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i’ I ranscription repression plays a cen-
tral role in gene regulation. Tran-

scription
strategies
repression. We have recently demon-
strated that BEND3 (BANP, E5R and
Nacl domain) protein represses rDNA
transcription by stabilizing a NoRC com-
ponent. We discuss the role of BEND3 as
a global regulator of gene expression and
propose a model whereby BEND?3 associ-

ates with chromatin remodeling com-

repressors  utilize  diverse

to mediate transcriptional

plexes to modulate gene expression and
heterochromatin organization.

Introduction

Transcriptional repression is a multifac-
eted process, involving a huge repertoire of
proteins with varied functionalities. Multi-
ple modes can ensure gene repression; one
such mode involves the creation of an epi-
genetically repressive chromatin environ-
ment. This is achieved by changing
chromatin architecture through recruit-
ment of nucleosome remodeling and his-
modifying Histone
modifying enzymes, such as histone deace-
tylases (HDAC:s) and histone methyltrans-

tone enzymes.

ferase  including H3  lysine 9
methyltransferase (Suv39h), H4 lysine 20
methyltransferase  (Suv420h) and H3

lysine 27 methyltransferase (EZH2), give
rise to a local heterochromatin-like state.'”
3 Heterochromatin maintenance is critical
segregation,
mitotic progression, genome stability and

for proper chromosome
aging.*® In this article, we present a com-
prehensive analysis of the role of BEND3,
a quadruple BEN-domain-containing pro-
tein in transcriptional repression and het-
erochromatin organization.

Transcription

BEND3 Represses rDNA
Transcription

We have previously shown that a BEN
domain-containing protein, BEND3, is a
transcriptional repressor.® BEND3 local-
izes to heterochromatic structures and
causes transcriptional repression when tar-
geted to an artificial 7z vivo locus. Further-
more, overexpression of BEND3 causes
hyper-heterochromatinization. In a recent
proteomic screen employed to identify
proteins associated with promoters and
enhancers, BEND3 was found to associate
exclusively with gene promoters, indica-
tive of its role in transcriptional regula-

tion.”

However, information regarding
direct endogenous targets of BEND3 as
well as its physiological role was lacking.
We have recently demonstrated that
BEND3 mediates rRNA gene repression.8
BEND3 localizes to nucleolus and associ-
ates with tDNA and directly binds to the
tDNA promoter in a sequence-specific
manner. Loss-of-function analyses showed
that BEND3 efficiently represses rDNA
transcription. Further, overexpression of
BEND3 causes changes in histone modifi-
cations leading to a general repressive
chromatin environment at the rDNA
locus. In addition, we demonstrate that
BENDS3 interacts with the nucleolar-
remodeling complex (NoRC). NoRC is a
well-characterized complex and is known
to establish as well as maintain gene silenc-
ing at rDNA loci.” ' In an attempt to
study the biochemical role of BEND3 as
part of NoRC and its role in rDNA silenc-
ing, we found that the SUMOylation sta-
tus of BEND3 is critical for NoRC
stability. We show that Tip5, a bona fide
member of the NoRC, undergoes ubiqui-
tin-mediated  degradation, and that
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SUMOylated BEND3 stabilizes Tip5 by
preventing its ubiquitination. Finally we
show that BEND3 stabilizes Tip5 via its
interaction with a deubiquitinase, ubiqui-
tin specific peptidase 21 (USP21)."* Based
on these results, we propose that BEND3-
mediated rDNA silencing occurs by stabi-
lization of the NoRC. This leads to epige-
netic changes at the rDNA locus thereby
causing transcriptional repression.

Role of BEND3 in Global Gene
Repression

BEND3-NuRD connection

In our previous report, we had shown
that BEND3 interacts with Sall4 and
HDACI1, members of the NuRD com-
plex. NuRD complex contains chromatin
remodeling and histone deacetylase activ-
ity and is known to mediate transcrip-
1314 The NuRD

complex was recently shown to establish a

tional  repression.
specific chromatin environment at the
rRNA genes that are transcriptionally
inactive but are poised for activation.'” In
addition to the rRNA genes, the NuRD
complex has been implicated in regulating
various physiological processes including
maintenance of pluripotency,'®'® reprog-
ramming of neural stem cell into iPSC,"”
S phase progression and pericentric het-

report, mass spectrometry analyses of
BEND3-associated proteins revealed that
BEND3 associates strongly with most of
the NuRD complex members.?! In light
of these findings, it is highly probable that
BEND?3, in association with NuRD, plays
an important role in global gene regula-
tion. Since NuRD plays such critical roles
in ESCs, it would be very interesting to
map the genome wide occupancy of
NuRD and BEND3 in ESCs. Compara-
tive analyses of genome wide occupancies
would give us insights into whether
BEND3 colocalizes with NuRD at most
loci and/or if BEND3 binds to a set of tar-
gets distinct from that of the NuRD com-
plex. In cither case, it would provide
sufficient impetus to probe deeper into a
BEND3-NuRD gene

regulation.

connection in

BEND3-NoRC connection

In our recent work, we have shown that
BEND3 is a novel interactor of the
NoRC.® The role of NoRC in rDNA
silencing is well documented.”'®** Over-
expression of BEND3 phenocopies most
of the Tip5 gain-of-function phenotypes
observed with regard to epigenetic changes
at the rDNA locus. In addition to silenc-
ing rRNA genes, NoRC has been shown
to regulate heterochromatin formation at

through its interaction with Suv4-20h2,
an enzyme responsible for H4K20 trime-
thylation.""** Similar to Tip5, we have
shown that YFP-BEND?3 localizes to telo-
meric ends of mitotic chromosomes
(Fig. 1A).® Note the bright BEND3 foci
(green) represent the BEND?3 localizing to
the rDNA (Fig. 1A) A recent study identi-
fied BEND3 to be associated with telo-
and showed that BEND3
colocalizes with telomeric repeat binding
factor 2 (TRF2), a marker for telomeres.
Furthermore, we show here that BEND3
can interact strongly with Suv4-20h2
(Fig. 1B). Immunoprecipitation (IP) car-
ried out on lysates from cells expressing
YFP-Suv4—-20h2 and HA-BEND3 shows
that BEND3 associates strongly with
Suv4-20h2 (Fig 1Ba). Reciprocal IP
using GFP antibody confirmed the inter-
action (Fig 1Bb). Taken together, these
findings indicate that BEND3 and NoRC
play a concerted role not only in rRNA

meres

gene repression but also in global hetero-
chromatin organization.

BEND3 in a megacomplex

An elegant study from the Dejardin
laboratory showed that in the absence of
Suv39h or DNMTs, the pericentromeric
heterochromatin undergoes a switch from
constitutive to facultative heterochroma-
tin, as a safeguard mechanism to maintain

erochromatin formation.”® In a recent centromeres and telomeres, in part genomic integ_;rity.21 Facultative
heterochromatin is marked with

H3K27 trimethylation that is cat-

alyzed by EZH2 methyltransfer-

Ba INP (1%)  HA-IP (40%) ase of the PRC2 complex. The

Merge+DAPI YFP-Suv4-20H2 + 4+ + o+ authors demonstrate that in the
HABENDS & % = ok absence of DNA methylation or

==| w1 | H3K9me3 marks, BEND3 cna-

— | GFP bles the recruitment of EZH2,

and hence H3K27me3, at the

Bb INP(1%)  GEP-IP (40%) pericentromeric heterochromatin.

HA-BEND3  +  + + +
YFP-Suv4-20H2 - + - +

Their data strongly suggest that
BEND3 is critical for this switch
from constitutive to facultative
heterochromatin. In Suv39h KO
or DNMT KO mESCs, there is a

dramatic enrichment of BEND3

Figure 1. (A) Immunostaining of telomere marker TRF2 (red) on mitotic chromosomes of U20S cells express-
ing YFP-BEND3 (green). Magnified inset with higher exposure in all channels shows YFP-BEND3 colocalizing
with TRF2. Arrow indicates a representative YFP-BEND3 focus localized to rDNA locus. Scale bar represents
5 wm. (B) BEND3 associates with Suv4-20h2. (Ba) Immunoprecipitation was performed using HA antibody in
lysates containing YFP-Suv4-20h2 with or without HA-BEND3. (Bb) Reciprocal immunoprecipitation per-
formed using GFP antibody in lysates containing HA-BEND3 with or without YFP-Suv4-20h2.

at the pericentromeric heterochro-
matin. In addition to BENDS3,
members of the PRC2, NuRD
and NoRC complexes are also
highly enriched. It is interesting
that the BENDS3

to note
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overexpression-induced heterochromati-
nized regions within the chromatin show
enrichment of H3K27me3 marks. These
data strongly argue that BEND3 shares a
functional interaction with the PRC2
complex. Given the role of PRC2 in dif-
ferentiation and development,24’25 it is
tempting to propose that BEND3 plays a
concerted role with PRC2 in differentia-
tion and development. These are indeed
very fascinating findings, especially in
light of our work, which implicates
BEND3 as a part of both NuRD and
NoRC complexes. Perhaps, association
of BEND3 with NoRC, NuRD or
PRC2 complex is highly context-specific
or these complexes are not mutually
exclusive; they exhibit a high degree of
crosstalk and therefore function as a meg-
acomplex at heterochromatic regions
within the genome.

Role of BEND3 SUMOylation in
Gene Regulation

Our laboratory has previously shown
that BEND3 undergoes SUMOylation at
K20 and K512 and that SUMOylation is
important for its repressive ability in a
reporter based assay.® However, a detailed
understanding of the molecular and bio-
of SUMOylation in
BEND3-mediated repression was lacking.
In our recent work, we show that
SUMOylation of BEND3 is important
for the stability of NoRC.* We find that
Tip5 undergoes ubiquitin-mediated deg-
radation in the presence of a BEND3
sumo double mutant (BEND3-SDM) but
not in the presence of the wild type pro-
tein (BEND3-WT). Tip5 is deubiquiti-
nated in the presence of BEND3-WT,
thereby stabilizing and preventing its deg-
radation. We show that the deubiquitinase
USP21, interacts with BEND3 and Tip5,
and can efficiently deubiquitinate exoge-
nous Tip5. However, the stability of
USP21 also depends on SUMOylation
status of BEND3. In the presence of
BEND3-SDM, USP21 undergoes dra-
matic degradation. Therefore, we propose
that BEND3 influences the stability of
Tip5 indirectly by stabilizing USP21,
which then deubiquitinates Tip5.

chemical role
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Figure 2. A model for BEND3 mediated gene repression and heterochromatin organization based on

current understanding.

Some key questions arise from these
findings: How does SUMOylation of
BEND3 prevent ubiquitination of its
interactors? How does SUMOylated
BEND3 stabilize USP21? We hypothesize
that SUMOylation of BEND3 prevents
ubiquitination of its interactors by limit-
ing E3 ligase access to its substrates. The
SUMO moiety could possibly mask the
ubiquitination sites on the BEND3-inter-
acting proteins or cause steric hindrance,
thereby preventing E3 ligase to transfer
ubiquitin. Alternatively, it is possible that
BEND3-SDM interacts with an E3 ligase
whereas BEND3-WT does not. Although
there are no reports suggesting potential
interaction of BEND3 with any known
E3 ligase, it would be critical to perform
quantitative mass spectrometry analysis of
proteins associated with BEND3-WT and
BEND3-SDM. This would provide key
insights into the role of SUMOylation in
BEND3-mediated protein stabilization.
The use of Chromatin Immunoprecipita-
tion—quantitative Mass Spectrometry
(ChIP-gMS) 726 to observe quantitative
changes with regard to global protein sta-
bility on chromatinand correlate them
with gene expression analysis would
monitor

enable us to changes in

Transcription

chromatin landscape in the presence of

BEND3.WT or BEND3-SDM.

Conclusion

BEN domain-containing proteins are
emerging rapidly as an important class of
proteins involved in gene regulation.27
BEN domain has been shown to posses
sequence specific DNA  binding activ-
ity”®?? and, indeed, we have also shown
that BEND3 can directly bind to DNA as
well.® Apart from BEND?3, the only other
BEN domain-containing protein in mam-
mals studied so far is BENDG6 which is a
BEN-solo domain protein involved in
Notch signaling.29 We have shown that
BEND3, a quadruple BEN domain-con-
taining protein, plays an important role in
rDNA silencing. BEND3 associates with
members of NuRD, NoRC and PRC2
complexes. BEND3 regulates gene tran-
scription as well as heterochromatin orga-
nization in a chromatin context-
dependent manner (Fig. 2). Dissecting
the genome-wide association of BEND3
would yield important insights into its
role in gene regulation. Others and we
provided ample evidence that BEND3
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plays diverse roles in gene regulation and
chromatin organization and therefore
prompt a deeper study for a comprehen-
sive understanding of its physiological
functions.
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