the JMJ14 sequence
is closest to human lysine demethylase 5/Jumoniji/Arid-domain
containing protein 1 family histone demethylases (Lu et al, 2008)
that are able to specifically demethylate H3K4m1, H3K4m2 and
H3K4m3 (Christensen et al, 2007; lwase et al, 2007; Lee et al,
2007; Seward et al, 2007). A recombinant JMJ14 was shown to
efficiently demethylate H3K4m3 in vitro and to a lesser extent
H3K4m2 and H3K4m1 (Jeong et al, 2009; Lu et al, 2010; Yang
et al, 2010). This H3K4 demethylase activity was confirmed by an
in vivo assay in Nicotiana benthamiana in which overexpression
of JMJ14 correlated with a strong reduction in H3K4m3 and
H3K4m2 marks (Lu et al, 2010). Finally, in Arabidopsis, IM)14
was shown to demethylate H3K4m3 and H3K4m2 at two loci
involved in floral transition and not controlled by DNA methyl-
ation (Jeong et al, 2009; Yang et al, 2010).

This suggests that the defect in DNA methylation at non-CG
sites was caused by an increase in H3K4 methylation in jmj74
mutants. To confirm this hypothesis, we used chromatin immuno-
precipitation (ChIP) analysis to assess the levels of H3K4m2 and
H3K4m3 at silent loci analysed for DNA methylation in wild type
and jmj74. We observed a consistent increase in H3K4m3 marks
at AtSN1, FWA and MEA-ISR (Fig 3). The extent of this increase
was similar to that which has been found in jmj74 mutants at the
floral transition loci flowering locus T (FT) and twin sister of FT
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Fig 1| DNA methylation analysis of Jumonji 14 mutants. (A) MEA-ISR Southern blot. Genomic DNA was digested with the non-CG methylation-
sensitive restriction endonuclease Mspl, and probed for MEA-ISR. The high-molecular-weight band (m) represents methylated DNA and the low-
molecular-weight band (u) represents unmethylated DNA. Two alleles of jmjl4 show a methylation phenotype intermediate between wild type and the
drm2 mutant. (B) MEA-ISR bisulphite sequencing. Genomic DNA was treated with sodium bisulphite and amplified with primers specific for MEA-ISR.
Sequencing shows an effect at non-CG sites compared with wild type, but not in the CG context. (C) FWA endogene bisulphite sequencing. The FWA
locus has a similar pattern to MEA-ISR in the jmjl4-1 mutant. (D) AtSN1 Haelll Chop-qPCR. Genomic DNA was digested with non-CG methylation-
sensitive restriction endonuclease Haelll. Digested DNA was quantified by using real-time qPCR with primers specific for a region of AtSNI spanning
three restriction sites, and the signal was normalized to an undigested control. Two jmjI4 alleles had significantly more digestion compared with the
wild-type control, thus there was less methylation. (E) Ta3 bisulphite sequencing. The methylation state of Ta3 shows no discernible defect in the
jmjl4 mutant compared with wild type. jmj14, Jumonji 14; MEA-ISR, medea-intergenic subtelomeric repeats; qPCR, quantitative PCR.

(TSF; Jeong et al, 2009; Yang et al, 2010). We also saw a small but
significant increase in H3K4m2 marks at the FWA locus, but not at
AtSNT or MEA-ISR (Fig 3). The minor effects on H3K4m2 might
be due to the redundant activity of other demethylases, such
as LDL1 and LDL2 (Jiang et al, 2007). Overall, these results
show that JMJ14 might directly target silent chromatin, and suggest
that the active removal of H3K4 methyl marks at silent
loci might be necessary for DRM2 to maintain proper DNA
methylation patterns.

jmj14 does not affect de novo DNA methylation

All components of the RADM machinery that have been tested
thus far have been shown to be required both for DRM2-
dependent non-CG maintenance DNA methylation at MEA-ISR
and other loci, and for establishment of methylation in all
sequence contexts on previously unmethylated sequences—or
de novo methylation—of an incoming transgene (Chan et al,
2004; Johnson et al, 2008; Ausin et al, 2009; Law & Jacobsen,
2010). When FWA is introduced into wild-type plants, siRNAs are
able to target the repeats in the 5’UTR and the incoming transgene
becomes methylated, and thus silenced. However, in RdDM
mutants, the transgene remains unmethylated in all sequence
contexts and is expressed (Cao & Jacobsen, 2002b; Chan et al,
2004). As we had observed non-CG maintenance methylation
phenotypes at known RdDM targets in jmj74, we used the FWA
transgene system to test for a function of JMJ14 in de novo
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methylation. Ectopic FWA expression leads to a late-flowering
phenotype that gives a quantitative readout of the methylation
establishment phenotype.

The jmj14 mutant flowers earlier than the wild-type plants,
which has previously been shown to be due to de-repression of FT
(Fig 4A; Jeong et al, 2009; Lu et al, 2010; Yang et al, 2010).
Surprisingly, FWA-transformed jmj14 continued to flower earlier
than wild-type control plants (Fig 4A). We note that other mutants
with weak RADM phenotypes—such as dicer-like 3 (dcl3) which
shows only partial losses of MEA-ISR methylation (equivalent to
those of jmjl4)—do show substantial effects on FWA de novo
DNA methylation establishment, and thus flower later (Henderson
et al, 2006). These results suggest that the jmj74 mutation does not
affect FWA de novo DNA methylation.

To confirm these findings, we analysed the methylation state
of the newly introduced FWA transgene by using bisulphite
sequencing (Fig 4B). We observed in the FWA transgene that CG
methylation levels of the jmj74 mutant were comparable with
those of wild type; however, there was a significant decrease
in non-CG methylation. By contrast, the dcl/3 mutant shows
substantially less de novo methylation than wild type in all three
sequence contexts, even though it exhibited a similar non-CG
maintenance phenotype (Henderson et al, 2006). These results
show that the CG DNA methylation that is primarily responsible
for silencing FWA is fully established in jmj74. Once CG
methylation is established, it is maintained by the MET1 pathway
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independently of DRM2, whereas DRM2 maintains non-CG  described the identification of JMJ14 through a forward-genetic
marks. Consistent with a function in DRM2-mediated mainte- screen for mutants impaired in hairpin-induced transcriptional
nance of non-CG methylation, and similarly to the FWA endogene  silencing of the phytoene desaturase endogene (Searle et al, 2010).

(Fig 1C), we observed that maintenance of CHG and CHH We observed a moderate but consistent increase in H3K4m3
methylation at the FWA transgene was reduced in the jmji4  levels at RADM targets analysed in jmj74, suggesting that active
mutant (Fig 4B). demethylation of H3K4 is required for proper DRM2-pathway

function, perhaps due to competition between the active H3K4
DISCUSSION methylation mark and repressive marks such as DNA methylation

JMJ14 is required for the maintenance of DRM2-mediated non-CG  (Fig 5). The fact that two enzyme families—JmjC domain and
DNA methylation. Consistent with our findings, a recent study  LSD-like (Jiang et al, 2007)—have functions in the demethylation
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needed for complete DRM2 maintenance activity. DRM2, domains
rearranged methyltransferase 2; JMJ14, Jumonji 14.

of H3K4 methyl marks at silent loci/RADM targets underlies the
importance of removing those marks for the maintenance of
proper DNA methylation patterns.

Interestingly, jmj74 mutants showed no effect on DRM2-
mediated de novo methylation of an incoming FWA transgene.
This is in contrast to all other mutants tested in the DRM2
pathway: nrpd1, nrpel, dcl3, rdr2, ago4, drd1, suvh2, dms3 and
idn2 (Chan et al, 2004; Johnson et al, 2008; Ausin et al, 2009; Law
& Jacobsen, 2010). This indicates that JMJ14 is required to
maintain non-CG methylation patterns, but is not involved in the
initial targeting of DNA methylation. This is an interesting finding
as it implies that the maintenance activity of DRM2 can be
mechanistically distinguished from its de novo methylation
establishment activity, suggesting that during the maintenance

954 EMBO reports VOL 11 |NO 12| 2010

phase there is another level of regulation of DRM2 activity by
histones. The relationship between DRM2 activity and H3K4
methylation status is also interesting in the light of activity
mechanisms of the mammalian DRM2 homologue DNMT3A.
DNMT3A is in part recruited to silent loci through interaction with
a related protein (DNMT3L) that can bind to H3 specifically when
Lys4 is unmethylated (Jia et al, 2007; Ooi et al, 2007). Future
analyses might determine how H3K4 methyl marks antagonize the
DRM2 pathway in Arabidopsis.

METHODS

Plant materials. We used the following Arabidopsis strains:
wild-type Col-0 and the recessive alleles dc/3-7 and drm2-2 in
the Col-0 background. The list of alleles of JmjC mutants tested is
presented in supplementary Table S1 online.

Southern blotting and bisulphite analysis. See the supplementary
information online for details.

Haelll Chop-qPCR. DNA from young flowers was extracted
using a standard Cetyl trimethyl ammonium bromide protocol.
A total of 200ng of genomic DNA was digested overnight at
37°C with Haelll side-by-side with samples containing buffer
and no enzyme (undigested). Quantitative real-time PCR valida-
tion of uncut DNA after Haelll digestion was performed using
the Bio-Rad Synergy Brands Green SuperMix on a MX3000
Stratagene cycler. The PCR parameters are as follows: one cycle
of 10 min at 95 °C, 40 cycles of 30s at 95°C, 1 min at 55°C and
1 min at 72 °C. PCR primers sequences are listed in supplementary
Table S2 online.

FWA transformation. See the supplementary information online
for details.

Flowering-time analysis. We measured flowering time as the
total number of leaves (rosette and cauline leaves) developed
by a plant.

Generation of epitope-tagged complementing lines. Epitope-
tagged protein constructs were made by cloning 1.6 kb of genomic
DNA upstream from the JMJ14 open reading frame and including
the entire open reading frame into pENTR. A 9 x Myc epitope tag
was introduced at the C-terminus. The tagged construct was then
recombined into a modified pDEST vector and introduced into
Agrobacterium strain AGL1.
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Protein immunofluorescence analysis. We prepared nuclei for
immunofluorescent imaging as described in Li et al, 2006. See
supplementary information online for more details.

ChIP. The ChIP experiments were performed as previously
described (Bernatavichute et al, 2008; Johnson et al, 2008;
Zhang et al, 2009). See supplementary information online for
more details.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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Résumé. Les mécanismes épigénétiques tels que la méthylation de I’ADN ou les modifications des

protéines histones jouent un role essentiel au sein de la cellule. Ils sont impliqués dans de nombreux
processus, incluant la régulation de I'expression des geénes et la répression des éléments d’ADN
répétés tels que les éléments transposables (TEs). Les TEs sont des éléments génétiques dit égoistes
et hautement mutagénes qui doivent étre réprimés afin de maintenir l'intégrité de la cellule.
Cependant, les TEs peuvent aussi avoir un effet positif sur le génome de I’hote, contribuant a son
dynamisme et évolution. De plus, les TEs sont une importante source d’innovation génétique, comme
par exemple dans le processus de domestication de génes de TEs, aussi connu sous le nom
d « exaptation de genes ». Plusieurs génes exaptés de TEs (genes ETE) ont été décrits chez les
eucaryotes et les procaryotes, jouant des réles essentiels dans de nombreux processus cellulaires
fondamentaux. Chez Arabidopsis thaliana, des genes ETE ont été impliqués dans la régulation de
I’expression des génes, agissant de maniéere antagoniste ou coopérative avec les voies épigénétiques.
Cependant, plusieurs génes ETE restent non étudiés.

Au sein de I'équipe « Mécanismes Epigénétiques et Architecture de la Chromatine », nous
combinons des approches de génétique directe et inverse afin d’identifier de nouveaux acteurs
épigénétiques et d’étudier le role des génes ETE dans les mécanismes chromatiniens. Nous avons
récemment identifié le géne « Plant Mobile Domain » (PMD) « MAINTENANCE OF MERISTEMS »
(MAIN) comme étant requis pour I'expression de génes et la répression de TEs. Le PMD est un domaine
protéique de fonction inconnue qui est exclusivement trouvé chez les angiospermes, principalement
associé aux TEs. Il a été suggéré qu’au cours de I'évolution, le PMD aurait été domestiqué par les
plantes a partir de TEs pour générer des versions géniques (ou ETE) de PMD, tel que MAIN. MAIN et
son plus proche homologue « MAIN-LIKE 1 » (MAIL1) ont été impliqués dans les processus de stabilité
génomique, développementaux et de répression de TEs. Notre équipe a récemment trouvé que MAIN
et MAIL1 interagissent ensemble, ainsi qu’avec la phosphoprotéine phosphatase (PPP) « PP7-LIKE »
(PP7L), et que les trois protéines sont similairement requises pour la bonne expression de plusieurs
genes et la répression de TEs. De plus, des analyses phylogénétiques des protéines PMD et PPP de
type PP7 au sein des Eudicotylédones suggerent que ces deux domaines protéiques pourraient
constituer un module protéique fonctionnel interagissant en cis ou en trans.

En se basant sur ces résultats, nous développons des approches complémentaires permettant de
comprendre le réle des protéines PMD au cours du développement. En se focalisant d’abord sur le
complexe protéiqgue MAIN/MAIL1/PP7L, nous voulons décortiquer les mécanismes impliquant ces
protéines dans la régulation de I'expression de genes et la répression des TEs. Nous étudierons aussi
le réle d’autres protéines PMD d’Arabidopsis durant le développement. En particulier, nous voulons
comprendre le role de MAIN-LIKE 2 (MAIL2), le deuxiéme plus proche homologue de MAIN, dans la
régulation de I'expression génique. Ceci est d’autant plus pertinent du fait que I'expression de MAIL2
est essentielle au bon développement de la plante. Les processus cellulaires impliquant les protéines
PMD sont largement inconnus. De plus, ces protéines ont seulement été étudiées chez Arabidopsis.
Par conséquent, nous avons décidé d’étudier le réle des PMD durant le processus de maturation du
fruit chez I'espéce d’intérét agronomique Solanum lycopersicum (tomate). En paralléle, nous voulons
étudier la signification biologique de I'association PMD/TE, et déterminer si le PMD peut étre
bénéfique pour I'adaptation des TEs.

En conclusion, ce projet de recherche apportera une meilleure compréhension des mécanismes
impliquant les protéines PMD et ETE dans les processus chromatiniens, afin de décortiquer les
interactions complexes entre mécanismes épigénétiques et protéines ETE, mais aussi entre la cellule
hote et les TEs.



Abstract. Epigenetic mechanisms such DNA methylation and histone protein modifications play
essential roles in the cell. They are involved in several cellular processes, including regulation of gene
expression and silencing of DNA repeats such as transposable elements (TEs). TEs are considered as
selfish and highly mutagenic genetic elements that must remain silenced to maintain cell integrity.
However, TEs can also positively impact the host genome, contributing its dynamics and evolution.
Besides, TEs are an important source of genetic innovation, as exemplified through the process of TE
gene domestication, also known as ‘gene exaptation’. Several exapted TE (ETE) genes have been
described in eukaryotes as well as in prokaryotes, playing essential roles in fundamental cellular
processes. In Arabidopsis thaliana, ETE genes have been involved in the regulation of gene expression
by either antagonizing or cooperating with epigenetic pathways. However, several ETE genes remain
uncharacterized.

In the team ‘Epigenetic Mechanisms and Chromatin Architecture’, we combine forward and
reverse genetic approaches to identify new epigenetic players and to study the role of ETE genes in
chromatin-related processes. We recently identified the Plant Mobile Domain (PMD) gene
MAINTENANCE OF MERISTEMS (MAIN) as required for the proper expression of genes and TE
silencing. The PMD is a protein domain of unknown function that is exclusively found in the
angiosperms, predominantly associated with TEs. It has been suggested that during evolution, the
PMD would have been domesticated by the plants from TEs to generate genic (or ETE) PMD versions,
such as MAIN. MAIN and its closest homolog MAIN-LIKE 1 (MAIL1) have been involved in genome
stability, developmental processes, and TE silencing. In our team, we have recently found that MAIN
and MAIL1 proteins interact together, as well as with the phosphoprotein phosphatase (PPP) PP7-LIKE
(PP7L), and the three proteins are required for the proper expression of a common set of genes and
TE silencing. In addition, phylogenetic analyses of PMD and PP7-type PPP proteins among the Eudicot
lineage suggest that these two protein domains may constitute a functional protein module through
trans or cis interactions.

Based on these results, we are developing complementary approaches to study the role of PMD
proteins during plant development. Focusing first on the MAIN/MAIL1/PP7L protein complex, we want
to decipher the mechanisms involving these proteins in the regulation of gene expression and TE
silencing. We are also planning to study the role of other Arabidopsis PMD proteins during plant
development. Particularly, we are interested in determining the role of MAIN-LIKE 2 (MAIL2), which is
MAIN second closest homolog, in the regulation of gene expression. This is especially relevant
considering that MAIL2 expression is essential for plant development. The cellular processes involving
genic PMD proteins remain largely unknown. Moreover, these proteins have only been studied in A.
thaliana. Therefore, we decided to study the role of genic PMD proteins during fruit ripening process
in the model fruit-bearing crop Solanum lycopersicum (tomato). Besides, we want to investigate the
biological significance of PMD/TE association, and determine whether the PMD could be beneficial for
TE fitness.

Altogether, this research project will give more insights into the mechanisms involving PMD and
other ETE proteins in chromatin-related processes, to eventually decipher the complex interplay
between epigenetics mechanisms and ETE proteins, as well as between host cell and TEs.



