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Ribosome biogenesis dictates the translational capacity of cells.
Several mechanisms establish and maintain transcriptional output
from eukaryotic ribosomal DNA (rDNA) loci. rDNA silencing is one
such mechanism that ensures the inactivity and hence the mainte-
nance of a silenced state of a subset of rRNA gene copies. Whereas
oncogenic agents stimulate rRNA gene transcription, tumor suppres-
sors decrease rRNA gene transcription. We demonstrate in mamma-
lian cells that BANP, E5R, and Nac1 (BEN) domain 3 (BEND3), a
quadruple BEN domain-containing protein, localizes in nucleoli and
binds to ribosomal RNA gene promoters to help repress rRNA genes.
Loss of BEND3 increases histone H3K4 trimethylation and, corre-
spondingly, decreases rDNA promoter DNA methylation, consistent
with a role for BEND3 in rDNA silencing. BEND3 associates with the
nucleolar-remodeling complex (NoRC), and SUMOylated BEND3
stabilizes NoRC component TTF-1-interacting protein 5 via asso-
ciation with ubiquitin specific protease 21 (USP21) debiquitinase.
Our results provide mechanistic insights into how the novel rDNA
transcription repressor BEND3 acts together with NoRC to actively
coordinate the establishment of rDNA silencing.
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Transcriptional regulation of ribosomal RNA (rRNA) genes is
crucial for normal cell growth and proliferation because it
dictates ribosome biogenesis in eukaryotic cells (1). rRNA syn-
thesis and processing occurs in nucleoli, nuclear compartments
that form at clusters of repetitive rDNA in which rRNA genes
are found in tandem arrays. rRNA genes encode a precursor
transcript (45S prerRNA) that is processed and modified to yield
18S, 5.8S, and 28S rRNA. However, more than half of the rTDNA
repeats are rendered transcriptionally silent by epigenetic mecha-
nisms (2-6). The nucleolar remodeling complex (NoRC), a member
of the ISWI family of the ATP-dependent chromatin-remodeling
complex consisting of TTF-1-interacting protein 5 (Tip5) and su-
crose nonfermenting 2 homolog (Snf2h), contributes to the silent
state of rRNA genes (7, 8). NoRC targets histone-modifying en-
zymes and DNA methyltransferase to rDNA to establish a het-
erochromatic state that inhibits transcription activation (7, 9, 10).

BANP, E5R, and Nacl domain 3 (BEND3) is a quadruple BEN
domain-containing protein that associates with heterochromatin,
and its overexpression causes extensive heterochromatinization
(11). Using an artificial in vivo gene locus reporter assay, we
previously demonstrated that BEND3 can efficiently repress
transcription. However, the role of BEND3 in the physiological
context, and the endogenous target genes whose expression is
modulated by BEND3, remained to be determined.

The BEN domain is an a-helical module found in many proteins
in metazoans including BANP/SMARI1, NACI1, BEND3, and
BENDS and is also present in several viral genes (12). The BEN
domain is a conserved DNA-binding domain, and BEN domain-
containing transcription factors mediate chromatin organiza-
tion and transcription (11, 13). Several of the BEN-superfamily
proteins are known transcriptional repressors, including SMARI1,
NACI, and BEND3, -5, and -6 (11, 13, 14). BEND3 is a key factor
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that mediates the switch from constitutive to facultative hetero-
chromatin in embryonic stem cells (15). BEND6 acts as a co-
repressor of notch transcription factor (16). BENDS5 has been
found to express in neurons and function as a sequence-specific
transcription repressor that regulates neurogenesis (17).

In this paper, we demonstrate that BEND3 localizes to nu-
cleoli, binds to rDNA promoter elements, and interacts with
NoRC. Our results show that BEND3 contributes to silencing
of rDNA transcription and that the cooperativity between
SUMOylated BEND3 and NoRC is essential for repression
of rRNA gene transcription. Furthermore, BEND3 stabilizes
members of the NoRC via its association with the ubiquitin
specific protease 21 (USP21) deubiquitinase.

Results

BEND3 Localizes to Nucleoli and Associates with rDNA Promoters.
BEND3 is a nuclear protein that associates with the HP1-contain-
ing heterochromatin loci (11). Examination of the localization of
BEND?3 in human cells showed multiple punctate foci of YFP-
BEND?3 appearing closer to or within DAPI-less regions (Fig.
S1A4). Immunolocalization of the nucleolar marker fibrillarin and
UBF confirmed the distribution of several punctate foci of BEND3
within the nucleoli during interphase (Fig. 14 and Fig. S1B).
BEND?3 also associates with telomeric heterochromatic regions
during mitosis (Fig. S1C). The rDNA clusters are distributed close
to telomeres in the acrocentric chromosomes 13, 14, 15, 21, and 22
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(6). Ribosomal DNA FISH using a probe complementary to the
rDNA repeat unit in cells expressing YFP-BEND?3 revealed that
YFP-BEND3 colocalized with most of the rDNA foci during in-
terphase as well as mitosis (Fig. 1B). Furthermore, chromatin im-
munoprecipitation (ChIP) experiments using two different BEND3
antibodies (BEND3 Ab-1 and Ab-2) confirmed the association of
BEND?3 at the rDNA promoter (as seen with primer set H41.9),
with a gradual decrease in enrichment across the transcribed and
intergenic spacer (IGS) regions (Fig. 1 C and D and Table S1).
Similar to the endogenous BEND3, we found that exogenously
expressed HA-BEND3 associated primarily at the IDNA promoter
as evidenced by its 7- to 10-fold enrichment relative to the empty
vector when H41.9 or H42 primer sets were used (Fig. 1E).

Next, we tested if BEND3 could bind rDNA directly. To ad-
dress this, we performed mobility shift assays using bacterially
expressed His-SUMO-BEND3. To test if BEND3 recognizes the
rDNA promoter sequence-specifically, we used the same primer
sets from our ChIP analysis to generate probes corresponding to
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Fig. 1. BENDS3 localizes to rDNA. (A) Immunostaining of the nucleolar
marker Fibrillarin (red) in YFP-BEND3 transfected cells. (B) rDNA FISH
analysis (red) in YFP-BEND3 transfected U20S cells during interphase and
mitosis. DNA is counterstained with DAPI. (Scale bar: 10 um.) (C) A sche-
matic of 1.5 units of the human rDNA repeat and primers used for ChIP
analysis. H41.9 and H42 are at the promoter; H4, H8, and H13 span the
coding region whereas H18 and H27 are at the IGS region. (D) ChIP analysis
showing BEND3 occupancy at the rDNA locus. Results are plotted as per-
centage of input. (E) ChIP analysis showing HA-BEND3 occupancy at the
rDNA locus. HA-ChIP was performed in cells stably expressing either an
empty vector (EV) or HA-tagged BEND3. Results are plotted as percentage
of input values normalized to EV control. Error bars represent SD; n = 3. *P
value < 0.05. (F) Mobility shift assay showing His-SUMO-BEND3 binding to
rDNA promoter (H41.9) and IGS (H27) sequences in vitro.
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various rDNA sequences. As shown in Fig. 1F, incubation of IDNA
promoter probe (H41.9) showed a dramatic shift in mobility, in-
dicating strong BEND3 binding to rDNA promoter sequences in
samples from His-SUMO-BEND?3 lysate but not His-SUMO ly-
sate. BEND3 displayed a weak shift when a probe from an IGS
region (H27) was used compared with the promoter region. These
data strongly corroborate our ChIP results showing that BEND3
binds to the rDNA promoter region in a sequence-dependent
manner. Taken together, our data clearly demonstrate that
BEND?3 localizes to nucleoli and binds to rDNA promoters with
high sequence specificity.

BEND3 Represses rDNA Transcription. Association of BEND3 with
rDNA promoter sequences raises the possibility that BEND3 reg-
ulates transcription of rDNA. We generated cell lines stably ex-
pressing an shRNA construct against BEND3 (shBEND3) or a
Scramble (Scr) shRNA as a control (Fig. 24). Knockdown of
BEND?3 resulted in a significant increase in the abundance of the
45S prerRNA transcript as well as the unprocessed 47S prerRNA,
suggesting that BEND?3 is a repressor of rDNA transcription (Fig.
2B and Fig. S2 A and B). The levels of c-Myc transcript (shown as
control) did not change upon BEND3 knockdown (Fig. 2C), in-
dicating that BEND3 specifically regulates rDNA transcription.
We also observed that cells exogenously expressing BEND3
showed a marked decrease in the pre-rRNA levels compared with
the control cells (Fig. 2D). These results were corroborated with
results obtained through RNA-FISH where the level of rRNA
signals in BEND3-shRNA-treated cells was markedly increased
compared with control cells (Fig. 2 Ea and Eb).

We investigated if BEND3 modulates rRNA levels by affect-
ing TRNA synthesis or processing. We employed a metabolic
labeling approach using Fluorouridine (FUrd) in vivo pulse la-
beling. FUrd is incorporated into nascent RNA and can then be
visualized using a BrdU antibody. As seen in Fig. 2F, cells that
express HA-BEND3 (green) showed a dramatic decrease in
nucleolar FUrd signal (red), suggesting a decreased rate of
rRNA synthesis in these cells compared with neighboring cells
that did not express HA-BEND?3. Similar results were also ob-
served in cells transfected with YFP-BEND3 (Fig. S2C), sug-
gesting that BEND3 can efficiently reduce rRNA synthesis/
transcription.

Because we observed a significant increase in the expression of
pre-TRNA in BEND3-depleted cells, we examined the status of
various chromatin modifications at rDNA loci. ChIP revealed that
BEND3-depleted cells showed significant increase in the H3K4
trimethylation levels at the IDNA promoter, suggesting that tran-
scription at rDNA loci was elevated in the absence of BEND?3 (Fig.
2G). In contrast, cells expressing HA-BEND3 showed a dramatic
decrease in H3K4 trimethylation and H4 acetylation, as well as an
increase in repressive chromatin marks such as H4K20 trimethyla-
tion and H3K27 trimethylation. Interestingly, we observed a de-
crease in H3K9 trimethylation levels in BEND3-expressing cells
(Fig. 2 H-L). Our results suggest that BEND3 levels influence the
chromatin state at rDNA loci by modulating histone posttransla-
tional modifications, thereby influencing rRNA transcription.

Silencing at rDNA loci has been closely linked to methylation of
rDNA promoters, and this has been implicated in impaired as-
sembly of transcription machinery at the -DNA promoter (18). We
examined whether BEND3 is required for the maintenance of
CpG methylation at tDNA promoters. The extent of CpG meth-
ylation at IDNA promoters was assessed by the enzyme Hpall that
cleaves only at unmethylated sites. Depletion of BEND3 decreased
rDNA promoter methylation, consistent with the increased rDNA
transcriptional output observed under these conditions (Fig. 2M).
In contrast, overexpression of BEND3 caused an increase in pro-
moter DNA methylation in multiple cell lines (U20S, Fig. 2N;
293T, Fig. S2D), indicative of its role in establishing de novo DNA
methylation. Altogether, our results conclusively demonstrate that

PNAS | July7,2015 | vol. 112 | no.27 | 8339

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424705112/-/DCSupplemental/pnas.201424705SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424705112/-/DCSupplemental/pnas.201424705SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424705112/-/DCSupplemental/pnas.201424705SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424705112/-/DCSupplemental/pnas.201424705SI.pdf?targetid=nameddest=SF2

g

-

/"% BEND3 25458 pre-rRNA| [ cMyc g/ 458 pre-rRNA
g g2 g, g12
Los 8 8 B 1
g 515 5.5 208
0.6 3 o
3 a1 2 <08
F4 F4
Zos z 2 Zo4
Ega Eos| %05 S0z
< = h T
0 g0 i 0V BeNDs

Ser shBENDY

Scr shBEND3 Ser shBEND3

RNA erge Eb

shBEEND3

Ser_shBEND3|

210
ame
o6
204
gDZ

D:

FUrd HA-BEND3 Cntrl HA-BEND3|

®

H3KaMe3 || “H3K4Me3 | H3K9Me3

1.04
0.8
0.6
0.
0.2
- N

|~ ScrenBenDy||  Ev HA-BEND3|

AcHa HaK20Me3 ‘20 H3K27Me3

i

EV_HA-BEND3|

RN

Rel rDNA occupancy

_ EV HA-BEND3| ev HA-BENDY ' EV HA-BEND3

M o N_ oo
. F’ megedl” W 185 585 2pg
rDNA Melhylahon rDNA Mnthylation .&D:ﬂ:_=.

i 2.2%D

8o 3 BamHI ““** BamHI

Sy i g V_ BEND3

2o Blso Psoralen -~ + +

2l 8 — active

= ~f20 — i

oo 3 22ko| M- - inactive
10 "

Tho I %inactve - 63 59

® =

Scr_shBEND | Ev HA-BEND3

Fig. 2. BENDS3 represses rDNA transcription. (4) Validation of BEND3 knock-
down by gRT-PCR using a highly specific probe-based Tagman Gene Expression
Assay. Note greater than 60% reduction in BEND3 mRNA levels in cells stably
expressing an shRNA against human BEND3 (shBEND3). (B) gRT-PCR analysis of
45S pre-rRNA transcript in control (Scr) and shBEND3-expressing cells. c-Myc is
used a negative control in C. (D) Relative expression of 455 pre-rRNA transcript
in cells transfected with vector (V) or HA-BEND3 (BEND3). Error bars represent
SD; n = 3. **P value < 0.01. (Ea) RNA FISH analysis using a probe comple-
mentary to rRNA in U20S cells stably expressing scrambled (Scr) shRNA or
shRNA against BEND3 (shBEND3). (Eb) Quantification of the data from Ea. (Fa)
Fluorouridine labeling in HA-BEND3-expressing cells. (Fb) Quantification of
the data from Fa. (G) ChIP analysis using H3K4me3 Ab at the rDNA promoter in
shBEND3-expressing cells and Scr control. (H) H3K4Me3 Ab ChIP in cells stably
expressing HA-BEND3 relative to EV control (data are representative of two
independent experiments). (/) ChIP using antibody against pan H4 acetylation
(AcH4) at rDNA promoters in cells stably expressing HA-BEND3 compared with
empty vector (EV) control. (J) H4K20me3 Ab. (K) H3K27me3 Ab. (L) H3K9me3
Ab ChIP in HA-BEND3 or EV stable cells. (M and N) Methylation-sensitive re-
striction analysis used to measure rDNA promoter methylation levels in
BEND3-depleted cells (M) or in HA-BEND3-expressing cells (N). meCpG levels
were measured by digestion with Hpall followed by qPCR of the indicated
promoter region (schematic). Error bars represent SD; n = 3. *P < 0.05,
**P value < 0.01. (O) Active and inactive gene fraction by psoralen cross-
linking in vector or BEND3-overexpressing cells.

BEND?3 is a transcriptional repressor that modulates the chro-
matin state to induce and maintain transcriptional repression at
the rDNA locus.

Next, we used the psoralen cross-linking assay to determine the
status of transcribed/transcribable active versus inactive TRNA
genes in BEND3 overexpressed cells (19). Following psoralen
cross-linking, active and inactive rRNA genes can be distinguished
by Southern hybridization owing to their differential mobility on
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agarose gels. We observed that overexpression of BEND3 in-
creased the fraction of inactive TRNA genes (Fig. 20), further
supporting our observations that BEND3 plays a key role in
repressing rDNA transcription.

BEND3 Associates with NoRC to Establish rDNA Silencing. NoRC,
consisting of Tip5 and Snf2h, mediates silencing of rDNA loci by
altering the chromatin structure at rDNA promoters (7-10).
Because both BEND3 and NoRC alter chromatin structure, and
are required for rDNA silencing, we examined whether BEND3
associates with NoRC. Immunoprecipitation (IP) carried out in
lysates from cells cotransfected with YFP-BEND3 and HA-Tip5
showed interaction between Tip5 and BEND3 (Fig. 34). Simi-
larly, reciprocal IP using T7 antibody in cells expressing YFP-
BEND3 and T7-Tip5 confirmed interaction between BEND3
and Tip5 (Fig. 3B). IP carried out in lysates from cells transiently
transfected with Flag-Snf2h along with YFP-BEND3 demon-
strated the interaction of BEND3 with Snf2h (Fig. S34). We
further confirmed the association of BEND3 with endogenous
Tip5 in U20S cell lines stably expressing HA-BEND3 (Fig. 3C).
Furthermore, IP from human U20S nuclear extracts using
BEND3 antibody showed a robust interaction of BEND3 with
endogenous Snf2h (Fig. S3B). Because NoRC-associated RNA
(pRNA) is crucial for targeting NoRC to chromatin, and is also
required for rDNA silencing (20), we next examined if the in-
teraction of BEND3 with NoRC is dependent on RNA. We
cotransfected cells with YFP-BEND3 and T7-Tip5 and examined
the dependence of their interaction on RNA by conducting
ethidium bromide (EtBr) washes, a treatment that destabilizes
protein—nucleic acid associations by intercalating with DNA or
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RNA (21). We did not observe any change in the interaction
between Tip5 and BEND3 under these conditions (Fig. S3C).
Similarly, RNaseA treatment did not affect the association of
Tip5 and BEND3, suggesting that this complex does not require
an RNA component for its stability (Fig. S3D).

Finally, we examined if BEND3 and NoRC show any func-
tional cooperativity in vivo to establish rDNA silencing. Because
BEND3 and NoRC were observed in one complex, we analyzed
if BEND3 dictates the binding of NoRC to tDNA promoters or
vice versa. A significant reduction in the amount of Tip5 binding
to rDNA was observed upon BEND3 depletion (Fig. 3D). Simi-
larly, BEND3 ChIP in cells lacking Tip5 showed reduction in the
association of BEND3 at the rDNA promoters (Fig. 3E and Fig.
S3E). These results demonstrate that BEND3 and NoRC coop-
erate to establish rDNA silencing. Similar cooperativity among
NoRC components has previously been reported (21).

SUMOylated BEND3 Stabilizes NoRC. BEND3 is SUMOylated at
K20 and K512 sites, and these two sites are crucial for its role in
mediating transcription repression at a reporter locus (11). We
generated a SUMO double mutant (SDM), BEND3.K20R;K512R
and addressed if SUMOylation of BEND3 is required for rDNA
silencing in vivo. Overexpression of BEND3.SDM somewhat re-
lieved the rDNA repression and the levels of 45S pre-rRNA
reverted close to the levels observed in cells that were transfected
with the empty vector (Fig. 44). ChIP in cells expressing HA-
BEND3.WT or HA.BEND3.SDM revealed that there was a re-
duction in the association of SDM mutant to the rDNA locus,
especially to the promoter regions (Fig. 4B). Consistent with a
relief of rDNA repression in BEND3.SDM-expressing cells, we
also found reduced rDNA methylation at DNA promoters in these
cells compared with cells expressing BEND3.WT (Fig. 4C). These
results indicate that loss of rDNA silencing in BEND3.SDM-
expressing cells could be due to the inability of BEND3.SDM
to associate with the rDNA locus.

Next, we first asked if BEND3.SDM associates with the NoRC
complex. IP of BEND3.WT or BEND3.SDM with Tip5 showed
that both the WT and mutant BEND?3 could efficiently associate
with Tip5 (Fig. 4D). Interestingly, total levels of exogenous
T7-Tip5S were consistently and dramatically reduced/destabilized
in the presence of HA.BEND3.SDM, but not in the presence of
HA.BEND3.WT (Fig. 4D). Similarly, we observed that cells express-
ing BEND3.WT showed marginally and reproducibly elevated levels
of endogenous Tip5 protein (Fig. 4E). Based on these observations,
we hypothesized that the SUMOylated BEND3 associates with Tip5
and in turn stabilizes Tip5, perhaps by preventing Tip5 degradation.
To test this, we treated cells expressing vector control, BEND3.WT,
or BEND3.SDM with MG132 to prevent proteasomal degradation
of ubiquitinated proteins. We observed stabilization of TipS in
MGI132-treated vector as well as BEND3.SDM-expressing cells,
compared with the untreated cells, suggesting that Tip5 is ubig-
uitinated (Fig. 4E; note the arrow). However, MG132-treated cells
expressing BEND3.WT did not stabilize Tip5. Furthermore, there
was no evidence of higher-molecular-weight forms of Tip5 (arrow)
in these samples, suggesting that BEND3.WT by interacting with
Tip5 prevents TipS ubiquitination. However, BEND3 expression
did not alter the levels of Snf2h in cells (Fig. S44).

To better understand how SUMOylated-BEND3 stabilizes Tip3,
whether BEND3 prevents ubiquitination of Tip5, and how the
association of BEND?3 to Tip5 facilitates the rapid deubiquiti-
nation of Tip5, we examined the STRING association network
for BEND?3 (string-db.org/newstring_cgi/show_input_page.pl?
Userld=_lyRGtIZs8Pz&sessionld=u8tmVQ4USCAv). We found
that BEND3 is known to associate with the deubiquitinase USP21,
a known H2A deubiquitinase (22). IP results reveal that both
BEND3 and Tip5 interact with the WT as well as the catalytic null
mutant (C221A) of USP21, suggesting that this interaction is in-
dependent of USP21 catalytic activity (Fig. 4 F and G).
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Fig. 4. BENDS3 stabilizes Tip5 via USP21 deubiquitinase. (A) Relative levels
of 45S pre-rRNA transcript in cells transfected with pCGN (V) or HA-BEND3-WT
(WT) or HA-BEND3 sumo double mutant (SDM) as assayed by qRT-PCR anal-
ysis. Error bars represent SD; n = 3. **P value < 0.01. (B) ChIP anti-HA in cells
transfected with HA-BEND3.WT (WT) or HA-BEND3.SDM (SDM). Data are
represented as percentage input normalized to WT. (C) rDNA promoter meth-
ylation levels assayed by methylation-sensitive restriction analysis in cells
transfected with pCGN (V) or BEND3.WT or BEND3.SDM. (Data are represen-
tative of two independent experiments.) (D) Immunoprecipitation of T7-Tip5
with HA-BEND3.WT or HA-BEND3.SDM using T7 Ab. (E) Levels of Tip5 in cells
expressing pCGN (V) or HA-BEND3 or HA-BEND3.SDM in control and upon
MG132 treatment. Arrow denotes accumulation of ubiquitinated forms of
Tip5. Relative intensity of Tip5 (as quantified by Image J) is shown at the
bottom. Values are normalized to V in control cells. (F) BEND3 associates
with USP21 deubiquitinase. Immunoprecipitation of HA-BEND3 and Myc-USP21
or USP21.C221A mutant using HA antibody. (G) Tip5 associates with USP21.
Immunoprecipitation of T7-Tip5 and Myc-USP21 using T7 antibody. (Ha-
Hc) Determination of Tip5 complexes containing both BEND3 and USP21
by SiMPull and colocalization analyses. (Ha) Schematic of YFP and
mCherry molecules pulled down from U20S cell lysates expressing T7-Tip5,
YFP-BEND3, and mCherry-USP21 using biotinylated T7 Ab. Cell lysate
expressing YFP-BEND3 and mCherry-USP21 incubated with biotinylated T7
Ab served as the control. (Hb) Average number of YFP and mCherry fluo-
rescent molecules per imaging area (5,000 pmz). (Hc) Note 35 + 4% overlap. (/)
Immunoprecipitation from cells expressing T7-Tip5, Myc-USP21, and HA-
BEND3 or HA-BEND3.SDM using T7 Ab. (J) SUMOylated BEND3 stabilizes
USP21. Total levels of Myc-USP21 or Myc-USP21.C221A in cells expressing HA-
BEND3 or HA-BEND3.SDM. (K) Ubiquitination assay in cells expressing HA-Ub,
T7-Tip5, and Myc-USP21 or Myc-USP21.C221A. The Tip5 ubiquitination levels
shown at the bottom of the gel were quantitated using ImageJ and nor-
malized to the respective Input and IP levels.

Next, we investigated whether BEND?3, Tip5, and USP21 exist
in a single complex by performing Single Molecule Pull down
(SiMPull) (23, 24) using biotin-conjugated anti-T7 antibody with
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lysates from cells triply transfected with YFP-BEND3, mCherry-
USP21, and T7-TipS. SimPull results revealed that 35 + 4% of
YFP-BEND3 molecules were found to colocalize with mCherry-
USP21 molecules, indicating that in cells a subset of TipS, BEND3,
and USP21 exists in a single complex (Fig. 4H).

Interestingly, expression of BEND3.SDM caused destabiliza-
tion of both WT-USP21 and USP21.C221A mutant (Fig. 4 I and
J). Furthermore, as mentioned above, expression of BEND3.SDM
caused the levels of USP21 to drop significantly with a concomi-
tant decrease in the levels of Tip5 (Fig. 4 I and J). To test directly
whether USP21 deubiquitinates Tip5 and thereby stabilizes Tip5,
we assayed the extent of Tip5 ubiquitination by performing T7
immunoprecipitation in cells expressing HA-Ub and T7-Tip5 with
or without Myc.USP21 (WT or C221A mutant). As shown in Fig.
4K, in the absence of USP21, T7-Tip5 was found to be highly
ubiquitinated. However, in cells expressing Myc-USP21.WT there
was a clear reduction in the levels of Tip5 ubiquitination with
concomitant stabilization of Tip5 levels (Fig. 4K). Interestingly, in
the presence of the catalytic mutant USP21.C221A, the ubiquiti-
nation levels of T7-Tip5 were restored, suggesting that USP21
specifically deubiquitinates and thereby stabilizes Tip5 (Fig. 4K).
Consistent with this, we observed that rRNA levels decreased in
cells expressing USP21 but not USP21.C221A (Fig. S4B). Based
on these results, we propose that SUMOylated BEND?3 stabilizes
USP21 in this complex, which is then responsible for deubiquiti-
nating Tip5, preventing Tip5 degradation (Fig. 5). In the absence
of SUMOylated BEND3, USP21 levels plummet, and Tip5 is now
poly-ubiquitinated and degraded, causing relief of transcription
repression. We propose that BEND3 associates with and stabilizes
the NoRC complex and that these activities together are required
to establish TDNA silencing.

Discussion

Chromatin architecture dictates gene expression, and the accurate
regulation of transcription is crucial for genomic stability (25).
Heterochromatin represents a major repressive chromatin domain
in the cell nucleus and typically consists of repetitive elements
(26, 27). In human cells, heterochromatic regions are located
predominantly at centromeres, telomeres, and at rDNA loci. We
previously demonstrated that BEND3 associated with hetero-
chromatic regions in mouse cells and repressed transcription at an
in vivo reporter locus (11). However, the role of BEND3 in vivo
and its potential repressive nature in the endogenous context
remained to be addressed.

We demonstrate that a fraction of BEND3 localizes to nu-
cleoli, decorates the rDNA cluster, and binds to the rDNA
promoter. Furthermore, BEND?3-overexpressed cells showed
reduced H3K4Me3 and acetylH4, with a concomitant increase in
H4K20me3 and H3K27me3 at rDNA loci, and was consistent

BENDS: | g3/
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Fig. 5. Cartoon demonstrating the role of SUMOylated BEND3 in stabilizing
USP21 and hence Tip5 levels.
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with the down-regulation of rDNA transcription. Depletion of
BEND3 showed elevated levels of pre-rRNA and increased
H3K4me3, suggesting that BEND3 functions as an rDNA tran-
scription repressor. Our results are consistent with the recent
observations that BEND3 allows polycomb recruitment and
H3K27me3 to specific chromatin to generate repressive chromatin,
especially in the absence of H3K9me3 and DNA methylation (15).

Transcription of rRNA gene loci by RNA polymerase I is mod-
ulated by several players. IDNA loci switch between an active and a
silenced state, and more than 50% of the nucleolar organizing re-
gions contain active rDNA clusters. However, both the active and
inactive TRNA genes are thought to associate with one another to
form higher-order chromatin within the nucleoli (6). NoRC, a
chromatin-remodeling complex comprising of the ATPase SNF2h
and TIPS, is required for establishing repressive chromatin structure
at rDNA promoters (9). Elegant work conducted almost a decade
ago by Grummt and colleagues demonstrated that NoRC estab-
lishes heterochromatic histone modifications and de novo DNA
methylation at rDNA loci and that this leads to chromatin com-
paction and transcription silencing of the rDNA repeats (9).
Whether NoRC silences active rRNA genes, maintains the silent
state of inactive genes, or is required for both activities remains to
be determined (2, 6, 28). Recent work argues that NoRC is required
for the inheritance or maintenance of silent epigenetic status at
rDNA gene clusters (21).

We observed that BEND3 associates with NoRC and that, in
the absence of BEND3, Tip5 association to the rDNA pro-
moter is severely compromised. Similarly, NoRC coordinates the
binding of BEND3 to the rDNA promoter. These data suggest
that BEND3 and NoRC cooperate to establish rDNA silencing.
Our results demonstrate that BEND3 stabilizes the Tip5 com-
ponent of NoRC by modulating ubiquitination of TipS. Fur-
thermore, SUMOylation of BEND3 is critical for preventing this
modification on Tip5. We suggest that SUMOylation of BEND3
is important for stabilizing NoRC and that this in turn is critical
for rDNA silencing (Fig. 5).

Protein ubiquitination is a reversible posttranslational modifi-
cation (PTM) that plays a critical role in many cellular processes.
A class of proteases known as deubiquitinases (DUBSs) catalyzes
the removal of ubiquitin from target proteins (29-31). Of these,
ubiquitin-specific proteases (USP) form the largest group that is
characterized by the presence of a USP domain (32, 33). USP21
was initially identified as a histone H2A deubiquitinase (34), but
has been shown to regulate the deubiquitination of several other
substrates including RIG-1, RIP1, and GATA-3 (35-37). USP21 is
thought to modulate target protein stability by modulating E3
deubiquitinase activity, thereby affecting the transfer of ubiquitin
from the E3 ligase to its target protein (36). We have identified
USP21 as a specific DUB of the Tip5/NoRC complex. USP21
interacts with BEND3, and the levels of USP21 are strongly af-
fected by the presence of BEND3. A dramatic destabilization of
USP21 was observed in the presence of BEND3-SDM, suggesting
that the USP21 level is modulated by the SUMOylation status
of BEND3. USP21 can interact with and deubiquitinate Tip5,
thereby stabilizing the total levels of Tip5. We propose that
SUMOylated BEND3 stabilizes the TipS/NoRC complex by
stabilizing USP21 deubiquitinase. At present, it is not clear how
SUMOylated BEND3 stabilizes USP21. Although it is not un-
common for DUBs to undergo PTMs that affect their stability as
well as activity, there is a lack of precedence in the case of USP21
to be modulated through any such modifications (38).

We also observed that overexpression of BEND3 causes hyper-
heterochromatinization and chromatin compaction. The fact that
BEND3 associates with most heterochromatic regions, and recalling
the similarities between the genomic organization at centromeres,
telomeres, and rRNA genes, we suggest that BEND3 may play
important roles in assembling higher-order chromatin structure.
The general role of NoRC in the establishment of higher-order
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chromatin structure by acting as a scaffold to coordinate modifi-
cation of histones has recently been proposed (39). This has been
supported by the role of Tip5 in maintaining the functional integrity
of telomeres and centromeres (39). Many other mechanisms have
been implicated in the targeting of NoRC to specific hetero-
chromatic sites. The recruitment of NoRC to the rDNA promoter
is mediated by the transcription factor TTF1, whereas Trf2 and
CENP-A are known to regulate NoRC association to telomeres
and centromeres, respectively (7, 28, 39). Furthermore, nucleolar
retention of Tip5 has been shown to require pRNA, and this de-
pends on PARP1, a protein recently shown to be critical for the
inheritance of silent chromatin (21, 40). That enhanced expression
of BEND3 changes the chromatin environment at the rDNA is
also evident by an increased rDNA methylation state, suggesting
that BEND3 is a potent repressor of transcription. Furthermore,
loss of BEND3 results in hyperactivation of transcription at the
rDNA loci. This is similar to what has been observed for JHDM1B,
a demethylase implicated in transcriptional repression of rRNA
genes (41). Taken together, we propose that BEND3 and NoRC
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play a highly concerted role in the maintenance of heterochromatin
architecture at several genomic regions and that the rDNA locus
provides an excellent insight into this phenomenon.

Materials and Methods

A detailed description of all of the plasmids, antibodies, primers, and
experimental procedures can be found in S/ Materials and Methods. Ex-
perimental procedures include immunoprecipitation, ChlP, immunofluo-
rescence, FISH, DNA methylation assay, SimPull, EMSA, and psoralen cross-
linking assay.
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