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Sin3A/B is a master transcriptional scaffold and corepressor that plays
an essential role in the regulation of gene transcription and mainte-
nance of chromatin structure, and its inappropriate recruitment has
been associated with aberrant gene silencing in cancer. Sin3A/B are
highly related, large, multidomian proteins that interact with a wide
variety of transcription factors and corepressor components, and we
examined whether disruption of the function of a specific domain
could lead to epigenetic reprogramming and derepression of specific
subsets of genes. To this end, we selected the Sin3A/B-paired am-
phipathic a-helices (PAH2) domain based on its established role in
mediating the effects of a relatively small number of transcription
factors containing a PAH2-binding motif known as the Sin3 interac-
tion domain (SID). Here, we show that in both human and mouse
breast cancer cells, the targeted disruption of Sin3 function by intro-
duction of a SID decoy that interferes with PAH2 binding to SID-
containing partner proteins reverted the silencing of genes involved
in cell growth and differentiation. In particular, the SID decoy led to
epigenetic reprogramming and reexpression of the important breast
cancer-associated silenced genes encoding E-cadherin, estrogen re-
ceptor a, and retinoic acid receptor § and impaired tumor growth in
vivo. Interestingly, the SID decoy was effective in the triple-negative
M.D. Anderson-Metastatic Breast-231 (MIDA-MB-231) breast cancer
cell line, restoring sensitivity to 17p-estradiol, tamoxifen, and reti-
noids. Therefore, the development of small molecules that can block
interactions between PAH2 and SID-containing proteins offers a tar-
geted epigenetic approach for treating this type of breast cancer that
may also have wider therapeutic implications.
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In recent years, the importance of the role of epigenetic abnor-
malities in breast cancer and cancer in general, often resulting in
inappropriate gene silencing, has come to be appreciated (1).
There are many examples of deregulated expression of individual
genes arising from aberrant epigenetics involving changes in DNA
methylation (2) and modification of the core histone proteins (3).
Deregulated histone deacetylase (HDAC) activities represent
one important component of the mechanism(s) underlying gene
silencing in cancer. HDACs, however, do not interact directly with
chromatin and are instead recruited through multi-subunit co-
repressor complexes that bind to transcription factors or other
elements of the cellular epigenetic machinery. The HDACI1/2-
containing corepressor complex is the main route by which
deacetylation of chromatin-associated histones takes place, and
the key adaptor protein in this complex is Sin3 (4). In mammals,
there are two highly homologous Sin3 isoforms, Sin3A and B,
which were originally identified as MAD binding proteins (5, 6).
Sin3A/B are large multidomain proteins that contain four paired
amphipathic a-helices (PAH) known as PAH domains, a central
HDAC interaction domain (HID) to which almost all of the core
corepressor components bind, and a C-terminal highly conserved
region (HCR). As well as serving as a bridge between transcrip-
tion factors and HDAC activity, the Sin3 complex has also been
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shown to interact with the methylated DNA binding protein
MeCP2 and the HDAC3-associated corepressor silencing mediator
of retinoic acid and thyroid hormone receptor (SMRT) (4). These
findings implicate Sin3 proteins in a wider range of chromatin/
epigenetic activities than merely histone deacetylation.

Although drugs that inhibit the enzymatic activity of HDACs
(HDAC) initially held great promise, a persistent problem has
been an inability to develop inhibitors with specificity for individual
HDAC isotypes (with the exception of HDAC6) (7). This is also
true of drugs that target the activity of DNA methyltransferases
(DNMTi) and may have played a part in the limited success achieved
thus far with HDACi and DNMTi in clinical applications (7). Until
better epi-drugs targeting such enzymatic activities are developed,
alternative strategies that target abnormal epigenetic states associ-
ated with chromatin modifiers recruited by a given oncoprotein must
be pursued. One potential avenue of investigation is to use drugs to
target the oncoprotein for degradation. That this rationale can be
successful is exemplified by the finding that the dramatic therapeutic
breakthrough in the treatment of promyelocytic leukemia protein
(PML)/retinoic acid receptor a (RARx)-associated acute promye-
locytic leukemia is underpinned by the targeted degradation of the
fusion oncoprotein by all-frans retinoic acid (ATRA) and arsenic
trioxide (8). Small molecule drugs that block specific protein—protein
interactions offer another possibility by, for example, targeting the
ability of a given oncoprotein to recruit corepressor complexes to
DNA as has been recently shown for B cell leukemia 6 (BCL6) (9).
We reasoned that Sin3A/B also represented a target for this ap-
proach, and to this end, we selected the well-characterized PAH2
domain, which binds with high affinity to a small number of mSin3A
interaction domain (SID)-containing transcription factors in addi-
tion to MAD (4), for investigation in breast cancer models.

Here, we report that the introduction of a SID decoy in-
terfered with binding of Sin3 PAH2 domain to partner proteins,
inducing profound phenotypic changes in human and mouse
breast cancer cells both in vitro and in vivo. Underlying these
changes was the epigenetic reprogramming and reexpression of
silenced genes encoding proteins associated with cell growth and
differentiation, such as E-cadherin, estrogen receptor o (ERa),
and RARp, and with restoration of estradiol and retinoids re-
sponsiveness in triple-negative (i.e., negative for expression of
estrogen and progesterone receptors and human epidermal
growth factor receptor 2 [HER2]) MDA-MB-231 cell line.

Author contributions: E.F.F., K.P., B.L., J.M., A.Z., and S.W. designed research; E.F.F., K.P.,
B.L, J.M,, M.B.C,, and T.S. performed research; E.F.F., K.P., B.L.,, J.M., A.Z,, and S.W. ana-
lyzed data; and E.F.F., K.P., B.L., A.Z., and S.W. wrote the paper.

The authors declare no conflict of interest.
'E.F.F. and K.P. contributed equally to this work.
2To whom correspondence should be addressed. E-mail: Samuel.Waxman@mssm.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1006737107/-/DCSupplemental.

PNAS | June 29,2010 | vol. 107 | no.26 | 11811-11816

>
(Y
[=]
=
e
@
-
=
frr}
(%)



mailto:Samuel.Waxman@mssm.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006737107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006737107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1006737107

L T

yd

g

a0z SID
YGRKKRRQGGGVRMNIQMLLEAADYLERRER

A Tat-SID

Tat-SIDs;, YGRKKRRQGGGEQRARRIMERLLEYNMVADL

MDA-MB-231

2]

wild type

pTHE Ttk — sipi

pSID s | svoms | VAMNIGMUEAADYLE

pSID2Mat g3 | svaonis | VRMNIGMPLEAPDYLE

pEGFP-SID SVRMNIQMLLEAADYLE o —— EGFP.

PEGFP-SID2Mut |VRMNIGMPLEAPDYLE || EGFF

Wild type

] wtuosin - .

Fig. 1. Expression of a decoy peptide corresponding to MAD SID induces
markers of differentiation and contact inhibition in MDA-MB-231 breast
cancer cells. (A) Schematic of the SID peptides and expression constructs used
in this study. Shown in Upper are the design and sequence of the Tat-SID
peptide and Tat-SIDscr scrambled control. The Tat-SID peptide corresponds
to amino acids 5-24 of MAD (indicated in red). This sequence binds Sin3 PAH2
with high affinity (32) and has been previously used to study SID-PAH2
interactions in vitro (33). Peptides contain a leader sequence (YGRKKRRQGGG)
corresponding to the HIV type 1 Tat arginine-rich RNA-binding motif (ARM),
which has been mutated (RRR > GGG) to improve nuclear entry (34). (B)
Morphological changes induced by SID in MDA-MB-231 and MMTV-Myc. The
expression of the SID construct induced a cobblestone-like monolayer with
well-defined cell-cell contact in contrast to the vector-control transfected
cells with a spindle-shape typical of fully transformed epithelial cells. pSID
expresses the minimal MAD SID (amino acids 5-20) with N-terminal SV40
nuclear localization signal (NLS) and a triple FLAG epitope. (Scale bar, 100 pm.)
(C) Western analysis of expression of the indicated proteins and gene ex-
pression in MDA-MB-231 control or expressing SID. (D) Confocal IF analyses
showing the reexpression of membrane-associated E-cadherin induced by the
expression of SID in MDA-MB-231 cells (green) and MMTV-Myc cells (red). (E)
Reexpression of nuclear RARB in MDA-MB-231 cells detected by immunoflu-
orescence microscopy. (Scale bar, 25 pm.) DAPI staining (blue).
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Results

SID Overexpression Induces Growth Inhibition and Differentiation of
Breast Cancer Cells. To interfere with interactions between the
transcriptional corepressor Sin3 and partner proteins that are me-
diated via the Sin3 PAH2 domain, we constructed two mammalian
expression vectors containing the SID motif (Fig. 14) and used the
previously described pTHE vector (10), which expresses SID as
a fusion with the tetracycline repressor (TetR). We also designed
cell-penetrating peptides encoding the SID amino acid sequence
and a scrambled control sequence to target the PAH2 domain (Fig.
1A4). Dramatic phenotypic changes were observed in human MDA-
MB-231 and mouse mammary tumor virus (MMTV)-Myc mouse
breast cancer cells carried in culture after stable transfection with
the three vectors expressing SID or treated with the SID peptide
switching from a spindle-shaped morphology with no defined cell-
cell contacts to cobblestone monolayers and well-defined cell-
cell contact accompanied by cell-growth contact inhibition (Fig.
1B). Biochemical analysis showed an increase in the expression
of E-cadherin, membrane-associated p-catenin, and zona occul-
dens-1 (ZO-1), all of which are involved in cell-contact inhibition
(Fig. 1 C and D) (11). Other differentiation-related proteins were
induced such as nuclear-localized RARp (Fig. 1E) and cellular
retinol binding protein-1 (CRBP1) (Fig. 1C), both RAR« target
genes. Consistent with growth arrest was a marked reduction of
cyclin D1 (Fig. 1C) (12-14). No changes in cell morphology, growth,
or survival were observed in the E-cadherin—positive MCF-10A
immortalized normal breast cell line transfected with any of the
construct-expressing SID or treated with the SID peptide, suggest-
ing that these changes in the phenotype are specific to transformed
cells (Fig. S1).

SID and SID Peptide Block the Interaction Between MAD SID Domain
and PAH-2 Domain of Sin3 and Inhibit Sin3 Activity. To confirm that
the presence of the MAD SID decoy peptide or expression of the
SID sequence (Fig. 14) blocked the interactions between Sin3
PAH?2 and partner proteins, we tested its activity in both in vitro
and in vivo models (Fig. 2). As predicted, the introduction of

A \§“ & Fig. 2. SID decoy peptide blocks interactions between Sin3
o & & z\f-’ e:&“ PAH2 and MAD and interferes with recruitment of members of
Q@b Q‘?‘Q ® Q@Q z‘§© Q@b e the Sin3 corepressor complex. (A) GST pull-down of MAD by the
OQ@ of F & of \QQ QQ‘?’ & & Sin3A PAH2 domain is blocked by SID peptide. Sin3A PAH2 do-
S5 & R R K & main (amino acids 306-450) was expressed in Escherichia coli as

> B 43 of o > 4B 4B AP of of ) ! e
L S8 &a Ak ak ok S8 a GST fusion and used in a pull-down assay for in vitro in-
& B Qx;‘-e‘ Al ) o°° Ny qv‘-z“ X o s teraction with [>*S]methionine-labeled MAD (Left) or MAD
S & & (_5\' S (;;\ (5-3\ & & (5-3\ (5';\ (5-’)\ (5-'} & c;‘/’\ X immunoprecipitated from MDA-MB-231 cell lysates (Right);
25% of input is shown for in vitro-translated MAD and 10% of
MAD— ‘ 30kD— A input for immunoprecipitated MAD (input). Assays were per-
formed using 15 pM Tat-SID or Tat-SIDscr peptide unless oth-
B 1.2 erwise indicated. (B) Mammalian two-hybrid analysis shows that
s SID interferes with recruitment of MAD and HDAC1 by Sin3B;
7 293T cells were transfected with GAL4"*x5-Tk-Luc reporter to-
5 0.8 gether with mammalian two-hybrid vectors expressing a fusion
g oe of Sin3B with GAL4 DNA binding domain (GAL4"®P) and fusions
5 of MAD and HDACT (columns highlighted in green and blue,
2 04 respectively) with VP16 activation domain (VP16“P), as well as
5 SID expression vectors, as indicated. Samples transfected with
& 02 ﬂ ﬂ ['] [’] H r] H ['] ﬂ avector expressing mutated SID (pSID*V"“%) and pTRE and pCMV-
0 3Tag-1A empty vectors were included as negative controls.
GAL4MS-Tk-Lue £ e A S L S S A S N S S ¢ Luciferase activity was normalized by cotransfection of Renilla
zﬁf&glf&f:;l] B : b e o e e e e e o = - -- - =" == luciferase. The parent GAL4DBD and VP16AD mammalian two-
GAL4%D-S5in38 B T o S T S hybrid vectors (0GALO and pNLVP16, repectively) (35), were also
VP16%°-MAD i S AN S AN SN A SN AN e e e used as negative controls. The basal value was set to 1. Values of
:::‘E‘AO'HDAU R o : e m relative luciferase activity and error bars represent the averages
oTRE T A T O B R I R S O T S TR and SDs, respectively, of four separate experiments. Trans-
pSID = oo o= omom o gk ar dm i momw o= = e gk 4w am md m fection of the pM3-VP16(AD) positive control vector (Clontech),
gi‘ai;ﬁgrl A e o v B s e o a fusion of GAL4™®® and VP16*°, resulted in a large (60-fold)
Tat-SID peptide B S increase in relative luciferase activity (not shown). Where in-
Ll U e L B R e R dicated, samples were treated with 15 M Tat-SID or Tat-SIDscg
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peptide at time of cell plating and after transfection.

Farias et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006737107/-/DCSupplemental/pnas.201006737SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1006737107

L T

/

1\

=y

SID peptide but not a scrambled control blocked interactions
between the PAH2 domain of Sin3A and both in vitro-translated
MAD (Fig. 2) and MAD immunoprecipitated from SID peptide-
treated MDA-MB-231 cells (Fig. 2 Right). This result was con-
firmed in 293T cells using the mammalian two-hybrid system (Fig.
2B). Coexpression of GAL4PBP-Sin3B and VP16*P-MAD caused
a 5-fold decrease in luciferase activity on a reporter under the
control of GAL4Y”S elements (Fig. 2B, column 5). This repres-
sion, despite the presence of the VP16 activation domain fused to
MAD, is consistent with previously reported data (15). Consistent
with the in vitro data, expression of the MAD SID peptide se-
quence from vectors encoding FLAG (DYKDDDDK epitope)-
tagged SID and a fusion of TetR and SID led to a 2-fold increase in
luciferase activity compared with that found with GAL4”®P-Sin3B
and VP16"“P-MAD coexpression (Fig. 2B, columns 6 and 8). This
result was also confirmed, albeit to a lesser degree, by applying SID
peptide to the cell-culture medium (Fig. 2B, column 11). Neither
coexpression of doubly mutated SID nor addition of scrambled
control peptide led to an increase in luciferase activity. To de-
termine whether the SID decoy peptide interfered exclusively
with interactions between Sin3 PAH2 and its partner proteins or
had a wider effect on assembly of the Sin3 corepressor complex,
we also tested the effect of the SID decog on luciferase activity
resulting from coexpression of GALA”®P-Sin3B and VP16"P-
HDACI1 (Fig. 2B, columns 14-21). Interestingly, the data ob-
tained were very similar to those for GAL4PBP-Sin3B and
VP16“P-MAD. This was found for the TetR-SID fusion (28.4
kDa) (Fig. 2B, column 15) but also, to a somewhat lesser degree,
the smaller FLAG-tagged SID (6.6 kDa) (Fig. 2B, column 17) as
well as the SID peptide (Fig. 2B, column 20). Thus, the SID decoy
peptide can effect not only binding of Sin3-PAH?2 partner proteins
but also recruitment of HDACI1 and potentially, additional fac-
tors that do not interact with Sin3 through the PAH2 domain.

Induction of Morphogenesis by the SID Peptide in Triple-Negative
Breast Cancer Cells. To determine the extent of the reversion of the
transformed phenotype in MDA-MB-231 and MMTV-Myc cells,
3D cultures in basement membrane matrix (Matrigel; BD Bio-
sciences) were prepared to examine the morphogenetic potential of
the SID peptide expression in these cell lines. Stable transfected
cells expressing the empty vector, the SID amino acid sequence, or
a double mutant incapable of binding the PAH2 domain of Sin3
(SID-L12P/A16P) were seeded in quadruplicates (5 x 10° cells/
well) on Matrigel following the protocol described by Debnath et al.
(16). Phase contrast and confocal immunofluorescence (IF) anal-
ysis indicated that the highly invasive phenotype exhibited by both
cell lines (star-like colonies) was blocked only in SID-expressing
cells (smooth, round colonies). The quantification of this (5 fields/
well) indicates that about only 15% of the colonies retained a mild
invasive phenotype (Fig. 34). The confocal analysis revealed that
about 25% of the MDA-MB-231 SID-expressing colonies un-
derwent acinar morphogenesis but with poor polarization (Fig. 34
Middle). Although the MMTV-Myc cells displayed a strong re-
duction in the invasive phenotype, few colonies showed rudimen-
tary lumen formation with abnormal polarization (Fig. 34 Right).
Similar results were obtained by treating the MDA-MB-231 cells
with the cell-penetrating SID peptides; interestingly, besides de-
creasing the number of the colonies with invasive phenotype by
~80%, the number and size of the colonies were reduced when
cultures were exposed to 5 pM SID (Fig. 3B Lower). As expected,
the negative control scrambled (SIDscr) peptide did not exert this
effect (Fig. 3B Lower). These sets of results indicate that it is pos-
sible to induce a substantial degree of differentiation and mor-
phogenesis in triple-negative cell lines by selective interference
with the Sin3 activity.

SID Induces Antitumor Effect in Vivo. To study the in vivo anti-
proliferative effect of SID decoy, MMTV-Myc cells with stable
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Fig. 3. (A) Morphogenesis in 3D cultures in Matrigel. MDA-MB-231 and
MMTV-Myc cells expressing SID or the double mutant were cultured in 3D-
Matrigel for 14 d. Both vector and the double mutant transfected cells develop
large and invasive colonies (Top and Middle); meanwhile, the cells expressing
SID were smaller and noninvasive. Moreover, ~25% of the MDA-MB-231 col-
onies displayed nonpolarized rudimental lumens (Bottom Right) (L, lumen).
However, at 14 d in Matrigel culture, expression patterns of GM130 (red)
and caspase-3 (green), polarization and cavitation markers, respectively, did
not indicate full polarization of SID-expressing cells. (B) Reversion of the in-
vasive phenotype of the MDA-MB-231 cells in Matrigel 3D cultures. Upper
indicates change in numbers of invasive versus noninvasive colonies (as in-
dicated in red- and green-colored bars, respectively) in the presence of dif-
ferent concentrations (as indicated) of cell penetrating SID or SIDscr
(scrambled control) peptide. The colonies were counted after 10 d of treat-
ment with a medium containing fresh peptide changed every 24 h. Lower
shows phase-contrast microscopy indicating the effect of each treatment on
colony morphology. The reduction in invasive phenotype was quantified by
counting five low magnification fields per well done in triplicates (Upper).
(Scale bar, 200 pm.) The P value was calculated using unpaired Student t test.

SID expression were generated from MMTV-c-Myc tumors.
MMTV-Myc cells stably expressing pTHE plasmid or SID ex-
pressed as a fusion with enhanced green fluorescent protein
(pEGFP-SID) were injected into the fat pads of friend virus B-
type (FVB) syngeneic mice. There was a 75% decrease in relative
tumor volume 14 d later compared with the vector control (Fig.
44) (P < 0.0001). Immunohistochemical analysis of tumors re-
vealed that the introduction of SID decoy-induced reexpression
of membrane-associated E-cadherin increased expression of the
cyclin-dependent kinase inhibitor p27%P!' (a marker of growth
arrest) and down-regulated retinoblastoma protein (Rb) in all
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animals examined (n = 8) (Fig. 4B). Caspase-3 staining revealed
no differences in apoptosis, suggesting that the antitumor effect
of the SID interference is mainly associated with diminished
invasiveness and induction of terminal differentiation rather than
through apoptosis.

SID Domain Expression Induces Early and Intense Chromatin
Remodeling. Given that expression of the SID decoy peptide is as-
sociated with reexpression of genes silenced in MDA-MB-231 cells,
we sought to identify epigenetic changes associated with the pro-
moter regions of two genes that are important in the pathology of
breast cancer, CDHI and ESRI, which encode E-cadherin and
ERa, respectively. We found that although there was a modest
increase in the overall acetylation levels of histone H3 (Fig. S2), the
levels of H3K4 methylation increased dramatically, in particular for
CDH1 (Fig. 5B). This was accompanied by a large increase in the
levels of E-cadherin and ERa expression (Fig. 5C). Similar results
on H3K4 methylation were observed for RAR, consistent with the
reexpression shown in Fig. 1E. These changes were not found in the
ribosomal protein L30 (RPL30) housekeeping gene used as con-
trol. Consistent with the notion that epigenetic reprogramming of
silenced gene promoters occurs in response to SID decoy, com-
pared with wild-type cells, bisulfite sequencing of the ESRI pro-
moter/5'UTR revealed an average 70% loss of CpG methylation
(P = 0.0095) within this region in MDA-MB-231 cells stably
transfected with pSID but not pSID*M"* (Fig. 5D Right and Fig. S3
Right). Bisulfite sequencing analysis of the CDHI promoter/5'UTR
showed that, compared with pSID*™"-transfected or wild-type
MDA-MB-231 cells, there was also an average 60% decrease in the
level of CpG methylation (P = 0.0031) in pSID-transfected cells.
Interestingly, in the cases of both the ESRI and CDHI promoter/5’
UTRs, the most significant loss of CpG dinucleotide demethylation
was focused on regions adjacent to the transcription initiation sites
(Fig. 5D Left). It should be noted that the modest level of CDH1
promoter methylation (~30%) in MDA-MB-231 cells found here is
in line with previously reported results (17, 18).

SID Induces ER and RARp Sensitivity to Estrogen and Retinoids. The
transfection of MDA-MB-231 cells with two different SID con-
structs or SID peptide induced the reexpression of ERa and RARp
(Fig. 5B). Functionality of the ER reexpression was shown by in-
duced growth sensitivity to 2.5 nM estradiol (E2) treatment of
MDA-MB-231 cells and the prevention of E2 growth stimulation by
2.5 uM tamoxifen as measured by 3-(4, 5-Dimethylthiazol-2-YI)-2,5-

11814 | www.pnas.org/cgi/doi/10.1073/pnas.1006737107

PEGFP-N3/SID plasmids.

Diphenyltetrazolium Bromide (MTT) assay (Fig. SE Left). Immu-
nofluorescence analysis also shows an increased expression of
RARS in cells transfected with SID (Fig. 1E). This finding coincides
with the increased expression of E-cadherin and CRBP1, known
RAR target genes, and the induction of p27, highly sensitive to RAR
activation. Furthermore, the reexpression of RARp is functional,
because there is a significant growth inhibition of MDA-MB-231
cells by treatment with the retinoids ATRA (1 pM) and RARa-
specific agonist AM580 (100 nM) (Fig. SE Right). Thus, blocking
specific sites of a component of a transcriptional corepressor limited
to few transcription factors can be used to induce a differentiation
phenotype and antitumor effect in breast cancer, and these events
may impart and/or restore therapeutic targets in breast cancer.

Discussion

In this study, we provide in vitro and in vivo evidence that in-
troduction of SID decoy peptide or expression of its corresponding
sequence disrupts the interaction between the PAH-2 domain of
Sin3 and MAD (and potentially, other SID-containing proteins),
leading to dramatic phenotypic changes in human and mouse breast
cancer cells characterized by an early increase in cell adhesion and
subsequent contact inhibition. On a molecular level, in MDA-MB-
231 cells, these changes are associated with induction of E-cadherin
and -catenin. Moreover, MDA-MB-231 cells expressing SID or
treated with SID peptide form mainly noninvasive colonies, un-
dergoing morphogenesis and growth inhibition. Importantly, these
findings were validated in vivo using FVB syngeneic mice injected
with cells derived from MMTV-c-Myc-induced tumors. In all cases,
mice bearing implanted MMTV-Myc cells expressing SID decoy
sequence displayed a dramatically reduced tumor burden.

Our data support the notion that these phenotypic changes are
a consequence of disrupting PAH-2 Sin3-mediated functions. As
yet, it is unclear whether this is specifically because of interference
with Sin3 recruitment by SID-containing transcription factors or if
the SID decoy can also prevent the binding of certain corepressor
components to the core Sin3 complex, and further research is
required to answer these questions. It is, however, clear that the
reexpression of the key breast cancer-associated genes CDHI and
ESRI in MDA-MB-231 cells is accompanied by extensive epige-
netic reprogramming characterized by a reduction in levels of
promoter hypermethylation and dramatic increases in histone
H3K4 methylation, a gene-activation mark, together with increa-
ses in H3 acetylation and decreases in H3K27 trimethylation. In-
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Fig. 5. (A) Schematic representations of the promoters and 5’'UTR of CDH1 and ESR1 used in this study. Positions of CpG dinucleotides are indicated by gray ticks, and
the transcription initiation sites are represented by black arrows. The relative positions of primer pairs used to PCR-amplify immunoprecipitated DNA from ChIP analysis
(green arrows) and bisulfite-modified DNA (red arrows) are also indicated. (B) H3K4™3 [evels on the CDH1 and ESR1 promoter regions increase dramatically in response
to SID. ChlIP analysis was performed with chromatin from wild-type or stably transfected MDA-MB-231 cells as indicated. Cross-linked protein-DNA complexes were
immunoprecipitated with an antitrimethyl H3K4 antibody and amplified by real-time PCR. Results are shown as percentage of input DNA. The RPL30 housekeeping
geneisshown as a control. (C) Real-time PCR analysis of CDH1 and ESR1 gene expression. Values are shown as molecules per microgram total RNA and were derived from
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quantification. (D) The CDH1 and ESR1 promoters undergo demethylation in response to SID. After bisulfite modification of wild-type or stably transfected MDA-MB-
231 cells, as indicated, specifically amplified PCR products were sequenced using primers corresponding to the promoter/5'UTR of ESR1. Positions of CpG dinucleotides
are indicated by gray ticks, and the transcription initiation sites are indicated by black arrows. Five clones were sequenced per sample, and a black-filled circle represents
where a CpG dinucleotide was found to be methylated. Unmethylated CpGs are represented by open circles. CpG positions are shown relative to transcription initiation
site. (E) Functional assays for ERx and RAR activation. To determine whether the reexpressed ERax and RARp were functional in MDA-MB-231 cells transfected with SID
(pTHE plasmid), cell proliferation assays were performed. Cells were stimulated with 2.5 nM estradiol (E2) or E2 plus 2.5 pM tamoxifen overnight (Left) or 1 mM ATRA
(pan-RAR agonist) or 100 nM AM580 (RARa-specific agonist) daily for 48 h (Right) to determine the activation of ERx and RARs, respectively.

terestingly, levels of H3K4 methylation and DNA methylation
have been directly inversely linked (19, 20), with recent research
showing that methylation of H3K4 prevents de novo DNA meth-
ylation DNA by blocking DNMT3L binding and recruitment of
DNMT3A2 (19). Expression microarray analysis of the transcrip-
tional program directed by introduction of the SID decoy into
MDA-MB-231 cells is currently being undertaken, but given that
expression of control genes is not affected, the number of genes
modulated could be relatively small. This is desirable, and together
with the finding that critical breast cancer genes such as CDHI,
ESRI, and RARB are reexpressed and function in triple-negative
breast cancer cells, these results could be the basis for a specific
and effective treatment. Indeed, mirroring our data, the ectopic
expression of E-cadherin in MDA-MB-231 cells suppresses their
invasive properties (21).

Although the increase in histone H3 acetylation found with
expression of the SID decoy is in line with the well-established

histone deacetylase activity associated with Sin3 (4), such large
increases in levels of H3K4 methylation were not anticipated.
However, recent research has shown a role for Sin3 and JAR-
ID1A (Jumonji AT-rich interactive domain, also known as reti-
noblastoma binding protein-2 [RBP2] and K-demethylase-5A
[KDMS5A]), a H3K4™%™3 demethylase, in permanent gene si-
lencing in myoblasts (22). It was shown that Sin3 and JARID1A
directly interact and that JARID1A is associated with the CDH1
promoter. Another JARID family member, JARID1B (PLU-1/
KDMS5B), which shares a high degree of homology with JAR-
ID1A, is also of great interest (23). Whereas a direct interaction
with Sin3 remains to be tested, JARID1B does interact directly
with histone deacetylases (24), and interestingly, it has been found
to be overexpressed in breast cancers (25). Furthermore, the
Drosophila homolog of JARID1A/1B, LID little imaginal discs
(KDM)), interacts directly with Sin3 in gene-selective silencing
(26). Both JARID1A and 1B are expressed in MDA-MB-231 cells.
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However, it is perhaps most noteworthy that, in a syngeneic mouse
mammary tumor model similar to the one used here, stable
knockdown of JARIDIB also resulted in reduced tumor cell
growth (27). Thus, blocking the activity of JARID1A/B represents
a strong potential candidate mechanism to explain the dramatic
increases in H3K4 methylation found with SID decoy expression
and warrants further investigation. Although single treatment with
inhibitors of class I and Il HDAC had very limited effects in MDA-
231 cells (Fig. S4), it has been shown that use of inhibitors of class
IIT HDACs (Sirtuins) leads to reexpression of E-cadherin in
MDA-MB-231 cells (28). Interestingly, the reexpression of an-
other silenced gene, SFRPI, in MDA-MB-231 cells was not ac-
companied by a loss of promoter CpG hypermethylation (28). In
this study, we find the promoters of both CDHI and ESRI to not be
densely methylated, and loss of DNA methylation after exposure
to SID decoy is most apparent in the regions adjacent to the
transcription initiation sites analyzed here for both genes. There-
fore, the loss of DNA methylation may follow changes in H3K4
methylation status, and as described for Sirtuin inhibitors, reex-
pression of ESRI and CDH1 in this case may not be strongly de-
pendent on the removal of methylated CpGs (28). Nevertheless, it
will be interesting to examine the effectiveness of SID decoy in
rescuing E-cadherin and ERa expression in additional triple-
negative breast cancer cell lines (or sublines of MDA-MB-231 cells
where the promoters of CDHI and ESRI are more densely
methylated). It also remains to be seen whether Sirtuin inhibitors
(and other epi-drugs) can synergize with the SID decoy, but it is
noteworthy that SIRT1 can associate with Sin3-containing co-
repressor complexes through an interaction with Sin-associated
protein-30 (SAP30) (29).

Although current epi-drugs, such as nonspecific HDACi and
DNMTi, have been shown to induce reexpression of silenced genes
thought to play a role in the development of breast cancer in ex-
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perimental models, with one or two exceptions, these results re-
main to be translated into effective therapies (30). This may be
because of cytotoxicity, pleiotropic effects on a wide range of
transcription factors, and an inability to induce genes required for
both growth inhibition and terminal cell division. Given the sub-
strate specificity of histone methyltransferases and demethylases
relative to HDACs and DNMTs, inhibitors targeting their activi-
ties may well prove more useful in cancer therapy (31). However,
the strategy with the greatest potential to target aberrant epige-
netic states in a specific manner lies with using small molecules to
block specific interactions between oncoproteins and epigenetic
modifiers required for their oncogenic activity (9, 31). In summary,
taking into consideration the data presented here and given the
well-characterized nature of the interaction between SID-con-
taining factors and Sin3 PAH?2, a screen to identify small molecules
that block binding may well yield drugs with therapeutic potential
in breast cancer and the treatment of cancer in general.

Materials and Methods

Details of the procedures are described in SI Materials and Methods. The
experiments were conducted with at least three replicates in at least two
independent experiments. Statistical analysis was used. P values were cal-
culated using the unpaired Student t, Mann-Whitney, or one-way ANOVA
analysis as indicated.
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