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Abstract

The CHD3-like chromatin remodeling protein MOM1 and the PIAS-type SUMO E3 ligase-like
protein PIAL2 are known to interact with each other and mediate transcriptional silencing in
Arabidopsis. However, it is poorly understood whether and how the interaction is involved in
transcriptional silencing. Here, we demonstrate that, while the PIAL2 interaction domain
(PIAL2-IND) is required for PIAL2 dimerization, MOM-PIAL2 interaction, and transcriptional
silencing, a transgene fusing the wild-type MOM1 protein with the PIAL2 protein defective in
PIAL2-IND can completely restore transcriptional silencing in the mom1/pial2 double mutant,
demonstrating that the artificial fusion of MOM1 and PIAL2 mimics the in vivo interaction of
these two proteins so that PIAL2-IND is no longer required for transcriptional silencing in the
fusion protein. Further, our yeast two-hybrid assay identifies a previously unrecognized SUMO
interaction motif (SIM) in the conserved MOM1 motif CMM3 and demonstrates that the SIM is
responsible for the interaction of MOM1 with SUMO. Given that eukaryotic PIAS-type SUMO
E3 ligases have a conserved role in chromatin regulation, the findings reported in this study
may represent a conserved chromatin regulatory mechanism in higher eukaryotes.

Introduction

In eukaryotic genomes, transposons, DNA repeats, and exogenous transgenes are usually sub-
jected to transcriptional silencing through DNA methylation [1-3]. In Arabidopsis, DNA
methylation is established by RNA-directed DNA methylation pathway at CG, CHG, CHH
sites (H represents A, T and C) [1,3]. CG, CHG, and CHH methylation are predominantly
maintained by the DNA methyltransferases MET1 [4], CMT3 [5], and CMT2 [6,7], respec-
tively. However, transcriptional silencing regulators, such as the CHD3-like protein MOM1
[8], the Microrchidia (MORC) family proteins MORCI and MORCS6 [9-11], and proteins that
are related to DNA replication and nucleosome assembly [12,13], are involved in transcrip-
tional silencing indepently of alteration in DNA methylation. While DNA methylation-depen-
dent transcriptional silencing has been extensively studied, how these DNA methylation-
independent regulators mediate tanscriptional silencing needs to be investigated.

The mom1 mutant was first identified by screening for mutants that release silencing of
the hygromycin-resistant transgene [14]. At the whole genome level, MOM1 regulates tran-
scriptional silencing without alteration of DNA methylation [15,16]. Mutation in NRPEI, the
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largest subunit of Pol V in the RADM pathway, was identified as an enhancer of the mom!1
mutant by a forward genetic screen [17]. Our recent report showed that MOM1 cooperates
with the RADM pathway to regulate the silencing of their common target loci independently
of alteration in DNA methylation [18]. The MOM1 protein contains an incomplete SNF2
domain, a nuclear localization domain, and three conserved MOM1 motifs: CMM1, CMM2,
CMM3 [8]. While a complete SNF2 domain contains seven conserved motifs parted by a cleft,
MOMLI only contains the second part [8]. The CMM2 motif itself is effective for silencing a
subset of MOML1 target genomic loci that are co-regulated by the RADM pathway [19]. How-
ever, little is known how the CMM2 domain is involved in transcriptional silencing.

Small ubiquitin-like modifier (SUMO) is known to regulate various biological processes,
including development, defense, and stress response [20,21]. SUMO1 and SUMO?2 are closely
related to each other and belong to a subclass of the SUMO protein family in Arabidopsis [21].
The double mutants of SUMO1 and SUMO2 are embryonically lethal [21]. Our recent study
demonstrated that SUMO1 and SUMO2 redundantly function in transcriptional silencing of
transposons and repetitive DNA elements [22]. However, how SUMO is involved in transcrip-
tional silencing remains elusive. SUMO can covalently modify other proteins through a cas-
cade of reaction: activation of SUMO by E1 (SUMO-activating enzyme), conjugation of
SUMO by E2 (SUMO-conjugating enzyme), and ligation of SUMO by E3 (SUMO ligase) [23].
In Arabidopsis, many nuclear proteins are covalently modified by SUMO as determined by
proteomic analyses [24]. Besides the covalent modification, SUMO can non-covalently interact
with other proteins through SUMO interaction motif (SIM) [25].

Our previous study demonstrated that two conserved PIAS-type SUMO E3 ligase-like proteins,
PIAL1 and PIAL2 (PIAL1/2), interact with MOM1 and thereby mediate transcriptional silencing
[18]. Although PIALI and PIAL2 have the SUMO E3 ligase activity [26], the activity is dispensable
for their function in transcriptional silencing [18]. It is unknown whether and how the interaction
of MOM1 and PIAL1/2 is involved in transcriptional silencing. MOM1 was shown to non-cova-
lently interact with SUMOL as identified by a yeast two-hybrid screen [25]. It remains to be deter-
mined whether MOM1 interacts with SUMOL1 in vivo, if the interaction occurs, it is necessary to
clarify whether and how the interaction contributes to transcriptional silencing.

Here, we generated a transgene fusing MOM1 with the PIAL2 protein harboring mutations
in the conserved PIAL2 interaction domain (PIAL2-IND) and performed complementation
testing, demonstrating that the fusion transgene can completely restore transcriptional silenc-
ing in the mom1pial2 double mutant. The study suggests that PIAL2-IND is exclusively
responsible for the interaction of PIAL2 with MOM1 and demonstrates that the fusion of
PIAL2 with MOM1 mimics the interaction so that PIAL2-IND is dispensable for transcrip-
tional silencing in the fusion protein. Further, our yeast two-hybrid assay identified a previ-
ously uncharacterized SIM in the conserved MOMI1 domain CMM3 and demonstrated that
the SIM is responsible for interaction with SUMO. The study provides an insight into the
molecular mechanism for understanding how the CHD3-like chromatin remodeling protein
MOMI cooperates with the SUMO E3 ligase-like proteins to regulate transcriptional silencing.
The mechanism revealed in this study may represent a conserved chromatin regulatory mech-
anism in higher eukaryotic organisms.

Results

Mutations in the PIAL2-IND domain impair PIAL2-MOM1 interaction
and PIAL2 dimerization

Our previous study indicated that the PIAS-type SUMO E3 ligase-like protein PIAL2 contains
an interaction domain (IND) that can dimerize and interact with the conserved CMM?2
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Fig 1. The IND domain of PIAL2 is responsible for MOM1-PIAL2 interaction and PIAL2 dimerization in vivo. (A) Schematic diagram of
mutations in the IND domain of PIAL2. Black squares represent the conserved amino acids. PIAL2-IND-M represents the mutations in the IND
domain (D182A/F183A/I185A, shown in red). (B) The interaction between MOMI1 and PIAL2 or PIAL2-IND-M as determined by yeast two-hybrid
assays. MOM1 was fused to GAL4-BD in the pGBKT?7 vector; PIAL2 and PIAL2-IND-M were fused to GAL4-AD in the pGADT7 vector. “Vec”
represents the empty GAL-BD or GAL4-AD vectors. (C) The IND mutations impair the interaction between PIAL2 and MOMI1 as determined by
affinity purification followed by mass spectrometric analysis. Protein extraction from transgenic plants separately harboring the wild-type PIAL2 and
PIAL2-IND-M transgene were subjected to affinity purification. (D) The interaction of MOM1-Flag with the wild-type PIAL2-Myc and the
PIAL2-IND-M-Mjyc as determined by co-IP. (E) The interaction of Flag-PIAL2 with the wild-type PIAL2-Myc and the PIAL2-IND-M-Myc as
determined by co-IP.

https://doi.org/10.1371/journal.pone.0202137.g001

domain of MOM1 as determined by an in vitro pull down assay [18]. However, the in vivo
function of the IND domain needs to be examined. We compared the IND domains (143-201
amino acids) from the Arabidopsis PIAL2 and its plant orthologues in Brassica rapa, Populus
euphratica, and Vitis vinifera, indicating that the IND domain is highly conserved in plants (S1
Fig). To determine the function of the IND domain in vivo, we mutated the highly conserved
residues in the IND domain (IND-M, D182A/F183A/1185A; Fig 1A) and introduced the muta-
tions into the full-length PIAL2 ¢cDNA sequence for yeast two-hybrid assays. The result indi-
cated that, while the wild-type PIAL2 interacts with MOM1, the mutations impair the
interaction of PIAL2 and MOM1 (Fig 1B).

To determine whether the PIAL2-IND mutations affect the interaction of PIAL2 and
MOML1 in Arabidopsis, we introduced the mutations into a construct carrying the full-length
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PIAL2 genomic sequence fused with a 3’-terminal Myc tag and transformed the construct into
Arabidopsis to obtain mutated PIAL2 (PIAL2-IND-M-Myc) transgenic plants. We extracted
proteins from the mutated and wild-type PIAL2 transgenic plants and performed affinity puri-
fication with the anti-Myc antibody followed by mass spectrometric analysis. The result
showed that MOMI1 was co-purified with the wild-type PIAL2 but not with PIAL2-IND-M
(Fig 1C), indicating that the IND mutation impairs the interaction of PIAL2 with MOM1 in
Arabidopsis. To further confirm the effect of the IND mutations on the interaction of PIAL2
with MOM1, we crossed the wild-type and mutated PIAL2-Myc transgenic plants with
MOM1I-Flag transgenic plants, and extracted proteins from the F1 generation plants for co-
immunoprecipitation (co-IP) assays. Our result indicated that the wild-type PIAL2-Myc pro-
tein but not the PIAL2-IND-M-Myc protein was precipitated with MOM1-Flag (Fig 1D), con-
firming that the PIAL2-IND domain is responsible for the interaction of PIAL2 and MOM1 in
vivo.

Considering our previous study reporting that the PIAL2-IND domain can form a homo-
dimer as determined by an in vitro assay [18], we wonder whether the IND mutations that dis-
rupt the PIAL2-MOMI interaction also affect the dimerization of PIAL2. We crossed the wild-
type PIAL2-Myc and PIAL2-IND-M-Myc transgenic plants with transgenic plants carrying
PIAL2 fused with a 5’-terminal Flag tag (Flag-PIAL2). Using the F1 generation plants, we per-
formed co-IP and demonstrated that the wild-type PIAL2-Myc but not the PIAL2-IND-M--
Myc was co-immunoprecipitated with the Flag-PIAL2 protein (Fig 1E), demonstrating that
the PIAL2-IND domain is required for both the PIAL2-MOM1 interaction and the PIAL2
dimerization in vivo.

Artificial fusion of MOM1 with the PIAL2 protein defective in the IND
domain is effective for transcriptional silencing

Our previous study showed that PIAL2 and MOM1 interact with each other and regulate tran-
scriptional silencing at many common target genomic loci [18]. However, it is unknown
whether the PIAL2-MOM1 interaction is required for the function of PIAL2 and MOM1 in
transcriptional silencing. Considering the effect of the PIAL2-IND mutations on the interac-
tion of PIAL2 with MOM1, we predicted that the IND mutations should affect transcriptional
silencing if the PIAL2-MOM1 interaction is required for transcriptional silencing. To detect
the effect of the IND mutations on transcriptional silencing, we transformed the wild-type
PIAL2 construct and the mutated PIAL2 construct harboring the IND mutations (D182A/
F183A/1185A) into the pial2 mutant plants for complementation testing. The expression levels
of the wild-type and mutated PIAL2 transgenes were comparable as determined by western
blotting (S2 Fig). The genomic loci solo LTR, SDC, and ROMANIATS5 were previously demon-
strated to be co-regulated by PIAL2 and MOM1 in Arabidopsis [18]. Our RT-PCR results
showed that these loci were silenced in the wild-type plants and indicated that the silencing
was released in the pial2 mutant (Fig 2A). While the wild-type PIAL2 transgene fully restored
the silencing of these loci, the mutated PIAL2 transgene failed to restore the silencing (Fig 2A),
demonstrating that the interaction of PIAL2 and MOM1 is required for the function of PIAL2
in transcriptional silencing.

Although the IND domain is required for the PIAL2-MOMLI interaction, we cannot
exclude the possibility that the IND domain may have some other molecular roles that are
responsible for the function of PIAL2 in transcriptional silencing. If the IND domain is exclu-
sively involved in the PIAL2-MOM!1 interaction, artificial fusion of PIAL2 and MOM1 may be
functional even when the IND domain is mutated. To determine whether the IND domain is
involved in transcriptional silencing through interaction with MOM1, we generated constructs
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Fig 2. The IND domain of PIAL?2 is involved in transcriptional silencing through interaction with MOMI1. (A) Complementation of
the silencing defect in the pial2 mutant by wild-type and mutated PIAL2 transgenes. The mutated PIAL2 transgene contains D182A/
F183A/I185A mutations in the IND domain of PIAL2. The expression of the PIAL2 target loci was examined by RT-PCR. ACT7 was used
as a control. (B) Schematic diagram of wild-type and mutated MOM1I-PIAL2 fusion genes. The wild-type and mutated PIAL2 was fused
to the 3’-terminal of the wild-type MOM1 driven by the MOM1I promoter through the BamHI restriction site. Both the fusion genes
harbor a Flag tag in their 3’-terminals. (C) Complementation of the silencing defect in the mom1/pial2 double mutant by MOMI,
MOMI-PIAL2, and MOMI-PIAL2-IND-M transgenes. The expression of solo LTR, SDC, and ROMANIATS5 was detected by qPCR.
ACTY7 served as an internal control. Error bars are standard deviation (SD). *P < 0.05 or **P < 0.01 was determined by Student’s t test.

https://doi.org/10.1371/journal.pone.0202137.9002

in which the wild-type MOM1 was fused with the wild-type PIAL2 (MOMI-PIAL2) and with
the mutated PIAL2 harboring the IND mutations (MOM1-PIAL2-IND-M) under the control of
the MOM1 promoter (Fig 2B). The constructs were independently transformed into the
mom1/pial2 double mutant for complementation testing. We selected transgenic lines that
showed comparable expression levels between wild-type and mutated MOMI-PIAL2 fusion
genes (S3 Fig), and examined whether the IND mutations affect transcriptional silencing. Our
quantitative PCR experiment indicated that the MOMI-PIAL2 fusion transgene restored the
silencing of solo LTR, SDC, and ROMANIATS5 to the wild-type level in the mom1/pial2 double
mutant, whereas the MOM1I transgene without the fusing PIAL2 was unable to restore the
silencing (Fig 2C). This result demonstrates that the MOM1-PIAL2 fusion gene can combine
the function of MOM1 and PIAL2 in transcriptional silencing. Compared to the wild-type
MOMI-PIAL2 fusion gene, the MOMI-PIAL2 fusion gene harboring the IND mutations was
able to restore the silencing as well (Fig 2C), indicating that the IND mutations do not affect
the function of the MOMI-PIAL2 fusion gene in transcriptional silencing. We infer that the
IND domain of PIAL2 is involved in transcriptional silencing exclusively through interaction
with MOM1.
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Mutations in the CMM2 domain impair MOM1 dimerization and partially
affect the interaction of MOM1 with PIAL1 and PIAL2

The CMM2 domain of MOMI1 was previously reported to form a homo-dimer and play an
essential role in transcriptional silencing [19]. Interestingly, our previous study indicated that
the CMM2 domain also interacts with PIAL1/2 [18]. As previously reported [19], the CMM2
mutations L1761D/L1765D were known to impair the CMM2 dimerization. However, it is
unknown whether the CMM2 mutations affect the interaction of the CMM2 domains with
PIAL1/2. We introduced the mutations into the CMM2 domain and performed yeast two-
hybrid assays to test the effect of the mutations on the CMM2 dimerization and the interaction
of the CMM2 domain with PIAL1/2. The yeast two-hybrid result showed that the CMM2
mutations impaired the CMM2 dimerization but not the interaction of the CMM2 domain
with PIAL1/2 (Fig 3A and 3B).

We previously demonstrated that MOML1 is dimerized in vivo [18]. To investigate whether
the CMM2 mutations impair the MOMI dimerization in vivo, we performed co-IP assays. The
CMM2 mutations were introduced into the full-length MOM1 sequence fused with a 3’-termi-
nal Flag tag. By crossing, the mutated MOM1-CMM2-M-Flag and wild-type MOM1-Flag trans-
genes were introduced into the Arabidopsis plants harboring the MOMI-Myc transgene.
Using the F1 generation plants, we performed co-IP assays with anti-Flag antibody. The result
showed that the CMM2 mutation impaired the MOM1 dimerization in Arabidopsis (Fig 3C).
To test whether the CMM2 mutation affects the interaction of MOM1 with PIAL2, we intro-
duced the mutated MOM1-CMM2-M-Flag and wild-type MOM1-Flag transgenes into the
PIAL2-Myc transgenic plants by crossing. Our co-IP experiment indicated that PIAL2-Myc
was co-immunoprecipitated by the wild-type MOM1-Flag and to a lesser extent by the
mutated MOM1-CMM2-M-Flag (Fig 3D). Thus, although the CMM2 mutations do not affect
the interaction of the CMM2 domain with PIAL2 as determined by yeast two-hybrid assays
(Fig 3B), the CMM2 mutations impair the interaction of MOMI1 with PIAL2 in Arabidopsis.

MOM1 and PIAL1/2 were known to form a high molecular weight complex in vivo [18]. To
determine whether the CMM2 domain of MOML is required for forming the complex, we
transformed the wild-type MOMI-Flag and the mutated MOM!1 -Flag harboring the CMM?2
mutations into the mom1 mutant and extracted proteins from the transgenic seedlings to per-
form gel filtration assay (Fig 3E). Our previous study indicated that the wild-type MOM1-Myc
protein forms a high molecular weight complex in vivo and demonstrated the formation of the
complex is disrupted in the piall/2 mutant [18]. As expected, the wild-type MOM1-Flag pro-
tein forms a high molecular weight complex in vivo as determined by the gel filtration assay in
this study (Fig 3E). Although the mutated MOM1-Flag protein also forms a complex, the size
of the complex is significantly smaller than that of the wild-type MOM1-Flag complex (Fig
3E). This finding supports the notion that the CMM2 mutations affect the MOM1 dimeriza-
tion and thereby impair the formation of the high molecular weight complex. The presence of
the smaller complex from the mutated MOMI-Flag transgenic plants is consistent with the co-
IP results indicating that the CMM2 mutations partially affect the MOM1-PIAL2 interaction
(Fig 3D). We predict that the weak MOM1-PIAL1/2 interaction in the mutated MOM1-Flag
transgenic plants may be responsible for forming the smaller complex.

The CMM2 mutations affect the function of MOM1 in transcriptional
silencing
Considering that the CMM2 mutations affect the formation of the high molecular weight

MOM1-PIAL1/2 complex, we predicted that the CMM?2 mutations might also affect the func-
tion of MOML1 in transcriptional silencing. Thus, we introduced the CMM2 mutations into
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https://doi.org/10.1371/journal.pone.0202137.9003

the full-length MOM1 transgene for complementation testing in Arabidopsis. As previously
reported [19], the MOMLI target genomic loci were divided into two classes based on whether
the silencing of the loci is dependent on RNA-directed DNA methylation (RADM). Class I
loci, such as ROMANIATS5 and TSI, are up-regulated in the momI1 mutant but not or weakly
up-regulated in RADM mutants; Class II loci, such as solo LTR and SDC, are co-up-regulated
in both the mom1 and RADM mutants.
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Our quantitative PCR results indicated that the wild-type MOM1 transgene markedly
restored the silencing of both Class I and II types of MOM1 target loci in the momI mutant
(Fig 4A). The CMM2 mutations in the full-length MOM1 transgene significantly affect tran-
scriptional silencing (Fig 4A). The expression level of the mutated MOM1 transgene was com-
parable to that of the wild-type MOMI transgene (Fig 4B). Therefore, failure of the mutated
MOMI transgene to restore transcriptional silencing in the momI mutant is caused by the
CMM2 mutations in the mutated MOM1I transgene. Given the effect of the CMM2 mutations
on the formation of the high molecular weight complex and on the function of MOM1 in tran-
scriptional silencing, we conclude that the formation of the high molecular weight complex is
required for the function of MOMI in transcriptional silencing. Of note, our quantitative PCR
results indicated that the MOM1 transgene harboring the CMM2 mutations weakly restore
transcriptional silencing in the momI1 mutant. Thus, although the CMM2 mutations
completely disrupted the MOMI1 dimerization, the disruption of the MOM1 dimerization
does not completely suppress the MOM1 function in transcriptional silencing.

MOM1 and PIAL2 interact with SUMO as determined by yeast two-hybrid
assays

The PIAS-type SUMO E3 ligase-like protein PIAL2 was shown to have a conserved SUMO
interaction motif (SIM) that is necessary for its SUMO E3 ligase activity [26]. However, it is
unknown whether the SIM is responsible for the interaction of PIAL2 with SUMO. We dem-
onstrated that PIAL2 was able to interact with SUMO?2 as determined by yeast two-hybrid
assays (S4A Fig). The SIM domain of PIAL2 was responsible for the interaction of PIAL2 with
SUMO?2 but not with MOM1 (S4B and S4C Fig). These results demonstrated that the SIM
domain is specifically responsible for the interaction of PIAL2 with SUMO as determined by
yeast two-hybrid assays. However, our previous study indicated that the SIM mutations did
not affect the function of PIAL2 in transcriptional silencing, implying that PIAL2 is involved
in transcriptional silencing independently of the interaction of PIAL2 and SUMO.

MOM1 was previously shown to interact with SUMO1 as determined by a yeast two-hybrid
screen [25]. To determine which domain in MOM1 is required for the interaction of MOM1
with SUMO, we generated a series of truncated MOM1 fragments (MOM1-P1 ~ MOM1-P4)
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for yeast two-hybrid assays (Fig 5A). Our result demonstrated that MOM1-P2 and MOM1-P3
but not MOM1-P1 and MOM1-P4 interact with SUMO1 and SUMO?2 (Fig 5B), suggesting
that the conserved C-terminal CMM3 is necessary for the interaction of MOM1 with SUMO
proteins. Although CMM3 was previously identified as a conserved domain in MOM1 [19], its
function was not yet understood. By alignment of MOMI1 and its orthologues in plants, we
observed that the CMM3 is highly conserved in plants and contains a putative SUMO interac-
tion motif (SIM: VVCLS) (Fig 5C; S1 Fig). To determine whether the SIM is indeed responsi-
ble for the interaction of MOM1 with SUMOI1 and SUMO2, we carried out yeast two-hybrid
assays by using two different mutated MOMI1-P3 fragments harboring CMM3-M1 (V1994A/
V1995A) and CMM3-M2 (V1994A/V1995A/C1996A/L1997A/ S1998A) mutations (Fig 5C).
The result showed that both the two versions of the CMM3 mutations impaired the interaction
of MOM1-P3 with SUMO1 and SUMO?2 (Fig 5D), demonstrating that the SIM in the CMM3
domain is responsible for the interaction of MOM1 with SUMO1 and SUMO2. However, the
CMM3-M1 and CMM3-M2 mutations in the MOM1-P3 fragments did not affect the interac-
tion with the CMM2 domain (Fig 5D). These results suggest that the SIM in the CMM3
domain is responsible for the interaction of MOMI1 with SUMO1 and SUMO?2 but not for the
MOM1 dimerization.
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Fig 5. The CMM3 domain of MOML1 is responsible for SUMO1 and SUMO2 interaction as determined by yeast two-hybrid assays. (A) Schematic diagram of
full-length and various truncated versions of MOM1 used in yeast two-hybrid assays. P1, 1-832 aa; P2, 798-2001 aa; P3, 1660-2001 aa; P4, 16601860 aa. (B)
Interaction of full-length and truncated versions of MOMI1 with SUMO1, SUMO?2 as determined by yeast two-hybrid assays. Full-length and truncated versions of
MOM1 were fused to GAL4-AD, and SUMO1 and SUMO2 was fused to GAL4-BD. “Vec” represents the empty GAL-BD or GAL4-AD vectors. (C) Alignment of
the CMM3 domains of Arabidopsis MOM1 and its orthologues from other plants, including Brassica rapa, Populus euphratica and Vitis vinifera. The amino acids
highlighted by black and gray backgrounds indicated that the amino acids are completely and partially conserved, respectively. CMM3-M1 (V1994A/V1995A,
shown in red) and CMM3-M2 (V1994A/V1995A/ C1996A/L1997A/S1998A, shown in red) represent two versions of mutations in the CMM3 domain of MOMI.
(D) Mutations in the CMM3 domain disrupt the interaction between MOM1-P3 and SUMO1 or SUMO?2 as determined by yeast two-hybrid assays. The wild-type
and mutated MOM1-P3 were fused with GAL4-AD. SUMO1, SUMO2, and CMM2 were fused with GAL4-BD. “Vec” represents the empty GAL-BD or GAL4-AD
vectors.

https://doi.org/10.1371/journal.pone.0202137.9005
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Fig 6. The interaction of MOM1 with SUMO proteins is dispensable for transcriptional silencing. (A) The SIM in the CMM3 domain of
MOMI is not required for transcriptional silencing. As determined by qPCR, the silencing of solo LTR, TSI,and ROMANIAT5 was restored by
the MOM1 transgene harboring the CMM3 mutations as well as by the wild-type transgene. ACT7 served as an internal control. Error bars are
SD. *P < 0.05 or **P < 0.01 was determined by Student’s t test. (B) SUMO2 was not co-purified with MOM1 as determined by co-IP.
MOMI-Myc transgene was introduced into transgenic plants harboring Flag-SUMO2 transgene by crossing. F1 generation plants were

subjected to co-IP.
https://doi.org/10.1371/journal.pone.0202137.g006

The interaction of MOM1 with SUMO is not required for transcriptional

silencing

To determine whether the CMM3 domain is necessary for transcriptional silencing, we intro-
duced the CMM3 mutations (V1994A/V1995A/L1997A/S1998A) into the full-length MOM1
construct and tested whether the mutations affect the function of MOM1 in transcriptional
silencing in Arabidopsis. We carried out western blotting to compare the wild-type and

mutated MOM1-Flag expression level

in their transgenic lines and selected the transgenic lines

that showed comparable protein levels for complementation testing (S5 Fig). Our complemen-
tation test indicated that the mutated MOM1 transgene complemented the silencing of the
MOMLI target loci as well as the wild-type MOM 1 transgene (Fig 6A). The results suggest that
even though MOM1 interacts with SUMO1 and SUMO?2 as determined by yeast two-hybrid
assays, the SIM of MOML1 is dispensable for the function of MOMI in transcriptional silenc-
ing. To determine whether MOMI1 interacts with SUMO in Arabidopsis, we crossed the
MOM1-Myc transgenic plants with transgenic plants harboring a native promoter-driven
SUMO?2 fused with a 5’-terminal Flag tag (Flag-SUMO?2). The seedlings from the F1 generation
were used for co-IP. The result indicated that MOM1 was not able to co-purify with SUMO2
(Fig 6B), suggesting that the MOM1 cannot interact with SUMO2 in Arabidopsis. Thus,
although the CMM3 domain of MOM1 is shown to interact with SUMO1 and SUMO?2 as
determined by yeast two-hybrid assays, it is necessary to investigate the function of the con-

served CMM3 domain in future.

Discussion

Although the CHD3-like chromatin remodeling protein MOMI1 is known to act as a transcrip-
tional silencing regulator, it is poorly understood how MOMLI is involved in transcriptional
silencing. In the mom1I mutant, DNA methylation, histone modifications, and heterochroma-

tin condensation are not significantly

affected while transcriptional silencing is disrupted,

suggesting that MOMI1 regulates transcriptional silencing through an uncharacterized mecha-
nism [14-16]. Mutations in RADM components were previously identified by screening for
enhancers of the momI mutant [17], suggesting that MOM!1 can function together with
RADM components in transcriptional silencing. It was thought that MOMI could act at a
downstream step of RADM to mediate the repressive H3K9 dimethylation at some specific
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RdADM target loci [27]. However, at the whole genome level, many genomic loci that were reg-
ulated by MOM 1 but not by RADM were identified [17,18]. How MOMLI is involved in tran-
scriptional silencing at these genomic loci needs to be studied. From a yeast two-hybrid
screen, MOM1 was shown to interact with SUMO [25]. However, it is unknown whether the
interaction of MOM1 and SUMO is involved in transcriptional silencing. Our previous study
demonstrated that MOMI1 interacts with the PIAS-type SUMO E3 ligase-like proteins PIAL1/
2 and form a large molecular weight complex [18]. Although we have demonstrated that
PIAL1/2 are involved in transcriptional silencing [18], it is necessary to investigate whether the
interaction of PIAL1/2 with MOM1 is required for transcriptional silencing.

Our previous study demonstrated that the IND domain of PIAL2 could interact with
PIAL2 and MOM1 in vitro [18]. Here, we introduced mutations in the IND domain of PTAL2
and demonstrated that the mutations disrupted the interaction of PIAL2 with MOM1 and the
PIAL2 dimerization as determined by both the yeast two-hybrid assay and the co-IP experi-
ment. Further, we introduced the mutations into the PIAL2 transgene and demonstrated that
the mutations impaired the function of PIAL2 in transcriptional silencing. These results
strongly suggest that the integrity of MOMI-PIAL2 complex is necessary for its function in
silencing. We predict that the MOMI1-PIAL2 complex may serve as an adaptor complex to
recruit some downstream silencing regulators. We artificially fused the wild-type MOM1 with
the mutated PIAL2 harboring the mutations in the IND domain and found that the fusion
gene completely complemented defects in transcriptional silencing in the pial2momI double
mutant, whereas the MOM1 transgene without the fusion with the mutated PIAL2 can only
partially complement the defects in transcriptional silencing. The result suggests that in addi-
tion to the IND domain, some other domains of the PIAL2 protein are necessary for the func-
tion of PIAL2 in transcriptional silencing. In addition to the IND domain, PIAL2 contains
putative SIM and RING domains, which are required for the SUMO E3 ligase activity. Our
previous studies have demonstrated that, although the putative SIM domain of PIAL2 is
required for the interaction of PIAL2 with SUMO as determined by yeast two-hybrid assays, it
is dispensable for the function of PIAL2 in transcriptional silencing [18]. The putative RING
domain of PIAL2 is highly similar with the zf-MIZ domain, which was primarily identified in
the transcription factor MIZ-1 in animals and was shown to be responsible for binding specific
DNA sites [28]. We speculate that the RING domain of PAL2 may be responsible for recruit-
ment of the MOM1-PIAL1/2 complex to chromatin.

In a previous study [19], a miniMOM!I transgene that encodes the CMM2 domain and the
nuclear localization signal was reported to be effective for silencing RADM-dependent MOM1
target loci, whereas it was less effective for silencing RADM-independent MOM1 target loci.
The CMM2 mutations in the miniMOM] transgene were previously reported to significantly
affect the silencing of RADM-dependent MOML1 target loci but only have a weak effect on
RdDM-independent MOM1 target loci [19]. Our result indicates that the CMM2 mutations in
the full-length MOMI transgene significantly affect the silencing of both RADM-dependent
and-independent MOMLI target loci. As shown by the previous study [19], the miniMOM]1
transgene only has a limited role in silencing RADM-independent MOML1 target loci. Thus,
the weak effect of the CMM2 mutations in the miniMOMI transgene is most likely due to the
limited role of the miniMOM!I transgene in the silencing of RADM-independent MOM1 target
loci.

We previously demonstrated that MOM1 not only forms a dimer but also interacts with
PIAL2 in vivo [18]. The CMM2 domain of MOMLI is responsible for the dimerization and the
interaction with PIAL2 as determined by in vitro pull down assays [18]. Our results show that
mutations in the CMM2 domain impair the MOM1 dimerization and disrupt the function of
MOMLI in transcriptional silencing (Figs 3A, 3C and 4A). These results are consistent with the
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previous finding that the CMM2 domain is involved in transcriptional silencing [8]. Thus, our
study implies that the CMM2 domain mediates MOM1 dimerization and thus facilitates tran-
scriptional silencing. However, we demonstrate that the CMM?2 mutation does not disrupt the
MOML1 function in silencing completely (Fig 4A). Our co-IP experiment indicated that,
although the CMM?2 mutations completely disrupted the MOM1 dimerization, it only partially
impaired the interaction of MOM1 with PIAL2 (Fig 3D). We predict that the remaining
MOMI1-PIAL2 interaction may be responsible for the residual function of the mutated MOM1
in transcriptional silencing.

There are four Arabidopsis SUMO E3 ligases: SIZ1, HPY2, PIAL1, and PIAL2, which con-
tain an SP-RING motif required for binding specific substrates and SUMO conjugating
enzymes directly [20,29]. These ligases are involved in various biological processes, including
development and stress responses [30-34]. By identifying sumoylated proteins in vivo, some
proteins related to chromatin, transcription, and RNA processes were identified as sumoylated
substrates [35,36]. Our recent study confirmed that the Su(var)39-related protein SUVR2 is
sumoylated in vivo and the sumoylation is required for the interaction of SUVR2 with the
chromatin-remodeling proteins CHR19 and CHR27 [22]. In addition to the proteins that are
covalently modified by SUMO, some proteins are shown to interact with SUMO non-cova-
lently. In animals, SUMO was reported to mediate transcriptional regulation by non-cova-
lently interacting with its substrates [37,38]. Here, we identify a SIM motif in the conserved
CMM3 domain of MOM1 and demonstrate that the SIM motif directly interacts with SUMO as
determined by yeast two-hybrid assay. However, the SIM in the CMM3 is dispensable for the
function of MOMLI in transcriptional silencing. This result is consistent with our previous study
reporting that the SUMO ligase activity of the MOMI1-interacting protein PIAL2 is not required
for transcriptional silencing [18]. Although the interaction of MOM1 with SUMO was detected
as examined by yeast two-hybrid assays, the interaction was not detected by our co-IP experi-
ment (Fig 6B). Some transcription factors in mammals have a low sumoylation level, but the
low level of sumoylation is required for transcriptional regulation [39]. Thus, we cannot entirely
exclude the possibility that MOM1 may covalently or non-covalently interact with SUMO at
low levels or at specific growth conditions, which has not been detected by our co-IP experi-
ment. In Arabidopsis. sumoylation was shown to be activated by heat and oxidative stresses
[40]. Transposon silencing can be released under stress conditions such as heat shock [41,42].
Therefore, although the interaction of SUMO with MOM1 and PIAL?2 is dispensable for tran-
scriptional silencing as examined in our experimental conditions, it may play regulatory roles in
transcriptional silencing and other biological processes under some specific development stages
and environment conditions. Further studies are required to clarify whether and how SUMO is
involved in the function of MOMI1 and PIAL2 in transcriptional silencing.

Materials and methods
Plant materials and growth conditions

The Arabidopsis seedlings were grown on MS (Murashige and Skoog) medium [43] under
long-day conditions (16 h light and 8 h dark) for 12 days and were then transplanted into soils.
The Arabidopsis plants used in this study were in the Col-0 ecotype. The T-DNA insertion
mutants moml (SALK_141293) and pial2 (SALK_043892) were obtained from Arabidopsis
Biological Resource Center (ABRC). We crossed mom1 to pial2 and identified the mom1/pial2
double mutant in the F2 generation plants. The genomic sequences of MOM]I and PIAL2
driven by corresponding native promoters were cloned into pCAMBIA1305 or pRI909 with 3’-
terminal Flag or Myc tags. The constructs were transformed into plants through the agrobac-
terium directed flower-dipping method [44]. Point mutations were introduced into the
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corresponding constructs by site-directed mutagenesis. For the PIAL2 and SUMO?2 constructs
harboring a 5’-terminal Flag tag, the corresponding promoter was cloned in front of the Flag
tag. For generating a MOM1I-PIAL2 fusion gene, MOM1I was fused with 3’-terminal PIAL2 fol-
lowed by a Flag tag. All constructs were verified by sequencing. Primers used for generating
the constructs were listed in S1 Table.

Analyses of RNA levels

Arabidopsis seedlings grown on MS medium for 12 days and 50 mg seedlings were subjected
to RNA extraction with 1 ml of Trizol (Sigma) reagent. 500 pl of chloroform was added to
remove proteins. The mixture was centrifuged at 12,000 rpm for 15 min at 4°C. The superna-
tant was added with 500 pl of isopropanol to precipitate RNA. The RNA was washed with 1 ml
of 75% of ethanol. According to the manufacturer’s instruction, 20 ug RNA in total 20 pl vol-
ume was subjected to reverse transcription by 5xAll-In-One RT MasterMix (ABM). We
diluted 20 pul of cDNA to 80 pl and used 4 pl of cDNA for gPCR by SYBR Green Master Mix
(Kapa Biosystems) in each reaction. ATC7 was served as an internal control.

Affinity purification, mass spectrometric analysis, co-IP, and gel filtration

Given the observation that the protein levels of MOM1 and PIAL2 are higher in flowers than
in seedlings, we isolated proteins from flowers for affinity purification. Five grams of flowers
were harvested and subjected to protein extraction in 12 ml of lysis buffer (50 mM Tris-HCI,
pH = 7.6, 150 mM NaCl, 5 mM MgCl,, 10% glycerol, 0.1% Nonidet P-40 [Amresco], ] mM
DL-dithiothreitol [Inalco], 1 mM phenylmethanesulfonyl fluoride (PMSF), 1 proteinase inhib-
itor cocktail tablet/50 ml [Roche]). The protein extraction was incubated with 80 pl anti-Flag
affinity gel (Sigma) for 2.5 h at 4°C, washed 4 times with lysis buffer, and eluted with 3xFlag
peptide (Sigma). The input proteins and immunoprecipitated proteins were boiled, subjected
to SDS-PAGE and the gel was stained with ProteinSilver Silver Stain Kit (Sigma). The protein
bands were cut and used for mass spectrometric analysis. For co-IP, after affinity purification,
the input proteins and immunoprecipitated proteins were boiled and subjected to SDS-PAGE
and western blotting. For gel filtration, 0.5 g seedlings were grounded to powder and subjected
to protein extraction. The sample was subjected to centrifugation, and the supernatant was fil-
trated by 0.22 um filter. Each of 500 ul samples was loaded onto Superose 6 (10/300 GL) col-
umn (GE Healthcare). The eluate proteins were collected per 500 ul and subjected to
SDS-PAGE and western blotting.

Yeast two-hybrid assay

The CDS sequences of the full-length and truncated forms of MOM1, PIAL1, and PIAL2 were
separately cloned into the pGADT7 and pGBKT?7 vectors, fused with 5’-terminal GAL4-AD and
GAL4-BD through the One-Step Cloning Kit (Vazyme Biotech). The yeast strains AH109 and
Y187 were separately transformed with 200 ng of the pGADT7 and pGBKT?7 constructs. The
strains transformed by the pGADT7 and pGBKT?7 constructs were incubated on synthetic
dropout medium without Leu and Trp, respectively. The positive clones from the different
synthetic dropout mediums were subjected to mating with each other in the YPD medium
overnight. Seven microliter of each mating strain was spotted on synthetic dropout medium
without Leu and Trp, and then the positive clones were transferred to grow on new synthetic
dropout medium without Leu and Trp (-Leu-Trp), and synthetic dropout medium without
Leu, Trp and His (-Leu-Trp-His) with the addition of 3 mM 3-amino-1, 2, 4-triazole to reduce
background growth. Growth on synthetic dropout medium without Leu, Trp and His indicates
that the two fusion proteins interact with each other.
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Accession numbers

Sequence data can be obtained in the Arabidopsis Genome Initiative database by the accession
numbers below: MOM1 (AT1G08060), PIAL1 (AT1G08910), PIAL2 (AT5G41580), SUMO1
(AT4G26840), SUMO2 (AT5G55160).

Supporting information

S1 Fig. Analysis of the Arabidopsis PIAL2 protein. (A) Schematic representation of the Ara-
bidopsis PIAL2 protein. (B) Alignment of PIAL2 and its homologs in Brassica rapa, Populus
trichocarpa and Vitis vinifera. The IND domain of PIAL2 is from 143 to 201 amino acids. The
SIM domain is from 425 to 428 amino acids.

(PDF)

S2 Fig. Determination of the expression of the wild-type and mutated PIAL2 transgenes.
Both the wild-type (PIAL2-WT) and mutated (PIAL2-IND-M) transgenes were driven by the
native PIAL2 promoter and tagged by Myc epitope in their C-terminals. The expression of the
transgenes was detected by western blotting. Rubisco stained by Ponceau S was shown as a
loading control.

(PDF)

$3 Fig. Determination of the expression of the MOMI-Flag transgene, the wild-type
MOM]1-PIAL?2 fusion transgene, and the MOM1-PIAL2 fusion transgene harboring the
mutations in the IND domain of PIAL2. The transgenes were introduced into the mom1/
pial2 double mutant and their expression was determined by western blotting. Rubisco stained
by Ponceau S was shown as a loading control.

(PDF)

$4 Fig. The SIM domain of PIAL?2 is responsible for PIAL2 interaction with SUMO2 but
not with MOMI. (A) PIAL2 interacts with SUMO?2 as determined by yeast two-hybrid assays.
PIALI1 and PIAL2 were fused with GAL4-AD. SUMO2 were fused with GAL4-BD. “Vec” rep-
resents the empty GAL-BD or GAL4-AD vectors. (B) Schematic representation of mutations in
the SIM domain of PIAL2. The mutated Val, Phe, Asp, and Leu residues of PIAL2 are in blue.
The Ala residues introduced to replace the correct residues are in red. (C) The PIAL2 protein
harboring the SIM mutations interacts with MOMI1 but not with SUMO2 as shown by yeast
two-hybrid assays. MOM1 and PIAL2 were fused with GAL4-AD. The PIAL2 sequence har-
boring the SIM mutations was fused with GAL4-BD. “Vec” represents the empty GAL-BD or
GAL4-AD vectors.

(PDF)

S5 Fig. The expression levels of the wild-type and the mutated MOM1-Flag transgenes in
the mom1 mutant background. (A) The mutations (V1994A/V1995A/L1997A/S1998A) in
the CMM3 domain encoded by the mutated MOMI-Flag transgene. The mutated residues
were shown in blue. The Ala residues introduced to replace the correct residues were shown in
red. (B) The expression of the wild-type and mutated MOM1-Flag transgenes was determined
by western blotting. The loading of proteins was indicated by Ponceau S staining. The trans-
genic lines were used for complementation testing.

(PDF)

S$1 Table. Primers used in this study.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0202137  August 9, 2018 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202137.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202137.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202137.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202137.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202137.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202137.s006
https://doi.org/10.1371/journal.pone.0202137

@° PLOS | ONE

Roles for the interaction of MOM1 with SUMO and PIAL2 in transcriptional silencing

Acknowledgments

This work was supported by the National Key Research and Development Program of China
(2016YFA0500801) and the 973 Program (2011CB812600) from the Chinese Ministry of Sci-
ence and Technology (to X.J.H.).

Author Contributions
Conceptualization: Qiu-Yuan Zhao, Xin-Jian He.
Data curation: Qiu-Yuan Zhao, Xin-Jian He.
Formal analysis: Qiu-Yuan Zhao, Xin-Jian He.
Methodology: Qiu-Yuan Zhao.

Project administration: Xin-Jian He.

Writing - original draft: Qiu-Yuan Zhao.

Writing - review & editing: Xin-Jian He.

References

1. LawJA, Jacobsen SE (2010) Establishing, maintaining and modifying DNA methylation patterns in
plants and animals. Nat Rev Genet 11: 204—220. https://doi.org/10.1038/nrg2719 PMID: 20142834

2. LiuJ, BaiG, Zhang C, Chen W, Zhou J, Zhang S, et al. (2011) An atypical component of RNA-directed
DNA methylation machinery has both DNA methylation-dependent and -independent roles in locus-spe-
cific transcriptional gene silencing. Cell Res 21: 1691-1700. https://doi.org/10.1038/cr.2011.173 PMID:
22064704

3. Matzke MA, Mosher RA (2014) RNA-directed DNA methylation: an epigenetic pathway of increasing
complexity. Nat Rev Genet 15: 394—408. https://doi.org/10.1038/nrg3683 PMID: 24805120

4. Jones L, Ratcliff F, Baulcombe DC (2001) RNA-directed transcriptional gene silencing in plants can be
inherited independently of the RNA trigger and requires Met1 for maintenance. Curr Biol 11: 747-757.
PMID: 11378384

5. Lindroth AM, Cao X, Jackson JP, Zilberman D, McCallum CM, Henikoff S, et al. (2001) Requirement of
CHROMOMETHYLASES3 for maintenance of CpXpG methylation. Science 292: 2077-2080. https://
doi.org/10.1126/science. 1059745 PMID: 11349138

6. Zemach A, Kim MY, Hsieh PH, Coleman-Derr D, Eshed-Williams L, Thao K, et al. (2013) The Arabidop-
sis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochro-
matin. Cell 153: 193-205. https://doi.org/10.1016/j.cell.2013.02.033 PMID: 23540698

7. Stroud H, Do T, Du J, Zhong X, Feng S, Johnson L, et al. (2014) Non-CG methylation patterns shape
the epigenetic landscape in Arabidopsis. Nat Struct Mol Biol 21: 64—72. https://doi.org/10.1038/nsmb.
2735 PMID: 24336224

8. Caikovski M, Yokthongwattana C, Habu Y, Nishimura T, Mathieu O, Paszkowski J (2008) Divergent
evolution of CHDS proteins resulted in MOM1 refining epigenetic control in vascular plants. PLoS Genet
4:e1000165. https://doi.org/10.1371/journal.pgen.1000165 PMID: 18725928

9. Moissiard G, Cokus SJ, Cary J, Feng S, Billi AC, Stroud H, et al. (2012) MORC family ATPases required
for heterochromatin condensation and gene silencing. Science 336: 1448—1451. https://doi.org/10.
1126/science.1221472 PMID: 22555433

10. Lorkovic ZJ, Naumann U, Matzke AJ, Matzke M (2012) Involvement of a GHKL ATPase in RNA-
directed DNA methylation in Arabidopsis thaliana. Curr Biol 22: 933-938. https://doi.org/10.1016/j.cub.
2012.03.061 PMID: 22560611

11.  LiuZW, Zhou JX, Huang HW, Li YQ, Shao CR, LiL, et al. (2016) Two components of the RNA-directed
DNA methylation pathway associate with MORCG6 and silence loci targeted by MORCSG in Arabidopsis.
PLoS Genet 12: e1006026. https://doi.org/10.1371/journal.pgen.1006026 PMID: 27171427

12. Mozgova |, Mokros P, Fajkus J (2010) Dysfunction of chromatin assembly factor 1 induces shortening
of telomeres and loss of 45S rDNA in Arabidopsis thaliana. Plant Cell 22: 2768-2780. https://doi.org/
10.1105/tpc.110.076182 PMID: 20699390

PLOS ONE | https://doi.org/10.1371/journal.pone.0202137  August 9, 2018 15/17


https://doi.org/10.1038/nrg2719
http://www.ncbi.nlm.nih.gov/pubmed/20142834
https://doi.org/10.1038/cr.2011.173
http://www.ncbi.nlm.nih.gov/pubmed/22064704
https://doi.org/10.1038/nrg3683
http://www.ncbi.nlm.nih.gov/pubmed/24805120
http://www.ncbi.nlm.nih.gov/pubmed/11378384
https://doi.org/10.1126/science.1059745
https://doi.org/10.1126/science.1059745
http://www.ncbi.nlm.nih.gov/pubmed/11349138
https://doi.org/10.1016/j.cell.2013.02.033
http://www.ncbi.nlm.nih.gov/pubmed/23540698
https://doi.org/10.1038/nsmb.2735
https://doi.org/10.1038/nsmb.2735
http://www.ncbi.nlm.nih.gov/pubmed/24336224
https://doi.org/10.1371/journal.pgen.1000165
http://www.ncbi.nlm.nih.gov/pubmed/18725928
https://doi.org/10.1126/science.1221472
https://doi.org/10.1126/science.1221472
http://www.ncbi.nlm.nih.gov/pubmed/22555433
https://doi.org/10.1016/j.cub.2012.03.061
https://doi.org/10.1016/j.cub.2012.03.061
http://www.ncbi.nlm.nih.gov/pubmed/22560611
https://doi.org/10.1371/journal.pgen.1006026
http://www.ncbi.nlm.nih.gov/pubmed/27171427
https://doi.org/10.1105/tpc.110.076182
https://doi.org/10.1105/tpc.110.076182
http://www.ncbi.nlm.nih.gov/pubmed/20699390
https://doi.org/10.1371/journal.pone.0202137

@° PLOS | ONE

Roles for the interaction of MOM1 with SUMO and PIAL2 in transcriptional silencing

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Takeda S, Tadele Z, Hofmann |, Probst AV, Angelis KJ, Kaya H, et al. (2004) BRU1, a novel link
between responses to DNA damage and epigenetic gene silencing in Arabidopsis. Genes Dev 18:
782-793. https://doi.org/10.1101/gad.295404 PMID: 15082530

Amedeo P, Habu Y, Afsar K, Mittelsten Scheid O, Paszkowski J (2000) Disruption of the plant gene
MOM releases transcriptional silencing of methylated genes. Nature 405: 203-206. https://doi.org/10.
1038/35012108 PMID: 10821279

Habu Y, Mathieu O, Tarig M, Probst AV, Smathaijitt C, Zhu T, et al. (2006) Epigenetic regulation of tran-
scription in intermediate heterochromatin. EMBO Rep 7: 1279—-1284. https://doi.org/10.1038/sj.embor.
7400835 PMID: 17082818

Probst AV, Fransz PF, Paszkowski J, Mittelsten Scheid O (2003) Two means of transcriptional reactiva-
tion within heterochromatin. PlantJ 33: 743—-749. PMID: 12609046

Yokthongwattana C, Bucher E, Caikovski M, Vaillant I, Nicolet J, Mittelsten Scheid O, et al. (2010)
MOM1 and Pol-1V/V interactions regulate the intensity and specificity of transcriptional gene silencing.
EMBO J 29: 340-351. https://doi.org/10.1038/emb0oj.2009.328 PMID: 19910926

Han YF, Zhao QY, Dang LL, Luo YX, Chen SS, Shao CR, et al. (2016) The SUMO ES Ligase-Like Pro-
teins PIAL1 and PIAL2 Interact with MOM1 and Form a Novel Complex Required for Transcriptional
Silencing. Plant Cell 28: 1215-1229. https://doi.org/10.1105/tpc.15.00997 PMID: 27113777

Nishimura T, Molinard G, Petty TJ, Broger L, Gabus C, Halazonetis TD, et al. (2012) Structural basis of
transcriptional gene silencing mediated by Arabidopsis MOM1. PLoS Genet 8: €1002484. https://doi.
org/10.1371/journal.pgen.1002484 PMID: 22346760

Miura K, Hasegawa PM (2010) Sumoylation and other ubiquitin-like post-translational modifications in
plants. Trends Cell Biol 20: 223—-232. https://doi.org/10.1016/j.tcb.2010.01.007 PMID: 20189809

Saracco SA, Miller MJ, Kurepa J, Vierstra RD (2007) Genetic analysis of SUMOylation in Arabidopsis:
conjugation of SUMO1 and SUMO2 to nuclear proteins is essential. Plant Physiol 145: 119-134.
https://doi.org/10.1104/pp.107.102285 PMID: 17644626

Luo YX, Han YF, Zhao QY, Du JL, Dou K, Li L, et al. (2018) Sumoylation of SUVR2 contributes to its
role in transcriptional gene silencing. Sci China Life Sci 61: 235-243. https://doi.org/10.1007/s11427-
017-9146-2 PMID: 28895115

Hendriks IA, Vertegaal AC (2016) A comprehensive compilation of SUMO proteomics. Nat Rev Mol Cell
Biol 17:581-595. https://doi.org/10.1038/nrm.2016.81 PMID: 27435506

Rytz TC, Miller MJ, McLoughlin F, Augustine RC, Marshall RS, Juan YT, et al. (2018) SUMOylome Pro-
filing Reveals a Diverse Array of Nuclear Targets Modified by the SUMO Ligase SIZ1 During Heat
Stress. Plant Cell.

Elrouby N, Bonequi MV, Porri A, Coupland G (2013) Identification of Arabidopsis SUMO-interacting pro-
teins that regulate chromatin activity and developmental transitions. Proc Natl Acad SciU S A 110:
19956—-19961. https://doi.org/10.1073/pnas.1319985110 PMID: 24255109

Tomanov K, Zeschmann A, Hermkes R, Eifler K, Ziba |, Grieco M, et al. (2014) Arabidopsis PIAL1

and 2 promote SUMO chain formation as E4-type SUMO ligases and are involved in stress responses
and sulfur metabolism. Plant Cell 26: 4547-4560. https://doi.org/10.1105/tpc.114.131300 PMID:
25415977

Numa H, Kim JM, Matsui A, Kurihara Y, Morosawa T, Ishida J, et al. (2010) Transduction of RNA-
directed DNA methylation signals to repressive histone marks in Arabidopsis thaliana. EMBO J 29:
352-362. https://doi.org/10.1038/emb0j.2009.374 PMID: 20010696

Tremblay C, Bedard M, Bonin MA, Lavigne P (2016) Solution structure of the 13th C2H2 Zinc Finger of
Miz-1. Biochem Biophys Res Commun 473: 471-475. https://doi.org/10.1016/j.bbrc.2016.03.034
PMID: 26972249

Yunus AA, Lima CD (2009) Structure of the Siz/PIAS SUMO E3 ligase Siz1 and determinants required
for SUMO modification of PCNA. Mol Cell 35: 669-682. https://doi.org/10.1016/j.molcel.2009.07.013
PMID: 19748360

Miura K, Rus A, Sharkhuu A, Yokoi S, Karthikeyan AS, Raghothama KG, et al. (2005) The Arabidopsis
SUMO E8 ligase SIZ1 controls phosphate deficiency responses. Proc Natl Acad Sci U S A 102: 7760—
7765. https://doi.org/10.1073/pnas.0500778102 PMID: 15894620

Catala R, Ouyang J, Abreu IA, Hu 'Y, Seo H, Zhang X, et al. (2007) The Arabidopsis E3 SUMO ligase
SIZ1 regulates plant growth and drought responses. Plant Cell 19: 2952-2966. https://doi.org/10.1105/
tpc.106.049981 PMID: 17905899

Ishida T, Fujiwara S, Miura K, Stacey N, Yoshimura M, et al. (2009) SUMO E3 ligase HIGH PLOIDY2
regulates endocycle onset and meristem maintenance in Arabidopsis. Plant Cell 21: 2284-2297.
https://doi.org/10.1105/tpc.109.068072 PMID: 19666737

PLOS ONE | https://doi.org/10.1371/journal.pone.0202137  August 9, 2018 16/17


https://doi.org/10.1101/gad.295404
http://www.ncbi.nlm.nih.gov/pubmed/15082530
https://doi.org/10.1038/35012108
https://doi.org/10.1038/35012108
http://www.ncbi.nlm.nih.gov/pubmed/10821279
https://doi.org/10.1038/sj.embor.7400835
https://doi.org/10.1038/sj.embor.7400835
http://www.ncbi.nlm.nih.gov/pubmed/17082818
http://www.ncbi.nlm.nih.gov/pubmed/12609046
https://doi.org/10.1038/emboj.2009.328
http://www.ncbi.nlm.nih.gov/pubmed/19910926
https://doi.org/10.1105/tpc.15.00997
http://www.ncbi.nlm.nih.gov/pubmed/27113777
https://doi.org/10.1371/journal.pgen.1002484
https://doi.org/10.1371/journal.pgen.1002484
http://www.ncbi.nlm.nih.gov/pubmed/22346760
https://doi.org/10.1016/j.tcb.2010.01.007
http://www.ncbi.nlm.nih.gov/pubmed/20189809
https://doi.org/10.1104/pp.107.102285
http://www.ncbi.nlm.nih.gov/pubmed/17644626
https://doi.org/10.1007/s11427-017-9146-2
https://doi.org/10.1007/s11427-017-9146-2
http://www.ncbi.nlm.nih.gov/pubmed/28895115
https://doi.org/10.1038/nrm.2016.81
http://www.ncbi.nlm.nih.gov/pubmed/27435506
https://doi.org/10.1073/pnas.1319985110
http://www.ncbi.nlm.nih.gov/pubmed/24255109
https://doi.org/10.1105/tpc.114.131300
http://www.ncbi.nlm.nih.gov/pubmed/25415977
https://doi.org/10.1038/emboj.2009.374
http://www.ncbi.nlm.nih.gov/pubmed/20010696
https://doi.org/10.1016/j.bbrc.2016.03.034
http://www.ncbi.nlm.nih.gov/pubmed/26972249
https://doi.org/10.1016/j.molcel.2009.07.013
http://www.ncbi.nlm.nih.gov/pubmed/19748360
https://doi.org/10.1073/pnas.0500778102
http://www.ncbi.nlm.nih.gov/pubmed/15894620
https://doi.org/10.1105/tpc.106.049981
https://doi.org/10.1105/tpc.106.049981
http://www.ncbi.nlm.nih.gov/pubmed/17905899
https://doi.org/10.1105/tpc.109.068072
http://www.ncbi.nlm.nih.gov/pubmed/19666737
https://doi.org/10.1371/journal.pone.0202137

@° PLOS | ONE

Roles for the interaction of MOM1 with SUMO and PIAL2 in transcriptional silencing

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Nukarinen E, Tomanov K, Ziba I, Weckwerth W, Bachmair A (2017) Protein sumoylation and phosphor-
ylation intersect in Arabidopsis signaling. PlantJ 91: 505-517. https://doi.org/10.1111/tpj. 13575 PMID:
28419593

Ishida T, Fujiwara S, Miura K, Stacey N, Yoshimura M, Schneider K, et al. (2009) SUMO E3 ligase
HIGH PLOIDY2 regulates endocycle onset and meristem maintenance in Arabidopsis. Plant Cell 21:
2284-2297. https://doi.org/10.1105/tpc.109.068072 PMID: 19666737

Miller MJ, Barrett-Wilt GA, Hua Z, Vierstra RD (2010) Proteomic analyses identify a diverse array of
nuclear processes affected by small ubiquitin-like modifier conjugation in Arabidopsis. Proc Natl Acad
SciUS A 107: 16512-16517. https://doi.org/10.1073/pnas.1004181107 PMID: 20813957

Budhiraja R, Hermkes R, Muller S, Schmidt J, Colby T, Panigrahi K, et al. (2009) Substrates related to
chromatin and to RNA-dependent processes are modified by Arabidopsis SUMO isoforms that differ in
a conserved residue with influence on desumoylation. Plant Physiol 149: 1529—1540. https://doi.org/
10.1104/pp.108.135053 PMID: 19151129

Cubenas-Potts C, Matunis MJ (2013) SUMO: a multifaceted modifier of chromatin structure and func-
tion. Dev Cell 24: 1-12. https://doi.org/10.1016/j.devcel.2012.11.020 PMID: 23328396

Ouyang J, Shi 'Y, Valin A, Xuan Y, Gill G (2009) Direct binding of CoOREST1 to SUMO-2/3 contributes to
gene-specific repression by the LSD1/CoREST1/HDAC complex. Mol Cell 34: 145-154. https://doi.
org/10.1016/j.molcel.2009.03.013 PMID: 19394292

Girdwood DW, Tatham MH, Hay RT (2004) SUMO and transcriptional regulation. Semin Cell Dev Biol
15:201-210. PMID: 15209380

Miller MJ, Scalf M, Rytz TC, Hubler SL, Smith LM, Vierstra RD (2013) Quantitative proteomics reveals
factors regulating RNA biology as dynamic targets of stress-induced SUMOylation in Arabidopsis. Mol
Cell Proteomics 12: 449-463. https://doi.org/10.1074/mcp.M112.025056 PMID: 23197790

Ito H, Gaubert H, Bucher E, Mirouze M, Vaillant |, Paszkowski J (2011) An siRNA pathway prevents
transgenerational retrotransposition in plants subjected to stress. Nature 472: 115—119. https://doi.org/
10.1038/nature09861 PMID: 21399627

Sanchez DH, Paszkowski J (2014) Heat-induced release of epigenetic silencing reveals the concealed
role of an imprinted plant gene. PLoS Genet 10: €1004806. https://doi.org/10.1371/journal.pgen.
1004806 PMID: 25411840

Murashige T, Skoog F (1962) A revised medium for rapid growth and bio assays with tobacco tissue cul-
tures. Physiol Plant 15: 473-497.

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-mediated transformation
of Arabidopsis thaliana. Plant J 16: 735—-743. PMID: 10069079

PLOS ONE | https://doi.org/10.1371/journal.pone.0202137  August 9, 2018 17/17


https://doi.org/10.1111/tpj.13575
http://www.ncbi.nlm.nih.gov/pubmed/28419593
https://doi.org/10.1105/tpc.109.068072
http://www.ncbi.nlm.nih.gov/pubmed/19666737
https://doi.org/10.1073/pnas.1004181107
http://www.ncbi.nlm.nih.gov/pubmed/20813957
https://doi.org/10.1104/pp.108.135053
https://doi.org/10.1104/pp.108.135053
http://www.ncbi.nlm.nih.gov/pubmed/19151129
https://doi.org/10.1016/j.devcel.2012.11.020
http://www.ncbi.nlm.nih.gov/pubmed/23328396
https://doi.org/10.1016/j.molcel.2009.03.013
https://doi.org/10.1016/j.molcel.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19394292
http://www.ncbi.nlm.nih.gov/pubmed/15209380
https://doi.org/10.1074/mcp.M112.025056
http://www.ncbi.nlm.nih.gov/pubmed/23197790
https://doi.org/10.1038/nature09861
https://doi.org/10.1038/nature09861
http://www.ncbi.nlm.nih.gov/pubmed/21399627
https://doi.org/10.1371/journal.pgen.1004806
https://doi.org/10.1371/journal.pgen.1004806
http://www.ncbi.nlm.nih.gov/pubmed/25411840
http://www.ncbi.nlm.nih.gov/pubmed/10069079
https://doi.org/10.1371/journal.pone.0202137

