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POINT-OF-VIEW

A BEN-domain protein and polycomb complex work coordinately to regulate 
transcription
Fredy Kurniawan and Supriya G. Prasanth

Department of Cell and Developmental Biology, University of Illinois at Urbana-Champaign, Urbana, IL,USA

ABSTRACT
Transcription regulation is an important mechanism that controls pluripotency and differentiation. 
Transcription factors dictate cell fate decisions by functioning cooperatively with chromatin 
regulators. We have recently demonstrated that BEND3 (BANP, E5R and Nac1 domain) protein 
regulates the expression of differentiation-associated genes by modulating the chromatin archi
tecture at promoters. We highlight the collaboration of BEND3 with the polycomb repressive 
complex in coordinating transcription repression and propose a model highlighting the relevance 
of the BEND3-PRC2 axis in gene regulation and chromatin organization.
Abbreviations: BEND3, BANP, E5R and Nac1 domain; rDNA, ribosomal DNA; PRC2, Polycomb 
Repressive Complex 2; H3K27me3, Histone H3 Lysine 27 methylation; PcG, Polycomb group.
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Introduction

Transcription factors regulate gene expression by 
either activating or repressing promoter activity and 
thereby control initiation of transcription. Repression 
of transcription is often associated with altering the 
chromatin architecture through the recruitment of 
chromatin-modifying complexes. BEN domain- 
containing factors are relatively newly identified as 
DNA binding modules that are transcriptional repres
sors [1]. The BEN domain is predicted to function as 
an adaptor for higher-order chromatin organization 
and recruitment of chromatin complexes to regulate 
gene expression. In this article, we present how the 
quadruple BEN domain-containing repressor, 
BEND3, associates with the polycomb repressive com
plex to mediate transcriptional repression at differen
tiation-associated genes.

We have reported previously that BEND3 binds to 
heterochromatic structures and causes transcriptional 
repression by chromatin compaction at those sites [2]. 
Furthermore, we found that BEND3 associates with 
rDNA, mediates rRNA gene repression and mediates 
rDNA silencing by stabilizing the nucleolar- 
remodeling complex (NoRC) [3]. Finally, we demon
strated that the epigenetic changes in the rDNA 

regions were important for this repression. We and 
others recently reported that BEND3 is highly upre
gulated in stem cells, induced pluripotent stem cells, 
and pluripotent embryonal carcinoma cells [4–6]. 
BEND3 is associated with genes involved in differen
tiation, and the expression of BEND3 resulted in 
enhanced accumulation of H3K27me3 marks at select 
promoters. Similarly, the Zhu laboratory proposed 
that BEND3 causes polycomb stabilization to safe
guard the differentiation process [5]. BEND3 has 
also been implicated in generating a repressive chro
matin by facilitating polycomb recruitment and 
H3K27me3 deposition to specific sites that are devoid 
of H3K9me3 or DNA methylation [7]. All the above 
supports the model that epigenetic changes are 
important means by which BEND3 mediates 
repression.

Polycomb proteins are epigenetic modifiers that 
regulate the expression of developmental genes in 
a cell and tissue context-dependent manner. These 
groups of proteins are required for embryonic devel
opment and play pivotal roles in stem cells [8]. In 
mice as well as in humans, PRC2 is required for 
embryonal stem cell (ESC) fate specification and also 
shown to regulate the expression of developmental 
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genes [9–11]. A plethora of transcription factors have 
been reported to be master regulators in stem cells, 
including pluripotent and multipotent stem cells. 
PcGs exist in the form of two complexes, polycomb 
repressive complexes 1 and 2 [12]. The PRC1 complex 
has an E3 ligase activity, and one of the main sub
strates is the monoubiquitinated H2A at lysine 119, 
while PRC2 contains methyltransferase activity cata
lyzed by the methyltransferase EZH1/2 that is respon
sible for H3K27 di- and trimethylation [13]. It is 
generally believed that PRC2 is involved in recruiting 
PRC1 to promoters of common target genes. Both are 
crucial for gene repression, although newer data have 
suggested nonoverlapping functions in embryonic 
and adult stem cells [14].

EZH2 is highly expressed in embryonic tissues 
and in actively proliferating cells [15]. Many 
PRC2-associated factors have been shown to reg
ulate the PRC2 enzymatic activity and its recruit
ment to specific gene loci. For example, the 
association of Pcl2 bound to PRC2 has also 
been reported to bind to pluripotent genes to 
negatively regulate its expression in embryonic 
stem cells. It is believed that the PRC2- 
containing PCL2 proteins at the promoter of 
pluripotent genes can rapidly repress these genes 
upon receiving a signal for differentiation [16]. 
Similarly, the transcription repressor Jarid2 is 
a PRC2 interactor in ESCs and the model is 
that Jarid2 stabilizes PRC2ʹs occupancy at chro
matin [17,18]. Interestingly, genome wide data of 

PRC2 components (Ezh2, Suz12) and those of 
H3K27me3 in pluripotent cells show the associa
tion of these with a subset of CpG islands, speci
fically the ones that lack transcriptional activators 
[19]. There are data supporting that association 
with various factors dictates the functionality of 
PRC2. In this point of view, we discuss the func
tional relevance of PRC2 association with 
a transcription repressor and how this might 
influence the maintenance of pluripotency.

BEND3 associates with the polycomb 
repressive complex proteins

Work from the Dejardin laboratory has shown 
that BEND3 helps the recruitment of the 
H3K27me3 methyltransferase EZH2 to chroma
tin sites, especially in the absence of constitutive 
heterochromatic marks, like H3K9me3 [7]. Their 
observations prompted the authors to propose 
a role for BEND3 in switching from constitutive 
to facultative heterochromatin. It is worth noting 
that BEND3 associates with pericentric hetero
chromatin and at telomeres, and the association 
with heterochromatic sites increases dramatically 
upon the loss of enzymes that catalyze 
H3K9me3. Furthermore, the Zhu laboratory 
showed that loss of BEND3 resulted in the loss 
of SUZ12 (a subunit of PRC2) in the BEND3- 
occupied regions [5]. This was concomitant with 
the loss of H3K27me3 at these sites, especially at 

CFP LacI YFP EZH2 DAPI Merge

CFP LacI BEND3 YFP EZH2 DAPI Merge

Figure 1. A heterochromatic locus stably integrated in U2OS 2-6-3 cells was visualized by LacI. LacI fusion proteins are forcibly 
tethered to the LacO repeats, and CFP is fused to LacI for visualizing the loci. The coding region of EZH2 and BEND3 was PCR 
amplified and cloned into pEYFP-C1 (Clontech) and pECFP-LacI (modified from pEGFP-LacI; kindly provided by Miroslav Dundr) [27]. 
U2OS 2-6-3 cells were transiently transfected with 100 ng of CFP-LacI or CFP-LacI-BEND3 and 500 ng of YFP-EZH2. Images of EZH2 
recruitment to the heterochromatin loci in CFP-LacI or CFP-LacI-BEND3 expressing cells. Note the robust overlap of BEND3 and EZH2 
at the CLTon locus and at heterochromatic sites. The scale bar represents 5 μm.
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the bivalent targets. Based on these and our own 
recent results, we examined the functional inter
action of BEND3 with the PRC2 complex.

Using an artificially generated heterochromatin 
locus in vivo, we tethered BEND3 to the locus 
using a triple fusion protein (CFP-LacI-BEND3). 
We then addressed the association of polycomb 
proteins (YFP-EZH2) with the BEND3-tethered 
locus. We find that BEND3 associates with PRC2 
at the in vivo reporter locus (Figure 1) and at other 
prominent heterochromatic foci, including at 
rDNA regions.

Furthermore, we found that BEND3- 
occupied gene promoters also show enrichment 
of PRC2 components at these promoters. PcG 
decorates H3K27me3 at bivalent gene promo
ters, promoters that have both activating 
H3K4me3 and repressing H3K27me3 marks 
[19]. At these bivalent genes, activation and 
repression of genes provide a means for epige
netic regulation to induce differentiation. The 
Zhu laboratory proposed that the gene biva
lency prevents gene activation during differen
tiation [5]. We showed that the expression of 
BEND3 causes increased H3K27me3 at BEND3- 
occupied promoters of prodifferentiation genes 
[4]. Based on these, we propose that BEND3 is 
required to fine-tune the expression of prodif
ferentiation genes by modulating the levels of 
H3K27me3. BEND3 enables polycomb recruit
ment and H3K27me3 deposition to BEND3- 
bound promoters to generate repressive chro
matin. These data are consistent with the recent 
report that BEND3 function is largely depen
dent on PRC2 at the bivalent CpG islands that 
are enriched for BEND3 occupancy.

BEND3 associates with multiple large com
plexes including NoRC, NuRD and PRC2 com
plexes, and we believe that this is highly context, 
tissue-, and developmental stage-specific 

interactions [3,7]. It is equally likely that these 
complexes coexist, resulting in significant crosstalk 
and collaboration at specific chromatin sites to 
mediate gene regulation. It is well established 
that PRC2 is critical for differentiation and devel
opment, [20] and therefore, it was not entirely 
surprising to find a concerted role of BEND3 
with PRC2 in mediating these processes. 
Significantly, BEND3 is autoregulatory and binds 
its own promoter (Figure 2). It is important to 
note that the PRC2 complex is enriched at the 
BEND3 promoter (Figure 2), further supporting 
our observations that the association of BEND3 
with PRC2 is a mechanism for transcription 
repression at the BEND3 gene locus (Figure 4)

DNA-binding domain of BEND3 is critical for 
transcription repression

We have previously shown that BEN-domain 4 (BD4) 
is critical for heterochromatin localization [2]. Our 
recent collaborative work with the Lai laboratory 
further supported these observations [6]. We found 
that the BD4 is a major determinant for in vivo asso
ciation and repression of BEND3 target genes, includ
ing at the previously reported rDNA genomic sites 
and the calreticulin (CALR) gene [3,21]. BD4 was 
found to harbor specific DNA binding activity at the 
sequence YCCACGC [6]. The Zhu laboratory also 
identified a sequence motif CCCACGCG (with two 
CpG sites) as the most enriched motif and found that 
BEND3 occupancy was most prominent at CpG 
island-associated genes in stem cells [5]. 
Furthermore, they found that BD4 recognizes its tar
get DNA in a DNA-methylation-sensitive manner. 
We also identified BEND3 binding to the TTAGGG 
repeat sites and at G-quadruplexes in the embryonal 
carcinoma cells [4]. These results are consistent with 
BEND3 localization at the telomeric heterochromatin 
and to gene promoters [4,22].

EZH2 (H1)

Refseq

BEND3 peak

Figure 2. BEND3 occupancy at BEND3 promoter. EZH2 Chip-seq shows enrichment at the BEND3 promoter. EZH2 chip-seq (H1) and 
BEND3 chip-seq (NT2) are obtained from the public GEO database (GSM1003524 and GSE151235, respectively).
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Three mutations within the BD4 residues 
(E807V, R810L and R814L) that are involved in 
sequence-specific base contacts have previously 
been demonstrated to abolish the repressive ability 
of BEND3 [6]. We find that YFP-BEND3-ERR 
mutant fails to bind to rDNA, consistent with the 

data that these residues are critical for DNA bind
ing and transcription repression (Figure 3). As 
reported recently, DNA recognition by BEN 
domains is very similar among other BEN- 
domain containing factors, including in 
Drosophila Insv and Bsg25a [23,24] and these are 

YFP BEND3 WT DAPI Merge

YFP BEND3 ERRTM DAPI Merge

Figure 3. YFP-BEND3- and YFP-BEND3-ERR-mutant distribution in the interphase cell. Note the lack of rDNA binding of the ERR 
mutant. The rDNA signal within the nucleolus (white box) is shown in the inset.

BEND3 WT

BEND3 ERRTM

BEND3 SDM

Figure 4. Schematic model of BEND3-mediated transcription repression. Note that BEND3-ERR mutant (loss of DNA binding) and 
BEND3-SDM mutant have lost the repressive ability. “?” Denotes questions that remain to be answered.
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distinguishable from the non-DNA-binding BEN 
domains, which likely facilitate protein-protein 
interactions.

Future work would determine if the DNA binding 
ability of BEND3 is critical for PRC2 association with 
BEND3 and with specific gene promoters (Figure 4).

SUMOylation of BEND3 is required for 
transcription repression

Our earlier work has demonstrated that 
SUMOylation of BEND3 at K20 and K512 is impor
tant for transcription repression [2]. Furthermore, 
we showed that these post-translational modifica
tions are required for its function as a repressor in 
a reporter assay. We also reported the relevance of 
SUMOylation in the stability of NoRC and its 
requirement for rDNA silencing. The mechanistic 
insights into how SUMOylation of BEND3 may 
impact its ability to associate with other interactors 
remains to be investigated. It has been suggested 
that transcription factor SUMOylation could facil
itate repression by increased association with co- 
repressors or by altering the association with target 
sites on chromatin and with chromatin modi
fiers [25].

To address how the SUMOylation of BEND3 
regulates gene expression, it would be important 
to study the binding of BEND3-SUMO double 
mutant (SDM) to gene promoters where BEND3 
has previously been shown to bind to and cause 
repression. Since the SUMO sites are not in the 
BD4 domain, our prediction would be that the 
SDM may continue to bind gene promoters. It 
would be important to pinpoint the domain within 
BEND3 that associates with the PRC2 complex. 
Functional analyses of the truncation mutants 
and the SDM mutant and their association with 
PRC2 would provide important insights into why 
SDM mutants fail to repress transcription 
(Figure 4).

Concluding remarks

BEND3 levels in cells are very precisely regu
lated, and this is corroborated by the fact that it 
is autoregulatory. Significantly, overexpression of 
BEND3 causes hyperchromatinization, with dec
oration of H3K27me3 genome-wide. We and 

others have demonstrated that BEND3 mediates 
transcription repression by virtue of association 
with the polycomb complex in a cell- and tissue- 
specific context. PcGs are known to modulate 
transcription by multiple mechanisms, including 
binding to a plethora of factors, altering chroma
tin architecture and imposing changes to the 
transcriptional machinery [26]. BEND3 is highly 
upregulated in stem cells and shows excellent 
correlation with PRC2 association with bivalent 
gene promoters. It is known that PRC2-mediated 
repression is established during development, 
and this controls spatiotemporal gene activity. 
The co-occupancy of BEND3 and PRC2 complex 
proteins at bivalent gene promoters in pluripo
tent cells provides another dimension to how 
gene expression is intricately coordinated during 
development. Much work needs to be performed 
in order to understand how chromatin- 
dependent gene regulation impacts development.
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