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Multiple Arkadia/RNF111 Structures Coordinate Its Polycomb Body
Association and Transcriptional Control

Huaiyu Sun, Yijing Liu, Tony Hunter

Molecular and Cell Biology Laboratory, Salk Institute for Biological Studies, La Jolla, California, USA

The RING domain protein Arkadia/RNF111 is a ubiquitin ligase in the transforming growth factor 3 (TGFf) pathway. We previously
identified Arkadia as a small ubiquitin-like modifier (SUMO)-binding protein with clustered SUMO-interacting motifs (SIMs) that
together form a SUMO-binding domain (SBD). However, precisely how SUMO interaction contributes to the function of Arkadia was
not resolved. Through analytical molecular and cell biology, we found that the SIMs share redundant function with Arkadia’s M do-
main, a region distinguishing Arkadia from its paralogs ARKL1/ARKL?2 and the prototypical SUMO-targeted ubiquitin ligase (STUbL)
RNF4. The SIMs and M domain together promote both Arkadia’s colocalization with CBX4/Pc2, a component of Polycomb bodies,
and the activation of a TGF[} pathway transcription reporter. Transcriptome profiling through RNA sequencing showed that Arkadia
can both promote and inhibit gene expression, indicating that Arkadia’s activity in transcriptional control may depend on the epige-
netic context, defined by Polycomb repressive complexes and DNA methylation.

osttranslational modification by the small ubiquitin-like modi-

fier (SUMO) family proteins targets a large number of proteins in
multiple cellular processes, such as transcription, DNA replication,
and DNA damage repair, in eukaryotes (1-3). As in other forms of
posttranslational modification, SUMO is recognized by a specific
structure, the SUMO-interacting motif (SIM). Thus, sumoylation
promotes a regulated protein complex assembly through a direct in-
teraction between SUMO and SIM (4, 5). Sumoylation activity has
been found in microscopically visible nuclear bodies (NBs), such as
promyelocytic leukemia (PML) and Polycomb (Pc) bodies (6-9).
These nuclear bodies contain sumoylation enzymes, sumoylated pro-
teins, and SIM-containing proteins (10-12), suggesting that both
SUMO conjugation and SUMO binding regulate the dynamic for-
mation of nuclear bodies (4, 6).

Recently, we applied a computational string search to SIM
identification and found a group of proteins all containing clus-
tered SIMs (13). This includes a RING domain protein called
Arkadia, or RNF111, that has a cluster of at least three SIMs in a
region between residues 253 and 415 that we now call a SUMO-
binding domain (SBD). This work echoed our previous finding of
the SUMO-targeted ubiquitin ligases (STUbLs) RNF4 and its fis-
sion yeast homologs, Rfp1 and Rfp2, all containing multiple SIMs
closely positioned as a cluster (14). Sequence gazing on Arkadia
has also led to similar findings by other groups (15, 16). Among
the three Arkadia SIMs, SIM3 is the most critical, and its particular
sequence (VVDLT) resembles a VIDLT-type high-affinity SIM
(17); SIM1 and SIM3 together contribute to the bulk of SUMO
affinity of the entire SBD, and their simultaneous mutation results
in complete loss of SUMO binding (13).

Arkadia also has a pair of partial paralogs found in all verte-
brates, namely, Arkadia-like 1 (ARKL1) and 2 (ARKL2, or
RNF165) (18). They resemble the N- and C-terminal half of Arka-
dia, respectively, and are encoded by genes in adjacent loci in all
vertebrate genomes. Notably, prior to our identification of SIMs
in Arkadia, ARKLI itself had been experimentally identified twice
as a SUMO-binding protein, through a glutathione S-transferase
(GST)-SUMO?2 affinity capture (as Arkadia-like) (19) and
through a yeast two-hybrid screen against SUMO (as C18orf25
[chromosome 18 open reading frame 25]) (20). Presumably,
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Arkadia and ARKL1/ARKL?2 share an origin—their split is likely
the result of a genome duplication event in the rise of vertebrates
during animal evolution.

Arkadia has been shown to be a positive regulator of transcrip-
tional activation by transforming growth factor 3 (TGFB) super-
family cytokines. It was initially named after the arkadia mutation
in mice: the homozygous arkadia mouse fails in early embryonic
development due to deficiency in the induction of the node, an
indication of missing Nodal signaling (21). Ectopic expression of
Arkadia in developing Xenopus laevis embryos also enhanced the
signals of certain TGF@ family members, such as activin and Nod-
al-related 1, which drive the formation of mesendoderm (22). In
cultured cells, Arkadia promotes the activation of TGF@ pathway-
specific, Smad3/Smad4-targeted gene transcription, and the
knockdown of Arkadia by small interfering RNA (siRNA) inhibits
such activation (23, 24). A number of early studies suggested that,
at the molecular level, Arkadia acts as a ubiquitin ligase and causes
the ubiquitin-dependent degradation of the inhibitory factors
downstream from TGF, such as Smad7, an inhibitory Smad, and
transcriptional repressors SnoN and c¢-Ski, through its RING do-
main-based E3 activity (23-27). Arkadia may also regulate the
turnover of phosphorylated Smad2 or Smad3 (28). Precisely how
the structural elements of Arkadia dictate its function in embry-
onic development, however, is not well understood.

The idea that Arkadia may be a STUbL has led to investigations
that draw an analogy between Arkadia and RNF4, suggesting
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Arkadia may also possess an RNF4-like function in protecting
genomic integrity (16) and in promoting the degradation of PML
in arsenic trioxide (As,O;)-treated cells (15). However, it remains
unclear how the SIMs in Arkadia might contribute to its activity in
transcription downstream from TGF. We have conducted a de-
tailed structural-functional dissection to distinguish Arkadia from
RNF4 and ARKL1/ARKL2. We found that the Arkadia SUMO-
binding domain is among the structures in Arkadia that together
are essential for both an avidity-driven recruitment to Polycomb
bodies and Arkadia’s function in the transcriptional regulation of
epigenetically silenced genes.

MATERIALS AND METHODS

Reagents. The cDNA of mouse Arkadia, encoding a 981-residue isoform,
was obtained from the Mammalian Gene Collection (MGC). Mouse
ARKL1 and ARKL2 cDNAs were reverse transcription (RT)-PCR ampli-
fied using a total RNA preparation from mouse embryonic fibroblasts
(MEFs). The mutant Arkadia constructs used in this study, including the
M domain deletion mutants, RNF4-Arkadia chimera (R4-Ark; with the
N-terminal 125 residues of RNF4 and the C-terminal 256 residues of
Arkadia), and ARKL1-ARKL2 fusion mutant, were based on the mouse
c¢DNA. The mutants were generated using PCR amplification (Phusion;
New England BioLabs) or PCR-based site-directed mutagenesis (Quik-
Change; Agilent). Myc-CBX4 was a gift from Jennifer Higginbotham in
Clodagh O’Shea’s group. The TBR1* expression vector and the CAGA ,-
adenovirus major late promoter (MLP)-luciferase reporter were gifts
from Carl-Henrik Heldin (29). For in vitro methylation, the plasmid DNA
was amplified and purified, using Escherichia coli strain SCS110 (Agilent)
as the host, and incubated with CpG methylase M.SssI (New England
BioLabs) at 25°C overnight (1 ug DNA, 4 units enzyme, 6 nmol S-adeno-
syl methionine), and the methylated DNA was recovered by isopropanol
precipitation. Mouse anti-Myc monoclonal antibody (9E10) from ascites
fluid was raised in-house. Antibodies from commercial sources included
mouse and rabbit anti-Flag antibodies (F3165 and F7425; Sigma), mouse
anti-PML monoclonal antibody (PG-M3) (sc-966; Santa Cruz Biotech),
and rabbit anti-Arkadia antibody (H00054778-B01P; Abnova).

Yeast plasmid shuffle. RNF4, Arkadia, and their mutants were ex-
pressed in fission yeast Schizosaccharomyces pombe, driven by an nmtI pro-
moter (30). Plasmid shuffling was carried out as previously described
(31).

Retroviral reconstitution of Arkadia expression in Ark™'~ MEFs.
Ark~'~ MEFs were gift from Vasso Episkopou (21) and were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (HyClone). Recombinant retroviruses were based on retroviral
vector CAG-GFP, expressing green fluorescent protein (GFP) and derived
from murine Moloney leukemia virus (MMLV) (32). The synthetic CAG
promoter drives the simultaneous expression of Arkadia and enhanced
GFP (EGFP) via an internal ribosomal entry site. Virus was packaged in
293T cells and was concentrated through ultraspeed centrifugation.
Ark~'~ MEFs were freshly plated in a 60-mm dish for 4 h and infected for
24 hwith virus preparations of ~5 X 10* CFU to a >95% efficiency. Early
passages of the infected MEFs were used for experiments to avoid retro-
viral silencing after cell divisions. Cells growing in the 60-mm dish at
~40% confluence were treated with TGFf3 (PeproTech) at 2.5 ng/ml for 4
h, followed by total RNA extraction with the Nucleospin RNA kit (Clon-
tech). The mouse gene expression level was measured by RT-quantitative
PCR (using SuperScript III and Power SYBR green PCR master mix; Life
Technologies) and normalized to the expression level of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The PCR primer sequences used
in the study were as follows: 5'-~AACCCGGCGGCAGATC and 5'-TCCA
CGGCCCCATGAG for PAI-1/Serpinel, 5-TGGATGGTGACCTCTG
GTTG and 5'-GCAGGAAAAATTGGGTTCGTGAG for Cck, and 5'-AC
CCAGAAGACTGTGGATGG and 5'-CACATTGGGGGTAGGAACA
C-3' for GAPDH.
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RNA sequencing. MEFs grown for 2 days in a 60-mm dish were har-
vested at ~40% confluence. Following TGF (PeproTech) stimulation at
2.5 ng/ml for 1 and 4 h, total RNA was extracted using a Nucleospin RNA
kit (Clontech) with in-column DNase digestion. The RNA quality was
verified to have an RNA integrity number (RIN) greater than 7.5 through
using a Bioanalyzer (Agilent). Stranded mRNA-seq (mRNA sequencing)
libraries were prepared from poly(A) RNA after oligo(dT) selection. Se-
quence reads were generated on an Illumina HiSeq 2500 system and
mapped to an annotated mouse genome (version mm9) by STAR (33).
The gene expression level, represented by fragments per kilo base per
million reads (FPKM), was calculated using Cufflinks (34). Data cleanup,
selection, hierarchical clustering, and heat map illustration were carried
out with custom Python scripts.

Transient transfection of 293T cells and immunoprecipitation. The
293T cells were transfected with an appropriate amount of DNA using
polyethylenimine (PEI). Transfections were carried out in 24-well plates,
60-mm dishes, and 100-mm dishes for luciferase assays, coimmunopre-
cipitation assays, and immunoprecipitation-coupled ubiquitin ligase as-
says, respectively. Cells were replenished with fresh medium 5 h after
transfection. Total cell lysates were prepared 2 days after transfection. For
coimmunoprecipitation assays, cells were lysed with 600 1 lysis buffer (50
mM Tris-HCI, pH 8.0, 500 mM NaCl, 0.1% SDS, 0.5% NP-40, 0.1%
sodium deoxycholate, protease inhibitor cocktail) per 60-mm dish. Im-
munoprecipitation was carried out by a 2-h incubation with anti-Flag
antibody (M2)-conjugated agarose beads (Sigma). The immune com-
plex-bound beads were washed three times with the lysis buffer and ana-
lyzed through SDS-PAGE and immunoblotting.

Immunoprecipitation-coupled ubiquitin ligase assay. Flag-tagged
proteins were each precipitated from 293T cell lysates with 20 pl (bed
volume) of anti-Flag antibody—agarose beads. The washed beads were
used as the source of E3 in two parallel sets of ubiquitin ligase assays (14,
31). The reaction mixture included either hemagglutinin (HA)-tagged
ubiquitin for detection of nonspecific ubiquitin conjugation or a combi-
nation of untagged ubiquitin with HA-tagged di-SUMO2-GST fusion
protein for the detection of SUMO-targeted ubiquitin ligase activity. The
reaction products were resolved with SDS-PAGE and visualized with an
anti-HA antibody immunoblot assay.

Luciferase assay. For luciferase assay, 293T cells were transfected in 24-
well plates with a total of 0.5 g of DNA, which included 5 ng of unmethylated
or 50 ng of in vitro methylated CAGA,,-MLP-luciferase plasmid. Total cell
lysates were prepared 2 days after transfection with 250 pl/well luciferase assay
lysis buffer, and luciferase activity was measured by mixing 5 .l of lysate and
100 wl of firefly luciferase substrate (Biotium). All luciferase activities are
shown as the fold activation compared to the activity of TBR1* alone. In
plotting the luciferase assay results (see Fig. 4 and 8), the data points were
slightly scattered along the x axis in order to provide an ensemble view of all
data from multiple independent experiments.

Immunofluorescence microscopy. U20S cells growing on acid-
washed glass coverslips were transfected using Lipofectamine 2000 (Life
Technologies). To prepare samples for microscopy, transfected cells were
rinsed once with phosphate-buffered saline (PBS), fixed in 4% formalde-
hyde (diluted with PBS from a 16% stock) for 20 min, and rinsed in
Tris-buffered saline (TBS; 50 mM Tris-HCI, pH 7.5, 150 mM NaCl). Fixed
cells were blocked and permeabilized with TBS containing 3% (vol/vol)
bovine serum and 0.1% (vol/vol) Triton X-100 for 60 min and incubated
stepwise with primary antibodies overnight at 4°C, Alexa Fluor 488 or
568-conjugated secondary antibody (Invitrogen) for 1 h, and Hoechst
33342 for 15 min, with each staining step followed by extensive washing
with TBS. Immunostained cells were sealed in polyvinyl alcohol mount-
ing medium (Thermo Scientific). Fluorescence images were acquired on a
Zeiss LSM 710 or 780 laser-scanning confocal microscope with a 63X
objective lens and were saved in 8-bit red-green-blue (RGB) format, com-
prising fluorescence signals from three separate channels. For a quantita-
tive estimation of protein colocalization, Pearson’s correlation coefficient
(Pearson’s r) between two channels was calculated using the two entire
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FIG 1 Function of Arkadia’s SUMO-binding domain is significant in vitro but insignificant in vivo. (A) SUMO-targeted ubiquitin ligase (STUbL) activity of
Arkadia in an immunoprecipitation-coupled ubiquitin ligase assay. Flag-tagged Arkadia and its mutant forms (sim, sim13™ [core hydrophobic residues,
V298/V299/V300 in SIM1 and V380/V381/L383 in SIM3, changed to A]; CS, RING domain C966S mutant [change of C to S at position 966]) were immuno-
precipitated in duplicates. The beads bound with the intact immune complex were used as the source for E3 in a ubiquitin ligase assay in vitro. The assay was
conducted either with free ubiquitin (Ub) and an HA-tagged di-SUMO2-GST fusion protein as the substrates (top) for SUMO-targeted ubiquitin ligase (STUbL)
activity or by using HA-tagged ubiquitin (bottom) for unspecified ligase activity. For both reactions, the products of the reaction mixture were analyzed with
anti-HA antibody immunoblotting. *, nonspecific bands, likely aggregates of HA-(SUMO2),-GST. (B) Results of plasmid shuffle, a yeast-based assay to examine
the STUbL activity of RNF4, Arkadia, and their mutants (as indicated) in supporting the growth of the ArfpIArfp2 double-mutant strain of fission yeast
Schizosaccharomyces pombe. RNF4sim, sim23™ mutant of RNF4, with core hydrophobic residues, I50/V51/L53 in SIM2 and V63/V63/L65 in SIM2, changed to A;
5-FOA, 5-fluoroorotic acid; HU, hydroxyurea. (C) Retrovirus-reconstituted expression of mouse Arkadia proteins in Ark™/~ mouse embryo fibroblasts. The
reconstituted expression of Arkadia proteins (as indicated), as well as the expression of endogenous Arkadia in wild-type (Ark™*) MEFs, was determined
through anti-Arkadia antibody immunoblotting. The amount of Arkadia proteins with an intact RING domain is increased upon proteasome inhibitor
(bortezomib) treatment. The expression of a-tubulin in the lysates was shown as a loading control. (D) TGF signaling in wild-type and reconstituted Ark '~
MEFs. Expression of endogenous PAI-1/Serpinel before and after a 4-h TGF stimulation was examined with RT-qPCR. Data are shown in arbitrary units based
on the expression level of PAI-1/Serpinel relative to that of GAPDH (2~ 22, cycle threshold). Cell lines used in the experiment are as indicated.

sets of pixel intensity from a cropped image (usually 200 by 200 pixels);
matrix representation of images and statistical computing were imple-
mented using the SciPy library.

similar to RNF4 although less strongly, and such modification was
specifically dependent on both the SUMO-binding and the RING
domains of Arkadia (Fig. 1A, top). As a control, when the forma-
tion of nonspecific ubiquitin-protein conjugates was examined in
a parallel assay, both the wild type (WT) and the sim mutant form
of Arkadia showed similar activities. The RING mutant was inac-

RESULTS
A direct functional coupling between Arkadia’s SUMO-binding

and ubiquitin ligase domains is evident in vitro but lacking in
vivo. Prompted by the similarity between Arkadia and RNF4
in their SIMs-RING domain configuration, we compared their in
vitro activities in a SUMO-targeted ubiquitin ligase (STUbL) as-
say. Immunoprecipitated Arkadia and RNF4 proteins from trans-
fected 293T cells were assayed for their ubiquitin ligase activities
against an HA—di-SUMO2-GST substrate (Fig. 1A) (31). Arkadia
indeed promoted the ubiquitylation of di-SUMO2, in a manner
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tive, as expected, demonstrating that the E3 catalytic activity of
Arkadia is solely RING dependent (Fig. 1A, bottom). We conclude
that, in vitro, Arkadia can act as a STUbBL.

We further compared Arkadia and RNF4 by testing whether
Arkadia shares the conserved biological activity of the RNF4 fam-
ily STUbLSs, which has been highlighted by the fact that RNF4 can
compensate the loss of its homologs, e.g., Rfpl and Rfp2 in the
fission yeast S. pombe (14, 35, 36). However, wild-type Arkadia
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FIG 2 Arkadia promotes TGFp signaling at the transcriptome level. Profiles of TGFB-stimulated gene expression in Ark~’~, in wild-type and sim mutant
Arkadia-reconstituted MEFs, and in Ark™’" MEFs were obtained through RNA sequencing. (A to C) Heat maps illustrating the results of three separate
hierarchical clustering analyses using the same list of 318 genes, all of which have an FPKM of =2 in all samples and show a TGFp-induced activation of =2-fold
at least once. Each clustering was calculated based on the standardized FPKM values (z-scores, scaled for each gene). Heat maps are drawn on a blue-white-red
color scale corresponding to the z-score. The results of three hierarchical clustering analyses, as shown in three separate panels in Table S1 in the supplemental
material, sorted the genes in different orders and resulted in different patterns for the same data set (i.e., the Ark '~ +Ark WT samples) in the heat maps. (D) The
RNA-seq results for nine well-known TGF-stimulated genes are shown as a separate heat map.

failed to show any RNF4-like activity in a plasmid shuffle assay in
the Arfpl Arfp2 mutant strain (Fig. 1B). Here, we reasoned that
with a much longer linear distance between the SIMs and RING in
Arkadia, the coupling of SUMO binding and ubiquitylation may
not be as direct as in RNF4 and, thus, cannot provide enough
STUDL activity for yeast cells. Indeed, a compact version of Arka-
dia lacking a part of the linker region between the two domains
(designated ArkAMy) (see below and Fig. 3 for more details)
showed significant RNF4-like activity in yeast, which, although
not as robust as wild-type RNF4, was strictly dependent on SUMO
binding (Fig. 1B). This suggests that the SIMs may be the only
substrate-binding domain for an RNF4-like STUDbL in yeast, as
SIMs and the RING are the sole structures conserved among
RNF4, ArkAMy;, and yeast Rfp1 and Rfp2; this yeast-based rescue
assay may represent a functional approach for identifying addi-
tional STUbLs. In conclusion, while Arkadia can act as a putative
STUDL in vitro through the combined activity of its SUMO-bind-
ing and RING domains, this activity may be suppressed in vivo by
its linker region.

Gene expression profiling of TGFf-stimulated transcrip-
tome. To determine the functional significance of the Arkadia
SUMO-binding domain, we also compared the response to TGFf3
in Arkadia-null (Ark™'~) MEF cell lines (21, 28) that we stably
reconstituted with both wild-type and the SIM and RING mutant
forms of Arkadia (Fig. 1C, sim and CS, respectively). The expres-
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sion levels of the exogenous proteins were comparable to the ex-
pression of endogenous Arkadia in wild-type MEFs and were sta-
bilized by the RING domain mutation or by proteasome
inhibition, indicating an autoubiquitylation-mediated turnover
of the Arkadia protein (Fig. 1C). We measured the mRNA level of
PAI-1 (Serpinel), a well-characterized TGFR-stimulated gene
(29), through RT-quantitative PCR (qPCR) (Fig. 1D). We found
that both the Ark™'~ MEFs and all the reconstituted cell lines
showed robust PAI-1 RNA responses to TGFB stimulation. In
particular, while the relative amount of PAI-1 mRNA after a 4-h
TGEFp treatment varied among the different cell lines, the degree
of response upon TGFR stimulation was similar. This is consistent
with previous studies indicating that Arkadia is not an essential
component in the TGFB pathway (28).

To determine the role of Arkadia in TGF@ signaling at the
transcriptome level, we further compared the profiles of TGFf3-
stimulated gene expression in Ark™*, Ark™', and Arkadia (WT
and sim mutant)-reconstituted Ark~’~ MEFs. RNA sequencing
(RNA-seq) was carried out using poly(A)-selected RNA samples
from unstimulated cells and cells treated with TGF@ for 1 and 4 h.
To represent the TGFB-stimulated transcriptome, a list of 318
genes was selected on the basis of showing at least 2-fold TGFf
stimulation under at least one of the experimental conditions.
This set of genes was subjected to several clustering analyses, and
the results illustrated in heat maps (Fig. 2; see also Table S1 in the
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FIG 3 Arkadia and the homologous Arkadia-like proteins (ARKL1 and ARKL2) are distinct in the middle region (M) of Arkadia between the SUMO-interacting
motifs and the RING domain. (A) Domain structure of Arkadia, ARKL1, and ARKL2, with conserved SIMs and RING domain. A heat map (bottom) illustrates
the conserved regions between the N-terminal half of Arkadia and ARKL1 and between the C-terminal half of Arkadia and ARKL2. The heat map was drawn using
an array of identity scores assigned to each residue in Arkadia, based on the degree of local sequence identity it shares with ARKL1 or ARKL2 in a ClustalW
alignment (actual alignment not shown); the gray scale (darkness) in the heat map corresponds to the degree of local sequence identity. The highly conserved
SIM2, SIM3, and RING domain are as indicated. My and M. denote two parts of the Arkadia M domain subject to mutational analyses in this study, described
in the legend to panel B. (B) Diagrams of Arkadia mutants used in this study. In particular, ArkAM, -, ArkAM,, and ArkAM_ refer to the deletion of residues
415 to 865, 415 to 725, or 725 to 865, respectively, in Arkadia; ArkN865 and ArkN725 are truncation mutants lacking the C terminus; R4-Ark is a chimeric fusion

protein with the N-terminal 125 residues of RNF4 and the C-terminal 256 residues of Arkadia.

supplemental material). We observed major clusters correspond-
ing to TGFB-upregulated genes at two different time points, con-
sistent with a transient and dynamic nature of the TGF signaling.
A comparison between Ark~’~ and Arkadia-reconstituted Ark~’ "~
MEFs again indicated that Arkadia is not essential for TGFp sig-
naling, as the gene activation profile was preserved during the time
course (Fig. 2A and D). Nevertheless, reexpression of Arkadia in
Ark™'™ MEFs promoted TGFf-induced expression of a number
of genes at both time points (Fig. 2A and D), including some of the
well-known immediate early genes stimulated by TGF (Fig. 2D),
consistent with previous studies (37). On the other hand, MEFs
reexpressing WT and sim mutant Arkadia show similar profiles of
TGEFp stimulation (Fig. 2B and D). Although the heat map sug-
gests a minor gene cluster (*) exhibiting relatively less induction
by TGE in sim mutant-expressing MEFs, closer inspection of the
FPKM values (see Table S1) at the cluster center revealed that this
was largely due to elevated FPKM values in the untreated sim
mutant sample and cannot be attributed to a reduced activity of
the mutant. In addition, we found that the Arkadia-reconstituted
MEFs did not completely mimic true wild-type (Ark*™’*) MEFs
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with regard to the TGFB-simulated transcriptome (Fig. 2C and
D), indicating that the loss of Arkadia (presumably starting in the
germ line) caused changes at the epigenetic level that could not be
corrected by its reexpression in the MEFs (28).

In summary, our observations thus far did not indicate any
major defect of the Arkadia simn mutant in vivo. We conclude that,
while Arkadia plays a potentiating role in transcriptional activa-
tion downstream from the TGF@ pathway, it is not an essential
component of the pathway, and the function of Arkadia SIMs
cannot be readily revealed by analyses based on full-length pro-
teins.

The linker between SIMs and RING distinguishes Arkadia
from the paralogous ARKL1/ARKL?2 and dictates specific func-
tion. To understand how the linker region between the SIMs and
RING influences Arkadia’s function, we compared the sequences
of Arkadia and the Arkadia paralogs ARKL1 and ARKL2 (Fig. 3A).
ARKL1 essentially resembles the N-terminal half of Arkadia trun-
cated at the end of the SUMO-binding domain, with a high degree
of sequence identity corresponding to two of the Arkadia SIMs
(SIM2 and SIM3). ARKL2, also known as RNF165, shares with
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FIG 4 The M domain of Arkadia is essential for function. (A) The activities of Arkadia and ARKL1/ARKL2 were compared in a reporter assay for the activation
of a TGFB-responsive promoter. Transient transfection of plasmid was carried out as indicated; luciferase assay was performed on 293T cell lysates 2 days after
transfection. Luciferase activity is shown as fold activation relative to the activity obtained with TBR1* alone. TBR1%, constitutively active mutant of TGFp type
I receptor (also known as ALK5%, with a T204D mutation in the kinase domain); CS, Arkadia RING domain mutant C966S. All data points from multiple
independent experiments are plotted as dots slightly scattered along the x axis, with horizontal lines showing the average values. (B) Activities of Arkadia and its
mutants. F.L., full-length Arkadia; sim, Arkadia sim 13" mutant. M domain deletion mutants are as described in the legend to Fig. 3. Transfection and luciferase
assay were conducted as described for panel A. The significance of difference (P value) between the activities of ArkAM, and its corresponding sim mutant was
estimated based on a paired, one-tailed Student’s ¢ test. (C) SUMO-targeted ubiquitin ligase activity of Arkadia and its mutants. The assay was carried out
essentially as described in the legend to Fig. 1A. Various forms of Flag-tagged Arkadia (as indicated) were immunoprecipitated from the lysates of transfected
293T cells and subjected to ubiquitylation assay using free ubiquitin (Ub) and an HA-(SUMO2),-GST [HA-(Su2),-GST] fusion protein as substrates. Top,
anti-HA antibody immunoblot showing the modification of HA-(SUMO2),-GST as a result of the in vitro STUDL activity of Arkadia proteins. ¥, nonspecific
bands, likely high-molecular-mass aggregates of HA-(SUMO?2),-GST. Bottom, an anti-Flag antibody immunoblot showing the expression of Arkadia proteins
in the cell lysates prior to immunoprecipitation (arrows are pointing at the base forms of Arkadia proteins). (D) Activity of an RNF4-Arkadia fusion protein,
R4-Ark, against the TGFB-responsive promoter. R4-Ark is a fusion of the N-terminal 125 residues of RNF4 (RNF4 1 to 125) and the C-terminal 256 residues of

Arkadia (Arkadia 726 to 981). sim, sim23™ in the RNF4 SUMO-binding domain. Data points are plotted as described for panels A and B.

Arkadia a nearly identical C terminus, including the RING do-
main. On the other hand, a large part of Arkadia between the SIMs
and RING, consisting of residues ~415 to ~865, is unique and
shows little similarity to either ARKL1 or ARKL2. We designate
this linker region the M (middle) domain and divide it further into
My (residues 415 to 725) and M, (residues 725 to 865) (again
based on sequence conservation, with M showing a slightly high-
er-than-background similarity to ARKL2) (Fig. 3A). Accordingly,
aseries of Arkadia mutants were generated for a functional dissec-
tion of the M domain (Fig. 3B).

To first determine whether the structural similarity between
Arkadia and ARKL1/ARKL2 is accompanied by similar cellular
function, we compared their activation of the CAGA,,-MLP-lu-
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ciferase reporter (Fig. 4A). This reporter, derived from the Smad3-
binding elements in the PAI-1/Serpinel promoter (29), can be
activated modestly by Arkadia alone and to a much greater extent
by the combined expression of Arkadia and a constitutively active
TGEB type I receptor (an ALK5T204D mutant, herein referred to
as TRR1*) (23, 24). With its broader dynamic range, the synergis-
tic activation observed in the presence of TBR1* has been used as
the main indicator of Arkadia activity in our study; this activity is
also consistently dependent on the Arkadia RING domain in our
experiments, as in the previous reports (Fig. 4A). Compared to
Arkadia, neither coexpressed ARKL1 and ARKL2 nor an artificial
ARKLI1-ARKL2 fusion protein (ARKL1-2) showed any activity in
this reporter assay (Fig. 4A). This suggests that the structures
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shared between Arkadia and the ARKL1/ARKL2 pair, including
the SIMs and the RING domain, are insufficient for an Arkadia-
specific activity; the M domain that is unique to Arkadia’s struc-
ture may also be critical for its specific function.

To test this hypothesis, we then examined Arkadia mutants
with M domain deletions using the same reporter assay (Fig. 4B).
We found that AtkAM ., which lacks the entire M domain, is
indeed inactive, suggesting that the M domain is essential for the
specific function of Arkadia. On the other hand, both ArkAM
and ArkAM mutants retained some activity, but in clearly differ-
ent manners. ArkAM, appears only partially active in this assay,
suggesting that the N-terminal portion of the M domain is neces-
sary for a fully functional Arkadia. ArkAMg, on the other hand, is
as active as wild-type Arkadia; however, in contrast to both the
wild type and ArkAMy, the activity of ArkAM. is strictly depen-
dent on SUMO interaction, as the double mutant lacking both
SIMs and M showed a dramatic loss of activity (Fig. 4B). This
suggests that a fully functional Arkadia relies on a redundant role
of the SUMO-binding domain and M; together, they promote a
SUMO-binding-dependent activity of Arkadia.

We next examined whether the activities of the Arkadia mu-
tants in the reporter assay correlated with their STUDL activity in
vitro (Fig. 4C). We found that, even though Arkadia depends on
the M domain for its biological activity, the functionally inactive
ArkAMy, c mutant showed the most robust SIM-dependent
ubiquitin ligase activity against the di-SUMO?2 substrate (Fig. 4C,
lanes 6 and 7). This is probably because the internal deletion mu-
tant can bring the bound SUMO substrate physically closer to the
RING domain, consistent with the observed difference between
Arkadia and RNF4 in their activities in vitro and in yeast (Fig. 1A
and B). Thus, the transcriptional activation driven by Arkadia
mutants does not correlate with their in vitro STUbL activity, in-
dicating that Arkadia is not the equivalent of an RNF4-like STUbL
in vivo.

The functional distinction between Arkadia and RNF4 was fur-
ther exemplified in an RNF4-Arkadia chimeric protein named
R4-Ark, which combines the SUMO-binding domain of RNF4
(including its nuclear localization signal [NLS]) and the C termi-
nus of Arkadia, including the M, (Fig. 3). In the TGF reporter
assay, R4-Ark was considerably more active than RNF4 itself,
which was essentially null (Fig. 4D), demonstrating again that the
M domain, especially M, is crucial for specifying the function of
Arkadia in the TGFB pathway.

Multiple structures in Arkadia promote its colocalization
with Polycomb bodies in U20S cells. To understand the function
of the Arkadia M domain, we have also investigated how it may
affect the subcellular localization of Arkadia. We noticed consis-
tently that transiently expressed Arkadia formed distinct nuclear
foci in cultured U20S cells. In particular, the RING mutant of
Arkadia exhibited a more stable nuclear pattern than the wild
type, which in ~46% of the cells was found in both nucleus and
cytoplasm (Fig. 5A). As wild-type Arkadia was expressed at a
much lower level than the RING mutant and was stabilized by
proteasome inhibition (Fig. 1C) (38), we reasoned that the wild
type is unstable due to autoubiquitylation and, thus, has a more
dynamic subcellular localization. For a static view of its E3-inde-
pendent nuclear localization, we have focused on the RING do-
main mutants of Arkadia in our imaging experiments.

To determine the identity of the Arkadia nuclear foci, we car-
ried out immunofluorescence microscopy using transfected
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U20S cells. A fraction of the Arkadia foci costained with endoge-
nous PML nuclear bodies (PML NBs) (Fig. 5B). This is consistent
with a number of studies suggesting that PML NBs are major
aggregation sites for SUMO-binding proteins, especially in arsenic
trioxide (As,O;)-treated cells, where significant Arkadia-PML co-
localization has been reported (8-11, 15, 39). However, we also
observed in U20S cells that a subset of Arkadia foci did not costain
with PML NBs. Instead, we found that all Arkadia foci, regardless
of PML NB colocalization, overlapped with Polycomb (Pc) bod-
ies, as they costained with a coexpressed Polycomb group protein,
CBX4/Pc2 (Fig. 5C), a component of the Polycomb repressive
complex 1 (PRC1) and also a source of significant sumoylation
activities that may be attributed to the reported SUMO ligase and
SUMO-binding activities of the CBX4/Pc2 protein itself (7, 10, 12,
40, 41).

Next, to determine whether the Arkadia M domain plays a role
in the Polycomb body association, we examined a series of Arka-
dia mutants, including the internal deletion mutants ArkAM ¢,
ArkAM, and ArkAMg, as well as the truncation mutants
ArkN865 and ArkN725 (lacking the C terminus from residue 865
or 725), for their subcellular localization (Fig. 3B and Fig. 6). In
particular, we compared pairs of Arkadia constructs either with or
without an intact SUMO-binding domain (SBD). When the en-
tire M domain was missing, the resulting Arkadia mutant
(ArkAM ; ¢) was still recruited to the Pc bodies but in a strictly
SIM-dependent manner; instead of forming distinct nuclear foci,
the sim/ArkAMy,  double mutant showed a completely diffused
nuclear localization (Fig. 6A, top panels), indicating that both the
SBD and the M domain can target Arkadia to Pc bodies. In con-
trast, when only the My region was missing, the resulting mutant
(ArkAMy) was localized to Pc bodies regardless of an intact SBD
(Fig. 6A, middle row), suggesting it is the M. region that targets
Arkadia to Pc bodies in the absence of SUMO binding. Indeed, the
Pc body localization of ArkAM was again dependent on SUMO
binding (Fig. 6A, bottom row). Consistent with this, we found that
the Arkadia N865 fragment, with an intact M domain, was re-
cruited to Pc bodies regardless of mutation in the SBD, whereas
the N725 fragment, with M missing, was focused on Pc bodies
only with a wild-type SBD but was diffused in the nucleus when
the SIMs were also mutated (Fig. 6B). As a negative control, we
examined the ArkN865 signal in the presence of a CBX4 mutant
(Cmut), in which three beta-strand-forming residues, 1541, 1542,
and T543, are replaced with Ala in the C-box, a C-terminal motif
known to be essential for the Pc body recruitment of CBX4 (41).
We found that the Arkadia protein still formed nuclear foci in the
presence of the CBX4 mutant, which showed a diffused nuclear
localization, indicating that this Pc body-defective CBX4 mutant
is incapable of sequestering Arkadia away from endogenous Pc
bodies (Fig. 6C). Last, as a quantitative evaluation of colocaliza-
tion, we computed the pixel-by-pixel covariance of the Arkadia
and CBX4 immunofluorescent signals, in the form of Pearson’s
correlation coefficient (Pearson’s r) between the pixel intensities
of the green and red channels (42). Images showing the colocal-
ization of a pair of Arkadia/CBX4 proteins gave rise to an r of
around 0.85, indicating a specific enrichment of both proteins at
nearly all nuclear foci; in contrast, images of noncolocalizing pairs
(with one protein showing a diffused pattern in the nucleus) re-
sulted in an r of around 0.5, a degree of correlation reflecting only
the nuclear localization of both proteins but with no significant
coenrichment at the nuclear foci (Fig. 6D). In conclusion, we

mcb.asm.org 2987


http://mcb.asm.org

Sun et al.

A B

EGFP-Ark WT (b)

B

(O Flag-Ark WT

EGFP-Ark CS

WT CcS
nuclear only 66 (54%) 79 (93%)
both nuclear  56(46%) 6 (7%)
and cytoplasmic
#cells counted 122 85

Flag-Ark CS

Flag-Ark CS

FIG 5 Nuclear localization of Arkadia with respect to PML nuclear bodies and Polycomb bodies. (A) Immunofluorescence images of U20S cells expressing
wild-type (WT) or RING domain mutant (CS) of Arkadia as EGFP fusion proteins (green). Nuclear DNA was stained with Hoechst 33342 (blue). WT Arkadia
was found to be either exclusively nuclear (a) or both cytoplasmic and nuclear (b) in U20S cells; the CS mutant form was mostly nuclear. The images shown are
representative of images acquired from multiple independent experiments, the statistics of which are given at the right (#cells counted, number of cells counted).
(B) Nuclear localization of Arkadia proteins compared with localization of PML nuclear bodies (NBs) in U20S cells. Flag-tagged Arkadia was stained with an
anti-Flag antibody (green); PML NBs were stained with anti-PML monoclonal antibody PG-M3 (red). r, Pearson’s correlation coefficient between the red and
green channels from the image (200 by 200 pixels), calculated using the pixel intensity of all 20,000 pixels. (C) Nuclear localization of Arkadia proteins compared
with localization of Polycomb (Pc) bodies in U20S cells. Flag-tagged Arkadia was stained with an anti-Flag antibody (green); Pc bodies were visualized by
anti-Myc antibody immune staining of a cotransfected Myc-tagged CBX4 (red). r, Pearson’s correlation coefficient between the red and green channels as

described for panel C.

identify Arkadia as a Polycomb body-associated protein; the M
domain, especially M, and the SBD in Arkadia are functionally
redundant—together, they not only specify the activity of Arkadia
in transcriptional activation but also provide sufficient avidity for
directing Arkadia to Polycomb bodies.

A polyhistidine motif participates in avidity-driven subcel-
lular targeting of Arkadia. In dissecting the relationship between
Arkadia structures and its nuclear localization, we noticed that, in
contrast to the Flag-tagged ArkN725 (Fig. 6B), EGFP-tagged
ArkN725 did not rely on the SIMs to localize to Pc bodies (Fig. 7A
and data not shown). We hypothesized that additional motifs
concealed in the M region may cooperate with the SBD and M
in targeting Arkadia to the Pc body; the role of such motifs may
become detectable only when it is presented in a multivalent form
due to, e.g., oligomerization of the EGFP tag. We note that the
sequence of the M domain shows not only a complete lack of
lysine (38) but also a significant enrichment of histidine and pro-
line residues (H, 12%, and P, 16%) compared to their average
abundance in proteins (H, ~2.5%, and P, ~5%) (43) (Fig. 7B).
While understanding the entire His/Pro-rich structure is beyond
our scope here, we nevertheless tested the potential importance of
a poly-His motif in the My region of Arkadia (Fig. 7B) (21). This
was in light of a study suggesting that, although their presence in
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mammalian proteomes is rare, poly-His motifs may participate in
the assembly of nuclear structures (44). Indeed, when this poly-
His motif was removed from EGFP-ArkN725, the mutant form
(EGFP-N725AHis [AHis, deletion of residues 492 to 521 in Arka-
dia]) again became dependent on the SBD for Pc body localiza-
tion, in a manner comparable to the results for EGFP-ArkN415,
which lacks the entire M domain (Fig. 7A, middle and bottom).
Therefore, as in a typical avidity-driven protein complex forma-
tion, the poly-His motif in Arkadia is not essential but participates
in targeting Arkadia to Pc bodies.

To examine whether the Arkadia poly-His motif is involved in
the physical association with Pc body proteins, we carried out
immunoprecipitation experiments in 293T cells to assay the M
domain-mediated association between Arkadia and the Pc body
protein CBX4. Consistent with the functional redundancy be-
tween SBD and M, only ArkN725 and not ArkN865 coprecipi-
tated with wild-type CBX4 in a SIM-dependent manner (Fig. 7C,
lanes 1 to 5). Counterintuitively, the C-box mutant of CBX4 also
coprecipitated with ArkN725, suggesting that such coimmuno-
precipitation was not restricted to proteins associated with the
cytologically defined Pc bodies (as in Fig. 6C). Nevertheless, this
Pc body-independent association relies on the simultaneous pres-
ence of both the SIMs and the poly-His motif, as only the sim/

Molecular and Cellular Biology


http://mcb.asm.org

Arkadia SIMs Promote Polycomb Body Association

P2\ Flag-Ark AMy,c/CS Flag-Ark sim/AMn:c/CS

Flag-Ark AM\/CS

Flag-Ark AMc/CS

Flag-Ark sim/AMc/CS

g-Ark N865 Flag-Ark N865sim

Flag-Ark N725

Flag-Ark N725sim

D
Flag-Ark N865 10 ) b . .
+ o+ T + + =
c 08 ' * : T : :
3 . .
=2 . ; .
3 g 06 - * +
- @© - ! H
25 04 : N
o6
Q 1
g T o2
&
Ark- - sim| - sim| - sim| - sim| - sim| - sim| -
WT  -PFFGNIIITDVTANCLTVTFKEYVTV-COOH (C9) FL. AMn.c | AMy AMc N865 | N725 |N865
Cmut -PFFGNIAAADVTANCLTVTFKEYVTV-COOH CBXa4- wT Cmut

FIG 6 Recruitment of Arkadia to Polycomb bodies is directed by its SUMO-binding domain and M domain. (A and B) Nuclear localization of Arkadia mutants
(as indicated) combining M domain deletions, C-terminal truncations, and point mutations in the SUMO-binding domain. Flag-tagged Arkadia constructs
(green) were coexpressed with Myc-tagged CBX4 (red) in U20S cells and visualized through immunofluorescence microscopy. Nuclear DNA (blue) was stained
with Hoechst 33342. (C) Polycomb body localization of ArkN865 in the presence of a nuclear-diffused, C-box mutant form (Cmut) of CBX4 (red). Diagram at
bottom illustrates the point mutations in the C-box of CBX4 that replaced three residues with Ala. (D) Quantitative measure of the degree of colocalization
between Arkadia and CBX4 proteins. Each dot in the plot corresponds to the Pearson’s correlation coefficient (Pearson’s r) between the red and green channels
from a cropped image (200 by 200 pixels, as presented in this figure and in Fig. 5), calculated using the respective pixel intensities of all 20,000 pixels. Horizontal
lines mark the average of Pearson’s r from multiple images in each experimental group (as indicated).
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FIG 7 A polyhistidine motif in Arkadia contributes to the avidity-driven subcellular targeting of Arkadia. (A) Nuclear localization of Arkadia mutants as EGFP
fusion proteins (green) with respect to localization of coexpressed Myc-tagged CBX4 (red) in U20S cells; images show the merged green and red channels. AHis,
deletion of residues 492 to 521 in Arkadia. r, Pearson’s correlation coefficient between the red and green channels, calculated as described in the legends to Fig.
5and 6. (B) Arkadia M domain is His and Pro rich. The plot shows the distribution of Arg, Lys, Pro, or His along the sequence of Arkadia. The alignment below
the plot highlights the poly-His motif in Arkadia homologs from human, mouse, frog, chicken, and zebrafish. (C) Coimmunoprecipitation of Arkadia and CBX4.
Myc-tagged CBX4 and its C-box mutant (Cmut) were coexpressed with Flag-tagged ArkN865, ArkN725, and their mutants (as indicated) in 293T cells.
Immunoprecipitation was carried out against Arkadia using anti-Flag monoclonal antibody (M2)-conjugated agarose beads. Proteins in the precipitated
immune complex or in the cell lysate were analyzed in anti-Flag (green) or anti-Myc (red) antibody dual-color immunoblots. (D) Synergistic activity of poly-His
motif and SIM in promoting a Polycomb body association. Top, control images showing EGFP fusions with the NLS, His,,, or SIM alone. Bottom, sequence
diagram and subcellular localization of NLS-EGFP-His  ,-SIM, a synthetic construct containing the fusion of EGFP with a nuclear localization signal (NLS; based
on that of the SV40 large T antigen, PKKKRKYV), a poly-His motif (His,,), and a SUMO-interacting motif (SIM; based on the core sequence EVIDLTID of the
SIM in human PIAS1), coexpressed with Myc-CBX4 (red). r, Pearson’s correlation coefficient between the red and green channels calculated as described in the
legend to Fig. 5. (E) A comparison of nuclear foci formed by wild-type CBX4 and CBX4AHis, a mutant form missing its poly-His motif (residues 378 to 400), in
U20S cells.

AHis double mutant showed a diminished coprecipitation with
the CBX4 mutant (Fig. 7C, lane 12). This again indicates a contri-
bution of the poly-His motif in the association between Arkadia
and Pc bodies.

We explored this idea further using a synthetic construct con-
taining a SIM, a poly-His motif (His,,), and the nuclear localiza-
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tion sequence of the simian virus 40 (SV40) large T antigen, all
fused to EGFP. In contrast to the controls using EGFP tagged with
the His,, motif or SIM alone (Fig. 7D, top) (44), this protein
(NLS-EGFP-His,,-SIM) formed discrete nuclear foci in U20S
cells that partially overlapped with the CBX4-labeled Pc bodies
(Fig. 7D, bottom). Last, while CBX4 also contains a poly-His mo-
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FIG 8 Arkadia promotes SIM-dependent transcriptional activation of a CpG methylation-silenced promoter specifically for the TGFB pathway. (A) The
CAGA |, luciferase plasmid was methylated in vitro prior to transfection as described in Materials and Methods. Transfection of Arkadia constructs (as indicated)
and luciferase assay were carried out as described in the legend to Fig. 4. All data points from multiple independent experiments are plotted as dots slightly
scattered along the x axis, with their mean values highlighted by horizontal lines. The significance of differences (P value) between the activities of ArkAMy or
ArkAM_ and their corresponding sim mutants was estimated based on a paired, one-tailed Student’s ¢ test. (B) A model illustrating the SIM-dependent and
SIM-independent mechanisms for the function of Arkadia. Arkadia is shown to participate in protein-protein interaction through multiple structures, providing
a means of communication between the SUMO pathway-concentrated Polycomb bodies and corepressor complex. PRC1, Polycomb repressive complex 1; Su,

SUMO; ™CpG, methylated CpG islands.

tif, the CBX4AHis mutant was indistinguishable from the wild
type in the formation of nuclear foci, suggesting that the motif is
also dispensable for the Pc body localization of CBX4 (Fig. 7E).
We conclude that the poly-His motifs in both Arkadia and CBX4
act together with other motifs as an ensemble to promote the Pc
body localization, just as their SIMs do.

Dual function of Arkadia M domain in the activation of a
methylation-silenced promoter. Our study suggests that Arkadia
is targeted to Polycomb bodies and promotes transcriptional ac-
tivation through the combined activity of its SBD and M domains.
Since Polycomb bodies, and sumoylation in general, are known to
be associated with gene silencing and the maintenance of hetero-
chromatin regions (45, 46), Arkadia may be involved in the rec-
ognition of a subset of transcriptionally silenced yet TGFp-re-
sponsive promoters. We were encouraged by a recent functional
screen identifying RNF4 as a driver for the reactivation of in vitro
methylated reporters, which indicates that a potential function of
RNF4 is to promote CpG demethylation (47). Although the RNF4
function is more broadly conserved throughout eukaryotes than
CpG methylation, a STUbL may recognize gene-silencing signals
through its SIMs, including those caused by CpG methylation (48,
49). We reasoned that using CpG-methylated reporter plasmids
would provide a means of controlled epigenetic silencing in vitro
for investigating a STUbL-like activity in Arkadia. We therefore
examined how Arkadia activates the methylation-silenced TGFf3
pathway CAGA , luciferase reporter and, in particular, how Arka-
dia SIMs influence such activity.

Similar to our observations using the unmethylated reporter
(Fig. 4B), wild-type Arkadia activated the methylated CAGA, re-
porter, and the contribution of SBD to this activation was rather
insignificant (Fig. 8A). Also consistently, the M domain was es-
sential for Arkadia function, as deletion of the entire M domain
(AMy; ) completely abolished such activity. In contrast, how-
ever, the deletion of My, or M. alone (AMy or AM.) resulted in
greatly elevated activity against the methylated reporter (Fig. 8A).
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Furthermore, in both ArkAM,; and ArkAM mutants, we found
that the SIMs were absolutely necessary for their activity against
the methylated CAGA , luciferase (Fig. 8A). This is different from
their activity against the unmethylated reporter (Fig. 4B), where
ArkAM,, showed weaker-than-wild-type and SIM-independent
activity and ArkAM showed similar-to-wild-type yet strictly
SIM-dependent activity. In addition, we again found little activity
of RNF4 against the methylated CAGA,, reporter (Fig. 8A). On
the other hand, the chimeric protein R4-Ark, which contains Mg,
showed much higher activity that was also dependent on the
SUMO-binding domain from RNF4 (Fig. 8A). This shows that a
STUDL-like activity against a TGFP pathway-specific promoter
requires both an SBD (even an exogenous one with a different
configuration of SIMs) and M. We conclude that the SBD of
Arkadia allows for efficient targeting to epigenetically silenced
promoters downstream from the TGF pathway, where SUMO-
targeted ubiquitylation may be a crucial mechanism for transcrip-
tional activation. Moreover, while the M domain is essential for a
biologically active Arkadia, our data also suggested a dual role for
itin Arkadia’s activity toward the methylation-silenced promoter,
which appeared to be inhibited by individual parts of the M do-
main (Fig. 8B).

Arkadia promotes transcriptional repression. Polycomb
body formation is in general associated with the maintenance of
gene silencing. To further understand the significance of Arkadia’s
Pc body localization, we also investigated its possible role as a
transcriptional repressor. Indeed, our RNA-seq experiment re-
vealed that the expression of certain genes was elevated in Ark~'~
MEFs compared to their expression in wild-type MEFs, and many
were again downregulated upon reexpression of Arkadia, indicat-
ing that such genes were genuinely suppressed by Arkadia. The
Arkadia-suppressed transcriptome can thus be represented by a
list of 213 genes selected on the basis of exhibiting at least 50% less
gene expression in both wild-type and Arkadia-reconstituted
MEFs than in Ark~’~ MEFs (Fig. 9; see also Table S2 in the sup-
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in their promoters in human embryonic stem cells, as identified by ChIP on chip.

FIG 9 Arkadia-mediated transcriptional repression. (A and B) Profiles of Arkadia-mediated transcriptional suppression in Ark*’*, Ark~/~, and Arkadia-
reconstituted MEFs were obtained through RNA sequencing. The heat maps illustrate the results of two separate hierarchical clustering analyses using the same
list of 213 genes that exhibited an expression level of =2 FPKM in Ark~’~ MEFs and at least 50% repression in both Ark™/* and Arkadia-reconstituted Ark ™/~
MEFs (as indicated). Each clustering was calculated based on the standardized FPKM values (z-scores), scaled for each gene. Heat maps are shown on a
blue-white-red color scale corresponding to the z-score, as described in the legend to Fig. 2. The sorted lists of genes after each hierarchical clustering are
presented as separate panels in Table S2 in the supplemental material. (C to E) Cholecystokinin (Cck) is a major Arkadia-suppressed gene in MEFs. (C) Based on
RNA-seq results for the 213 selected genes in no-TGFf samples, a log,-scaled scatter plot illustrates the degree of Arkadia-mediated suppression (FPKM/
FPKM, ratio, where FPKM, is the expression level in Ark~/~ MEFs and FPKM,y is the expression level in Ark™* MEFs) for each with respect to FPKM .
(D) The FPKM values for the Cck gene in all samples are shown as a bar graph. (E) Additional expression analysis of Cck using RT-qPCR was carried outin Ark ™/~
MEFs reexpressing various Arkadia proteins (as indicated). The qPCR results were calculated based on the expression levels of Cck relative to that of Gapdh;
results from multiple independent qPCR assays were plotted as dots slightly scattered along the x axis for an ensemble view of all data points and with their mean
values highlighted by horizontal lines (E). The significance (P value) of the difference between the activity of an Arkadia protein and its corresponding sim mutant
was estimated based on a paired, one-tailed Student’s ¢ test. (F) Overlaps between the Arkadia-suppressed genes and gene sets in Molecular Signatures Database
(MSigDB). The query returned the top 20 gene sets showing significant overlaps (P < 6e—12). The 4 gene sets presented indicate the enrichment for genes with
histone H3K27 trimethylation or genes downregulated by the TGF@ pathway. The complete results are shown as a panel in Table S2 in the supplemental material.
FDR, false discovery rate; q value, minimum FDR at which the test was significant.

plemental material). This list contains genes with downward and TGF independent. Nearly identical profiles of Arkadia-me-

movement after a 4-h TGFp treatment in Ark /~ MEFs, consis-
tent with the gene repression function of the TGFf pathway (50)
(Fig. 9A). Moreover, genes that were not influenced by TGF(3 were
also found to be suppressed by Arkadia (Fig. 9A), indicating that
the Arkadia-mediated repression can be both TGFB dependent
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diated suppression are found in cells expressing either the WT or
the sirn mutant (Fig. 9B; see Table S2), consistent with our other
observations demonstrating that multiple motifs provide redun-
dant activity for Arkadia function.

From this list, we identified Cholecystokinin (Cck) (51) as a
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major Arkadia-suppressed gene in MEFs: it was not only ex-
pressed at a high level in Ark™’~ MEFs but also suppressed to a
high degree in both Ark*/* and Arkadia-reconstituted Ark™'~
MEFs (Fig. 9C and D; see also Table S2 in the supplemental ma-
terial), making it an ideal reporter gene for evaluating the function
of the Arkadia M domain in transcriptional repression. We there-
fore used quantitative RT-PCR to measure endogenous Cck ex-
pression in Ark~'~ MEFs reexpressing the M domain deletion
mutants and compared the effects of these mutants with that of
full-length Arkadia (Fig. 9E). Consistent with its function both in
CAGA |, reporter assays and in Arkadia’s Pc body recruitment, the
M domain is also essential for Arkadia’s gene repression function,
as the deletion of the entire M domain (AMy, ) resulted in an
~12-fold increase of Cck expression (Fig. 9E). The effect was more
subtle with the deletion of My or M alone (AMy or AM.) or
mutation of the SIMs, as these modifications did not cause a dra-
matic loss of Cck gene repression. Nonetheless, the sim mutants of
full-length Arkadia, ArkAM, and ArkAM_ all exhibited a small
but reproducible defect in suppressing Cck transcription com-
pared to the effects of their wild-type SIM counterparts (P values
of 2.77e—5, 1.83e—5, and 0.00011, respectively). Overall, the ac-
tivity profiles of these mutants in Arkadia-mediated suppression
of Cck gene expression are largely correlated with their activities in
CAGA |, reporter assays and in mediating Arkadia’s Pc body re-
cruitment.

Furthermore, cross-referencing with the Molecular Signatures
Database (MSigDB) (52) revealed that the list of Arkadia-sup-
pressed genes is enriched with genes previously identified as con-
taining promoters of trimethylated histone H3 at K27
(H3K27me3), a Polycomb-associated histone mark (Fig. 9C; see
also Table S2 in the supplemental material). Specifically, signifi-
cant overlaps (P < 5e—12) were found in two published data sets:
(i) an overlap of 38 genes were found in a list of 1,069 genes that
reportedly contain promoters bearing high-CpG density and his-
tone modifications H3K4me2 and H3K27me3 (53) and (ii) a sep-
arate study identified 1,118 genes that contain the H3K27me3
histone mark at their promoter region, 24 of which overlapped
with our Arkadia-suppressed gene list (54). Also consistent with
our observations, significant overlaps (P < 5e—13) were found
with gene sets negatively regulated by TGF or BMP2 (Fig. 9F; see
also Table S3 in the supplemental material) (55, 56). In conclu-
sion, besides its role in promoting TGFB-induced transcriptional
activation, Arkadia also plays a role in transcriptional repression.
The Arkadia-suppressed genes display a molecular signature that
is highly correlated with Polycomb-associated epigenetic modifi-
cation, consistent with the Arkadia’s Polycomb body association
observed in our study. Moreover, we suggest that Arkadia’s activ-
ity in both transcriptional activation and repression may relate to
the dual role played by its M domain in its activity against CpG-
methylated transcription reporter (Fig. 8). We speculate that the
conformation of the M domain is dynamically regulated in Arka-
dia’s tertiary structure in order to support its functional duality.

DISCUSSION

We took an analytical approach to define the function of the
SUMO-binding domain (SBD) in Arkadia and found that it is part
of an ensemble of structural modules for both the subcellular tar-
geting and the biological activity of Arkadia. Thus, Arkadia is a
much more complex STUbL than RNF4 in transcriptional con-
trol. While this avidity-driven subcellular targeting allows Arka-

August 2014 Volume 34 Number 16

Arkadia SIMs Promote Polycomb Body Association

dia’s biological activity to be regulated in both a SUMO-depen-
dent and a SUMO-independent manner, our data suggest that
SUMO binding may provide a particular advantage for targeting
Arkadia to specific promoters, whose epigenetic silencing is main-
tained by Polycomb repressive complexes or DNA methylation
(Fig. 8), and that Arkadia’s subnuclear localization at Polycomb
bodies may allow Arkadia to exhibit both activating and inhibitory
activities in regulating gene expression.

The Polycomb repressive complexes PRC1 and PRC2 are two
major biochemically characterized complexes formed by Poly-
comb group proteins. Both complexes contain histone modifica-
tion activities, generating monoubiquitylated histone H2A
(H2AK119Ub) or methylated histone H3 (e.g., H3K27mel, -2,
and -3), respectively. PRCI also contains chromodomain pro-
teins, such as CBX4, that recognize lysine-methylated histones
and is thus considered the reader of epigenetic marks written by
PRC2. These activities together mediate the silencing of Polycomb
target genes (57-59). Polycomb (Pc) bodies are cytologically de-
fined nuclear bodies formed by components of PRC1 (such as
CBX4) in certain types of cells; they are recognized as the aggre-
gation of many copies of PRCI, reflecting the clustering of PRC1-
targeted genomic loci in a three-dimensionally organized nucleus
(6, 58, 60). Accordingly, the observed Pc body localization of
Arkadia may also reflect a broader association with PRC1-occu-
pied loci than with the visible Pc bodies. In addition, while we
suggest that Arkadia is involved in the control of PRCI-targeted
genes downstream from the TGFP pathway, we did not observe
any effect of TGF treatment on the number or size of Pc bodies or
Arkadia’s association with them (data not shown), indicating that
the PRC1 complex is not altered by the TGFR signaling but,
rather, serves as a platform for other signal-responsive compo-
nents of the pathway, where Arkadia substrates have been found.
In this sense, the PRCI complex may prime the activation of
TGEFB-responsive genes rather than acting merely as a perpetual
gene-silencing machinery.

Gene silencing by CpG methylation is mainly achieved
through proteins containing a methyl-CpG-binding domain
(MBD), which in turn may mediate the assembly of corepressor
complexes on methylated CpG (61). It is still an ongoing effort to
understand how the interaction between the Polycomb- and CpG
methylation-mediated gene-silencing systems shapes the epige-
netic landscape of an entire mammalian genome (62). While both
CpG methylation and PRC complexes at CpG islands (CGIs) can
maintain transcriptional silencing, there appears to be a mutual
exclusiveness between the DNA methylation at a CGI and Poly-
comb occupation (63—66). However, the DNA-demethylating en-
zyme TET1 is found to associate with CGIs through its CXXC
domain that binds to unmethylated CpGs, indicative of a dynamic
methylation-demethylation cycle on CGIs (67). Both gene-silenc-
ing systems have been implicated in TGF@ signaling: Bmil, a
RING domain ubiquitin ligase component of PRC1, was found to
regulate the transcriptional response downstream from the
TGFB/BMP signaling pathway (68), and active demethylation was
observed at the CpG-rich region of the p15INK5b promoter upon
TGEFR stimulation (69). Future investigations in this direction,
such as a genome-scale mapping of the epigenetic structures on
genes specifically controlled by Arkadia, may help to explain how
Arkadia coordinates both transcriptional activation and repres-
sion and close the conceptual gap between the molecular activities
of Arkadia and the arkadia phenotype its mutation causes.
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