
RNF20 and histone H2B ubiquitylation exert opposing
effects in Basal-Like versus luminal breast cancer
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Breast cancer subtypes display distinct biological traits that influence their clinical behavior and response to therapy. Recent
studies have highlighted the importance of chromatin structure regulators in tumorigenesis. The RNF20-RNF40 E3 ubiquitin ligase
complex monoubiquitylates histone H2B to generate H2Bub1, while the deubiquitinase (DUB) USP44 can remove this modification.
We found that RNF20 and RNF40 expression and global H2Bub1 are relatively low, and USP44 expression is relatively high, in
basal-like breast tumors compared with luminal tumors. Consistent with a tumor-suppressive role, silencing of RNF20 in basal-like
breast cancer cells increased their proliferation and migration, and their tumorigenicity and metastatic capacity, partly through
upregulation of inflammatory cytokines. In contrast, in luminal breast cancer cells, RNF20 silencing reduced proliferation,
migration and tumorigenic and metastatic capacity, and compromised estrogen receptor transcriptional activity, indicating a
tumor-promoting role. Notably, the effects of USP44 silencing on proliferation and migration in both cancer subtypes were
opposite to those of RNF20 silencing. Hence, RNF20 and H2Bub1 have contrasting roles in distinct breast cancer subtypes,
through differential regulation of key transcriptional programs underpinning the distinctive traits of each subtype.
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Ductal carcinomas of the breast are grouped into several main
subtypes, each displaying distinct phenotypic features and
clinical behavior.1–3 Estrogen receptor-positive (ER+) tumors
of the Luminal A and B subtypes are often responsive to anti-
estrogenic treatment and display favorable clinical outcomes.
In contrast, triple-negative (TN) tumors of the basal-like
subtype are typically poorly differentiated and highly
aggressive.2,4 Although the mutation profiles associated with
these subtypes have been characterized extensively,1,5 the
underlyingmolecular programs dictating their distinct traits are
still not fully understood.
Post-translational histone modifications impinge on all

aspects of chromatin function, and are extensively implicated
in cancer development.6 Monoubiquitylation of histone H2B
(H2Bub1) on Lys120 is executed mainly by the E3 ubiquitin
ligase complex comprised of RNF20 and RNF40.7,8 Con-
versely, this modification can be erased by deubiquitylating
enzymes (DUBs). Numerous DUBs have been reported to
deubiquitylate H2Bub1,9 most notably USP22,10 which is
often upregulated in cancer and is part of a cancer gene
signature associated with stem cell-like features and bad
prognosis,11 and USP44,12 reported to contribute to breast
cancer aggressiveness.13 Modulation of H2Bub1 levels
can upregulate the expression of specific gene sets in a cell
type-specific manner, while repressing other gene sets.12,14

Regulation of transcription through H2Bub1 can occur through
recruitment of SWI/SNF complexes, interactions with TFIIS,
and, potentially, additional mechanisms.15

Reduced global levels of H2Bub1 and ofRNF20 andRNF40
mRNA, relative to corresponding non-cancerous tissue, were
observed in various tumor types, including breast cancer,16–22

suggesting that this reduction provides an advantage for tumor
growth. Such a reduction could be driven by a variety of
mechanisms, including RNF20 promoter hypermethylation14

or increased expression of pertinent DUBs.9,13,23,24 We
previously reported that RNF20 silencing promotes the
migration of non-transformed human mammary epithelial
MCF10A cells, and facilitates transformation of mouse cells,
consistent with a tumor-suppressive role.14 Moreover,
reduced levels of RNF20 and H2Bub1, observed in colitis
and colorectal cancer in mice and humans, can increase the
expression of cytokines via the NF-κB pathway, promoting
chronic inflammation and colitis-associated colorectal
cancer.22 Together, these findings suggest a role for H2Bub1
in cancer prevention and for RNF20 as a tumor suppressor.
Other studies, however, suggested pro-tumorigenic activ-

ities of RNF20. Thus, it was shown that the SMURF2 E3
ubiquitin ligase, a direct negative regulator of RNF20 and
thereby of H2Bub1, is downregulated in many breast tumors,
while RNF20 protein is upregulated.25 Likewise, a positive

1Department of Molecular Cell Biology, The Weizmann Institute of Science, Rehovot, Israel; 2Department of Developmental Biology and Cancer Research, Institute for
Medical Research – Israel-Canada, Hadassah School of Medicine, The Hebrew University of Jerusalem, Jerusalem, Israel; 3Molecular Carcinogenesis Group, Department
of Histology-Embryology, School of Medicine, University of Athens, Athens, Greece; 4Department of Pathology, Hadassah Medical Center, Jerusalem, Israel; 5Department
of Biological Regulation, The Weizmann Institute, Rehovot, Israel; 6Biomedical Research Foundation, Academy of Athens, Athens, Greece; 7Faculty Institute for Cancer
Sciences, University of Manchester, Manchester Academic Health Science Centre, Manchester, UK and 8Department of Immunology and Cancer Research and
Department of Pathology, Hebrew University-Hadassah Medical School, Jerusalem, Israel
*Corresponding author: I Ben-Porath or M Oren Department of Molecular Cell Biology, The Weizmann Institute of Science, Rehovot POB26, Israel. Tel: +972 2 9342358;
Fax: +972 2 9346004; E-mail: ittaibp@mail.huji.ac.il or moshe.oren@weizmann.ac.il
9These authors contributed equally to this work.
Received 08.6.16; revised 28.9.16; accepted 04.10.16; Edited by G Melino; published online 03.2.2017

Cell Death and Differentiation (2017) 24, 694–704
& 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved 1350-9047/17

www.nature.com/cdd

http://dx.doi.org/10.1038/cdd.2016.126
mailto:ittaibp@mail.huji.ac.il
mailto:moshe.oren@weizmann.ac.il
http://www.nature.com/cdd


contribution of H2Bub1 to cancer was demonstrated in
leukemias involving MLL gene rearrangements.26

In the present study, we sought to resolve the potential
discrepancy between findings indicating a tumor-suppressive
role of RNF20 and H2Bub1 in breast cancer17,21,27 and those
suggesting a tumor-promoting role.25,28 We report that the
effects of RNF20 on mammary tumorigenesis are subtype-
dependent: whereas RNF20 exhibits tumor-suppressive
features in basal-like breast cancer cells, it supports the
tumorigenicity of luminal breast cancer cells. In basal-like
cancers cells, RNF20 suppresses the NF-κB-dependent
expression of cytokines, known to contribute to the growth of
this tumor subtype. In contrast, RNF20 enhances the
expression of targets of the estrogen receptor, the main
pathway driving luminal breast cancer growth. In agreement,
H2Bub1 levels tend to be higher in luminal tumors as
compared to basal-like tumors. Hence, the opposing effects
of RNF20, and most probably H2Bub1, on the different breast
cancer subtypes are mediated, at least in part, by differential
regulation of genes whose function is closely associated with
subtype identity.

Results

Levels of H2Bub1 and its regulators differ between
breast cancer subtypes. To obtain a detailed view of the
expression of H2Bub1 regulators in breast cancer, we
examined the mRNA levels of RNF20, RNF40, SMURF2,
USP22 and USP44 in published gene-expression profiles of
large cohorts of breast cancers that include the major
subtypes of the disease.1 We found that RNF20 and
RNF40 mRNA levels were significantly lower in basal-like
tumors relative to tumors of the luminal A and B subtypes
(Figure 1a). In contrast, SMURF2 and USP44, predicted to
downregulate H2Bub1, displayed the opposite pattern,
showing increased levels in basal-like tumors relative to
luminal tumors. USP22 expression was comparable in the
different subtypes (data not shown).
The combination of low RNF20/RNF40 and high SMURF2/

USP44 expression in basal-like tumors suggested that
H2Bub1 levels may be lower in these tumors than in luminal
tumors. Indeed, analysis of a breast cancer tissue microarray
stained with antibodies against H2Bub1 and total H2B,
confirmed that TN cancers, which include basal-like tumors,4

display, on average, weaker H2Bub1 staining than ER-positive
tumors, representing the luminal subtypes (Figures 1b and c).
Interestingly, H2Bub1 levels showed an opposite associa-

tion with clinical outcome in patients carrying tumors of the
different subtypes. Among patients carrying ER+ tumors,
those with high H2Bub1 staining had a shorter mean survival
time than those with low H2Bub1, while an opposite trend was
observed in patients with TN tumors (Figure 1d). To further
support these distinct associations, we interrogated the TCGA
breast cancer mRNA database, defining an H2Bub1 level-
predictive score based on the relative levels ofRNF20,RNF40
and SMURF2 mRNA in each tumor. This analysis, which
allowed a better definition of the different subtypes, revealed a
significant association of the H2Bub1-high scoring basal-like
tumors with improved patient survival, whereas luminal A

tumors displayed an opposite trend (Figure 1e and
Supplementary Table 1). A similar trend, albeit weaker, was
observed in the METABRIC data set (Supplementary
Figure S1 and Supplementary Table 1).
Together, these results indicate that basal-like tumors tend,

on average, to have lower H2Bub1 levels than other subtypes,
and that within these tumors low H2Bub1 is associated with
poor prognosis. In contrast, luminal tumors tend to have more
H2Bub1, and within these tumors it is high H2Bub1 that is
associated with poorer outcome. These distinct associations
might account for the apparent discrepancies in previous
reports, which did not segregate the analyzed tumors into
molecular subtypes.

H2Bub1 modulation exerts opposing effects on the
proliferation and motility of basal-like versus luminal
breast cancer cells. To experimentally address the possibi-
lity that H2Bub1 exerts opposing effects in the different breast
cancer subtypes, we investigated the effects of RNF20 and
H2Bub1 manipulation on the properties of cells representing
these subtypes. Consistent with our observations in human
tumors, basal-like cell lines, including HCC1937 and MDA-
MB-468, expressed lower levels of RNF20 and RNF40
mRNA (shCon, Figure 2a and Supplementary Figure S2A)
and protein (Supplementary Figure S2B) than luminal lines,
including T47D and MCF7. The immortalized normal mam-
mary epithelial cell lines hTERT-HME and 184A1 expressed
intermediate levels of these transcripts (Figure 2a). Consis-
tent with this, tumors that developed upon transplantation of
basal-like cancer cell lines into mouse mammary glands
showed weaker H2Bub1 staining than luminal cancer-derived
tumors (Figure 2b).
Next, we silenced RNF20 in representative luminal and

basal-like cancer lines by stable infection with a lentivirus
expressing RNF20 shRNA (Figure 2a and Supplementary
Figure S2B). RNF20 silencing reduced H2Bub1 levels in all
tested lines (Supplementary Figure S2B). Importantly, it
increased the proliferation rates of the basal-like HCC1937
and MDA-MB-468 cells (Figure 2c). In contrast, the prolifera-
tion of MCF7 and T47D cells was decreased upon RNF20
silencing, indicating that it supports the proliferation of these
luminal cancer cells. Furthermore, while the migration rate
(assessed by a gap closure 'scratch' assay) of RNF20-
silenced HCC1937 cells was increased, MCF7 and T47D
cells displayed reduced migration (Figures 2d and e).
In agreement, overexpression of RNF20 together with

RNF40 had the opposite effect in both cell types: it suppressed
the proliferation and migration of HCC1937 cells, yet
enhanced MCF7 cell proliferation (Figures 2f and g). Further-
more, silencing of the H2Bub1 DUB USP44,12 which
increased H2Bub1 levels (Supplementary Figure S2C), inhib-
ited HCC1937 cell proliferation and migration, but promoted
MCF7 cell proliferation (Figures 2f and g). This further implies
that the effects of RNF20 manipulation are due to altered
H2Bub1 levels. Thus, RNF20 and H2Bub1 support the
proliferation and motility of cultured luminal breast cancer
cells, but restrict these traits in basal-like cancer cells.
Interestingly, in normal mammary epithelium-derived

hTERT-HME cells, silencing of RNF20 increased both the
proliferation and gap closure rates (Figures 2c and d), in
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Figure 1 Levels of H2Bub1 and its regulators differ between breast cancer subtypes. (a) mRNA expression levels of the H2Bub1 pathway genes RNF20, RNF40 (positive
regulators) and SMURF2, USP44 (negative regulators) in 837 breast tumors included in the TCGA database and stratified according to tumor subtype. Values are shown relative
to mean across all samples (0.0). Error bars, S.E. ***Po0.001. (b) Mean ratios of intensity of H2Bub1 staining relative to total H2B staining in a breast cancer tissue microarray
(TMA), segregated into triple-negative (TN) and estrogen receptor-positive (ER+) tumors. Error bars, S.E. *, Po0.05. (c) Examples of tumor specimens from the TMA in b,
stained for total H2B or H2Bub1. Scale bar, 500 μm. (d) Cancer-related survival rates of the patients carrying the tumors analyzed in b, comparing patients with a high H2Bub1/
H2B ratio (red) to those with a low ratio (green), across TN or ER+ tumors. P values were calculated using Gehan–Breslow–Wilcoxon test. (e) Survival of patients with luminal
A (left) or basal-like (right) tumors in the TCGA data set, predicted to have either high (blue) or low (red) H2Bub1 scores. Low H2Bub1 score was considered when either RNF20
or RNF40 display low expression (Z-scoreo –1) and when SMURF2 was highly expressed (Z-score4 1) within a given sample; high H2Bub1 pathway was considered when
the opposite criteria were met

RNF20 has opposing roles in breast cancer subtypes
O Tarcic et al

696

Cell Death and Differentiation



agreement with our previous findings in non-transformed
MCF10A cells,14 and resembling its effects in the basal-like
cancer lines. To further assess the impact of RNF20 depletion
on the features of non-transformed human mammary epithe-
lial cells, we transiently depleted RNF20 mRNA from
184A1 cells and tested their ability to resume DNA synthesis
after EGF starvation.29 Strikingly, in this experimental setting,
RNF20 silencing bypassed the requirement for EGF in order
for the cells to enter S-phase effectively (Supplementary
Figure S2D), implying that RNF20 depletion reduces the
dependence of those cells on growth factor signaling.

RNF20 promotes the growth of luminal tumors but limits
basal-like tumor growth. To further explore the impact of
RNF20 on basal-like versus luminal cancer, we compared the
tumorigenic capacity of control and RNF20-silenced cells,
injected into the mammary glands of immunocompromised
NSG mice. Remarkably, relative to control cells, RNF20-
silenced basal-like MDA-MB-468 cells gave rise to faster
growing mammary tumors, which developed at an earlier
onset (Figures 3a and b). As expected, the RNF20-silenced
tumors displayed reduced H2Bub1 (Supplementary Figure
S3A and B).
SinceMCF7 cells display very low orthotopic tumorigenicity,

we infected them with a retrovirus expressing oncogenic
mutant H-RAS immediately before injection. In contrast to
MDA-MB-468 cells, RNF20-silenced MCF7-RAS cells yielded
tumors that grewmore slowly than controls, and in some cases
gave rise to only residual growth (Figures 3c and d).
Concordantly, the abundance of lung disseminating cells,
indicative of metastatic potential, changed upon RNF20
silencing in a manner corresponding to primary tumor size
(Figures 3e and f). These findings further support the
conjecture that RNF20 is tumor suppressive in basal-like
cancer, but pro-tumorigenic in luminal cancer.

RNF20 silencing augments the expression of cytokine
genes in basal-like breast cancer cells but reduces the
expression of ER-target genes in luminal cancer cells.
Pro-inflammatory cytokines can enhance the growth and
migration of many types of cancer cells. Notably, the relative
expression of many cytokine-encoding genes is higher in
basal-like tumors than in luminal tumors30 (Supplementary
Figure S4A). Indeed, the basal-like cell lines expressed far
more IL8 and IL6 mRNA than the luminal lines (Figure 4a).
Notably, RNF20 silencing further increased IL8 and IL6
expression in the basal-like cells (Figure 4a). Moreover, in
agreement with earlier observations,22 RNF20 silencing
decreased the repressive chromatin modification H3K9me3
on the promoters of these genes (Supplementary
Figure S4B). Consistent with this, we found that the levels
of IL6, IL8 and CXLC1 mRNA in individual breast tumors are
inversely correlated with RNF20 and RNF40 mRNA levels,
but positively correlated with SMURF2 mRNA (Figure 4b).
RNF20 silencing augmented cytokine gene expression also
in luminal cancer cells; however, the relative levels of these
transcripts, even after RNF20 silencing, were much lower
than in the basal-like cells (Figure 4a), probably rendering
them inconsequential. Hence in basal-like breast cancer

cells, RNF20, and presumably H2Bub1, repress cytokine-
encoding genes.
Luminal tumors and cell lines typically express the estrogen

receptor-α (encoded by the ESR1 gene) and its transcriptional
targets, such as the progesterone receptor (PGR) gene
(Supplementary Figure S4A), and are dependent on estrogen
receptor (ER) signaling for proliferation, survival and tumor
progression. H2Bub1 was previously shown to promote ER
target gene expression,21,27 in conjunction with the histone
chaperone SUPT6H.21 In agreement, RNF20 silencing in
luminal cancer cells decreased the expression of the ER
targets PGR and CXCL12 (Figure 4c), which can drive breast
cancer progression, proliferation and migration,31,32 as well as
of FOXA1, encoding the pioneer transcription factor reg-
ulating ER function.33 The same genes were downregulated
also in RNF20-silenced MCF7-RAS cells (Supplementary
Figure S5A). Furthermore, in human breast cancers, expres-
sion of ER target genes correlates positively with RNF20
and RNF40 mRNA, but negatively with SMURF2 mRNA
(Figure 4d). Thus, in luminal breast cancer cells, RNF20 and
H2Bub1 promote ER target gene activation.
Overall, these results suggest that RNF20 and H2Bub1

affect the expression of genes that execute subtype-specific
functions, possibly underpinning the opposite effects of this
pathway on proliferation and tumorigenicity in the different
subtypes.
We also observed differential effects of RNF20 silencing on

several additional genes. Interestingly, RNF20 silencing
upregulated the mRNA of the Polycomb factor and oncogene
EZH2 (refs 34,35) in HCC1937 cells, but decreased it in MCF7
cells (Supplementary Figure S5B), consistent with their
respective changes in proliferation and motility. EZH2 may
thus also contribute to the differential effects of shRNF20 on
the proliferation and tumorigenicity of these cells. In addition,
RNF20 knockdown elevated fibronectin (FN1) mRNA levels in
HCC1937 but not MCF7 cells (Supplementary Figure S5C),
suggesting that some of the HCC1937 cell population might
have transitioned towards a more mesenchymal-like
differentiation state.

RNF20 restricts NF-κB activity in basal-like breast cancer
cells and promotes ER pathway activity in luminal cancer
cells. To further elucidate the opposite impact of RNF20 on
basal-like versus luminal breast cancer features, we investi-
gated the links between RNF20 and key signaling pathways
in both tumor-derived cell types.
NF-κB is a major regulator of cytokine gene transcription.

Recently, we showed that RNF20 and H2Bub1 decrease
NF-κB activity, restricting inflammatory cytokine secretion.22

We therefore asked whether changes in NF-κB activity might
mediate the anti-proliferative effects of RNF20 in basal-
like cells.
Silencing of the p65 subunit of NF-κB (Supplementary

Figure S6A) downregulated IL6mRNA in HCC1937 cells, and
compromised the increase in IL6 mRNA observed upon
RNF20 silencing (Figure 5a). Importantly, p65 silencing
markedly attenuated the proliferation of these cells, and
combined silencing of RNF20 and p65 failed to stimulate their
proliferation beyond that observed in control cells (shCon
+siLacZ) (Figure 5b). Hence, the positive effects of RNF20
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depletion in these basal-like cancer cells rely, at least in part,
on NF-κB.
As expected, transient silencing of ESR1 (Supplementary

Figure S6B) strongly decreased PGR expression in MCF7
cells (Figure 5c). However, no additional decrease in PGR
mRNA was seen when both ESR1 and RNF20 were silenced
(Figure 5c), indicating that the transcriptional effect of RNF20
on PGR is dependent on ER activity. Concordantly, the
inhibitory effect of ESR1 silencing on MCF7 cell proliferation
was not significantly augmented by simultaneous silencing of
RNF20 (Figure 5d). These findings support the hypothesis that
RNF20 promotes luminal breast cancer cell proliferation, at
least partly, by enhancing ER activity.
In sum, our findings suggest that H2Bub1 can possess

tumor-suppressive features in basal-like breast cancer, in part
by restricting the activity of NF-κB and the expression of pro-
inflammatory cytokines, but might exert tumor-promoting
effects in luminal cancers, presumably by augmenting estro-
gen receptor transcriptional signaling.

Discussion

Earlier studies have provided apparently conflicting answers
to the question whether H2Bub1 suppresses or promotes
breast cancer.17,21,25,27 We now report that both answers are
correct, in a manner dictated by the particular subtype of
breast cancer.
In TN/basal-like tumors, RNF20, RNF40 and H2Bub1 levels

tend to be low and USP44 expression is relatively high, similar
to what has been observed in several other types of cancer
and consistent with a tumor-suppressive role. Concordantly,
the prognosis of basal-like breast cancer patients with lower
H2Bub1 tends to be worse than that of patients with high
H2Bub1, indicating that in this type of disease H2Bub1 may
indeed restrict tumor progression. In contrast, luminal tumors
tend to display relatively higher levels of RNF20, RNF40 and
H2Bub1, consistent with the tumor-promoting effects
observed in this subtype. Indeed, luminal breast cancer
patients with low H2Bub1 have a better prognosis than those
with higher levels. Notably, a recent study, published while this
paper was under revision, also supports a cancer-promoting
role of RNF20 and RNF40 in luminal breast cancer.28

Our findings imply that the differential effects of RNF20
on the growth and metastatic potential of luminal and basal-like
tumors are dictated by the differences in the key molecular
mechanisms driving each tumor subtype. Although in luminal

breast cancer estrogen receptor activity is a central driver, in
basal-like/TN breast cancer NF-κB and cytokines are important
contributors.36 In agreement with previous work,27 we found
that RNF20 supports the efficient transcription of ER target
genes. In contrast, H2Bub1 downregulation augments NF-κB
activity and elevates the expression of pro-inflammatory
cytokines, as recently observed also in an in vivo model of
intestinal inflammation.22 In basal-like cancers, cytokines such
as IL6 and IL8 are abundantly expressed, and promote tumor
aggressiveness in both humans and mice.4,37–39 Moreover, in
these tumors, NF-κB and inflammatory cytokines can enhance
tumor growth by eliciting stem cell-like features and increasing
the fraction of tumor-initiating cells within the population.40,41

Our observation that EZH2 mRNA increases in RNF20-
silenced basal-like cells is also consistent with their enhanced
proliferation, and suggests that their differentiation state may be
partly altered. However, the specific roles played by EZH2 in
this context will require further analysis. Likewise, downregula-
tion of CXCL12mRNA upon RNF20 silencing in luminal breast
cancer cells, may contribute to their attenuated proliferation and
migration.
One potential implication of these findings is that luminal

tumors with low H2Bub1 might express lower levels of ER
target genes, and instead might recruit alternative signaling
pathways to drive tumor progression. If indeed so, anti-
estrogenic therapy might be less effective in such cases than
in patients with higher H2Bub1. On the other hand, basal-like
and triple-negative breast cancers with low H2Bub1 could
depend on the production of inflammatory cytokines more
than those with high H2Bub1, and may thus respond better to
anti-inflammatory treatments or inhibition of cytokine signaling
(e.g., STAT3 inhibitors).
Altogether, our study demonstrates that the impact of

H2Bub1 on cancer is context-dependent, and greatly depends
on the particular molecular pathways that drive a given cancer.
H2Bub1 is required for double-strand DNA break repair,42,43

and its partial loss promotes genomic instability;18,44 this might
suggest that H2Bub1 should be a tumor suppressor by default.
Likewise, the ability of H2Bub1/RNF20 to selectively support
the expression of cancer-inhibitory genes such as TP53, while
repressing proto-oncogenes such as c-MYC and c-FOS,14 is
also consistent with a generic tumor suppressor function of
this chromatin modification. Indeed, in many cancer types, in
which H2Bub1 has been analyzed by immunohistochemistry,
advanced disease is associated with decreased H2Bub1. Our
observation that RNF20 silencing promotes the proliferation

Figure 2 RNF20 silencing augments proliferation and migration of basal-like breast cancer cells but decreases these abilities in luminal breast cancer cells, while USP44
silencing causes opposite effects. (a) qRT-PCR analysis of RNF20 mRNA in HCC1937, MDA-MB-468, T47D, MCF7, hTERT-HME and 184A1 cells, stably expressing RNF20
shRNA (shRNF20) or control shRNA (shCon). Values were normalized to GAPDH mRNA. Error bars, S.E. (b) Sections of tumor xenografts, formed by orthotopic injection of
MCF7-RAS, MDA-MB-468 or HCC1937 cells, stained for H2Bub1 and H2B. Scale bar, 100 μm. (lower panel) Quantification of staining. *Po0.05. Error bars, S.E. (c) Relative
numbers of HCC1937, MDA-MB-468, MCF7, T47D and hTERT-HME cells stably expressing RNF20 shRNA (shRNF20) or control shRNA (shCon), 4 days after plating equal
numbers of cells. Values were calculated by comparing numbers of shRNF20 cells to those of the corresponding shCon cells. *Po0.05; **Po0.01, ***Po0.001. Error bars, S.E.
(d) Percentage of gap closure in cultures of MCF7, T47D, HCC1937 and hTERT-HME cells stably expressing RNF20 shRNA (shRNF20) or a control shRNA (shCon) in a 'scratch'
experiment end point, calculated by analysis of images exemplified in e. Values indicate means of closure±S.E. in three assay replicates. *Po0.05; ***Po0.001. (e)
Representative images of MCF7, T47D and HCC1937 cells stably expressing RNF20 shRNA (shRNF20) or control shRNA (shCon) at the start and end points of a scratch assay;
end points varied according to the relative migratory capacity of each cell line. (f) Relative numbers of HCC1937 and MCF7 cells transfected with USP44 siRNA or siLacZ as
control, or with RNF20 and RNF40 expression plasmids, measured as described in c. *Po0.05; **Po0.01. Error bars, S.E. (g) Percentage gap closure of HCC1937 cells
transfected with either USP44 siRNA or siLacZ as control, or with a combination of RNF20 and RNF40 expression plasmids. Values indicate means of closure± S.E. in three
assay replicates. *Po0.05
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Figure 3 RNF20 silencing augments the tumorigenicity and metastatic seeding of basal-like breast cancer cells but decreases them in luminal breast cancer cells. (a) Growth
curves of tumors formed by MDA-MB-468 cells stably expressing RNF20 shRNA (shRNF20) or control shRNA (shCon), injected into the mammary glands of NSG mice. Values
indicate average tumor volume±S.E. n= number of tumors included in each group. (b) Final weights of tumors shown in a after excision. Dots indicate individual tumors.
***Po0.001. Error bars, S.E. (c) Growth curves of tumors formed by MCF7-RAS cells stably expressing RNF20 shRNA or control shRNA, measured as in a. (d) Final weights of
excised tumors in c. *Po0.05. Error bars, S.E. (e) Lung disseminated cells in mice injected with either MDA-MB-468 or MCF7-RAS cells, quantified by image analysis of GFP
fluorescence in lungs (A.U., arbitrary units). *Po0.05. Error bars, S.E. (f) Representative images of metastatic cells (green) in lungs of tumor bearing mice, analyzed in e

Figure 4 Regulation of cytokine genes and estrogen receptor target genes by RNF20 in basal-like and luminal breast cancer cells. (a) IL8 (top) and IL6 (bottom) mRNA levels
in HCC1937, MDA-MB-468, MCF7 and T47D cells, stably expressing RNF20 shRNA or control shRNA, measured by qRT-PCR. Values were normalized to GAPDH mRNA.
*Po0.05. Error bars, S.E. (b) Pearson correlation between expression levels of H2Bub1-related genes (RNF20, RNF40 and SMURF2) and pro-inflammatory cytokine genes
across 837 tumor samples (TCGA database). Numbers indicate correlation R-values, Po0.05 in all panels. (c) Relative PGR (top), FOXA1 (bottom) and CXCL12 (right) mRNA
levels in the indicated cell lines, determined as in a. *Po0.05; **Po0.01. Error bars, S.E. (d) Correlation between expression levels of indicated H2Bub1-regulating genes and
ER pathway genes in the TCGA samples described in b
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andmigration of non-transformedmammary cells is consistent
with this. Nevertheless, in cancer types where H2Bub1
supports the efficient execution of transcriptional programs
that underpin the cancerous behavior, such as luminal breast
cancer and leukemias with MLL gene rearrangements,25,26

the generic tumor suppressor features of H2Bub1 may be
overridden by the stronger tumor-specific selective advan-
tages offered by H2Bub1, resulting in a drive to retain high
H2Bub1 levels.

Materials and Methods
Breast cancer gene and protein expression and survival
analyses. Breast cancer mRNA expression data was downloaded from the
TCGA portal (http://cancergenome.nih.gov/). A list of included samples is presented
in Supplementary Table 1. Expression of each gene was normalized to the
mean across samples and log2 transformed. Breast cancer subtypes were
predicted as previously described, using the PAM50 gene predictor.45 Gene-
expression correlations were calculated using Matlab employing the Pearson
coefficient. Breast tumor microarrays were obtained from the Fox Chase Cancer
Center (Philadelphia, PA, USA). Consecutive sections were subjected to
immunohistochemical staining for H2Bub1 and H2B and quantified as previously
described.22 To generate Kaplan–Meier survival plots, tumors were divided into
H2Bub1-high and -low groups based on the ratio between H2Bub1 and H2B
across samples, samples with ratio higher then the median were considered
‘H2Bub1 high’, and those below ‘H2Bub1 low’. P-value was calculated using

Gehan–Breslow–Wilcoxon test. To generate Kaplan–Meier plots from TCGA
expression data, mRNA level of key H2Bub1 regulator has examined in in-
dividual samples. Those that displayed low expression (Z-score o–1) of RNF20 or
RNF40 and highly expressed (Z-score 41) SMURF2 were considered low
H2Bub1 pathway; samples that did not meet this criteria were considered
H2Bub1 high.

Cell culture and gene perturbation. MCF7 cells were cultured at 37 °C in
complete DMEM medium (Biological Industries, Beit-Haemek, Israel) supplemented
with penicillin, streptomycin and 5% heat-inactivated fetal calf serum. HCC1937 cells
were cultured at 37 °C in complete RPMI medium (Biological Industries)
supplemented with penicillin and streptomycin and 5% heat-inactivated fetal calf
serum. T47D cells were cultured at 37 °C in complete RPMI medium (Biological
Industries) supplemented with penicillin and streptomycin, as well as 5 μg/ml insulin
and 5% heat-inactivated fetal calf serum. MDA-MB-468 cells were cultured at 37 °C in
Leibovitz L15 (Biological Industries) containing 10% FBS and supplemented with
penicillin and streptomycin. Cell lines were obtained from ATCC (Manassas, VA,
USA), and authenticated by STR profiling. HME primary mammary epithelial cells
expressing the hTERT gene,46 were obtained from Robert Weinberg. Normal 184A1
mammary epithelial cells29 and HME-hTERT cells were grown in were grown in
MEGM media (Lonza, Basel, Switzerland) mixed 1:1 with DMEM:F12, supplemented
with insulin, EGF and hydrocortisone. siRNA transfection, RNA extraction, qRT-PCR
western blot analysis and ChIP assay were performed as previously described.22 For
stable RNA silencing, the pLKO.1-puro lentiviral vector was used. We employed
standard virus generation and infection procedures, packaging with the pHRΔ8.2 and
pCMV-VSV-G vectors. BrdU incorporation analysis in cells exposed to EGF pulses
was as previously described.29

Figure 5 RNF20 promotes ER pathway activity in luminal breast cancer cells and restricts NF-kB activity in basal-like cells. (a) Relative expression of IL6mRNA assessed by
qRT-PCR in HCC1937 cells stably expressing RNF20 shRNA (shRNF20) or control shRNA (shCon) and transiently transfected with siRNA oligos targeting either p65, ESR1 or
LacZ as control. Expression was normalized to GAPDH mRNA. Error bars, S.E. (b) Relative numbers of HCC1937 cells transfected as in a, counted 4 days post seeding and
normalized to the shCon + siLacZ culture. **Po0.01; ***Po0.001. Error bars, S.E. (c) Relative expression of PGR mRNA, assessed by qRT-PCR in MCF7 cells stably
expressing RNF20 shRNA (shRNF20) or control shRNA (shCon), transfected as in a. Expression was normalized to GAPDH mRNA. Error bars, S.E. (d) Relative numbers of
MCF7 cells transfected as in a, counted 4 days post seeding and normalized to the shCon + siLacZ culture. *Po0.05; **Po0.01. N.S., non-significant. Error bars, S.E.
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Proliferation and “scratch” assays. For proliferation assays, cells were
seeded at 1 × 106 cells per 10 cm plate. Four days later, cells were harvested and
counted. For scratch assays, cells were seeded in a culture insert (Ibidi, Martinsried,
Germany). The insert was removed 24 h following seeding, and migration of cells
was monitored at the indicated times.

Tumor xenografts. For xenograft implantation, 1 × 106 viable GFP-labeled
cells were injected in 20 μl culture medium containing 25% Matrigel
(BD-Biosciences, San Jose, CA, USA) into both #4 mammary glands of 6-week-
old female NSG mice. Tumor growth during the experiment was measured by
palpation, and at the end of the experiment excised tumors were weighed. Tumors
were formalin-fixed and paraffin-embedded for immunohistochemistry. To assess
metastatic burden, lungs were pictured and the GFP-positive area was quantified
and normalized to the total lung area. All experiments involving animals were
performed under approval of the Hebrew University Animal Use and Care
Committee.

Immunohistochemistry. For IHC analysis, the following antibodies were
used: anti-histone H2B (ab52484, Abcam, Cambridge, UK, and 07-371, Millipore,
Billerica, MA, USA) and anti-H2Bub1 (56, 05-1312, Millipore). IHC was performed
on paraffin-embedded tissues, employing heat-mediated antigen retrieval in 10mM
citric acid (pH6.0). The UltraVision LP Detection System was used (#TL-060-HD,
Thermo Scientific, Waltham, MA, USA, Scientific, Bioanalytica, Greece) according
to the manufacturer’s instructions. Evaluation was performed by measuring the
H2Bub1/H2B ratio as previously described.22

Antibodies. The following primary antibodies were used for western blot
analysis and ChIP: anti-H2B (07-371, Millipore); anti-RNF20 (ab32639, Abcam);
anti-GAPDH (MAB374, Millipore); anti-H3K9me3 (ab8898, Abcam); and anti H3
(ab1791, Abcam). The anti-H2Bub1 antibody was previously described.47

Primers. For mRNA amplification the following primers were used:
IL-8: Fw 5′GGCAGCCTTCCTGATTTCTG3′
Rev 5′CTTGGCAAAACTGCACCTTCA3′
RNF20: Fw 5′GAACAGCGACTCAACCGACA3′
Rev 5′GGAATTCACCCGTTCTAGGACTT3′
GAPDH: Fw 5′AGCCTCAAGATCATCAGCAATG3′
Rev 5′CACGATACCAAAGTTGTCATGGAT3′
IL-6: Fw 5′AGCCCTGAGAAAGGAGACATGTA3′
Rev 5′TCTGCCAGTGCCTCTTTGCT3′
p65: Fw 5′CTCCGCGGGCAGCAT3′
Rev 5′TCCTGTGTAGCCATTGATCTTGAT3′
PGR: Fw 5′GTCCTTACCTGTGGGAGCTG3′
Rev 5′CGATGCAGTCATTTCTTCCA3′
ESR1: Fw 5′AGCTACTGTTTGCTCCTAACTTGCT3′
Rev 5′CCACCATGCCCTCTACACATT3′
EZH2: Fw 5′GCGCGGGACGAAGAATAATCAT3′
Rev 5′TACACGCTTCCGCCAACAAACT3′
Cxcl12: Fw 5′CGTCAAGCATCTCAAAATTCTCA3′
Rev 5′CAGCCGGGCTACAATCTGA3′
FN1: Fw 5′GACTGGGACGTTTTATCAAATTGG3′
Rev 5′TTGAGCTTGGATAGGTCTGTAAAGG3′
For ChIP analysis:
IL8 κB site: Fw5′AAACTTTCGTCATACTCCGTATTTGA3′
Rev 5′TCTCTTGGCAGCCTTCCTGA3′
IL6 kB site: Fw5′AGCCTCAATGACGACCTAAGCT3′
Rev 5′CGTCCTTTAGCATGGCAAGAC3′
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