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ABSTRACT

Cancer cell invasion is an obligatory step for metastatic dissemination that 
contributes to rapid relapse and a poorer survival in triple negative breast cancer (TNBC) 
patients. Development of novel therapeutic strategies to block tumor invasion is an 
unmet need in the treatment of cancer. We reported that the selective inhibition of the 
PAH2 domain of SIN3A protein function markedly suppressed metastatic dissemination 
to the lungs in TNBC xenograft bearing mice. Here, we show that TNBC cell lines treated 
with Sin3 interaction domain (SID) decoy peptides that bind to PAH2 display a strong 
in vitro inhibition of transwell invasion. This is accompanied by actin cytoskeleton 
reorganization with increased cortical actin deposition and downregulation of known 
Wnt target genes that are associated with epithelial to mesenchymal transition (EMT) 
and cancer cell invasion. Wnt pathway inhibition by SID decoy peptide was confirmed 
by decreased Wnt reporter activity and altered cytoplasmic localization of nuclear 
β-catenin. TGIF1, a transcription factor that modulates Wnt signaling and known to 
interact with the PAH2 domain of SIN3A, can be dissociated from the SIN3A complex 
by SID decoys. TGIF1 knockdown inhibits WNT target genes and in vitro cell invasion 
suggesting that TGIF1 might be a key target of the SID decoys to block tumor invasion. 
Taken together, targeting SIN3 function using SID decoys is a novel strategy to reverse 
invasion and the EMT program in TNBC translating into the inhibition of metastasis 
dissemination and eradication of residual disease.

INTRODUCTION

Triple negative breast cancer (TNBC) is an 
aggressive breast cancer subtype with high incidence 
in young African American women (~30 years old), or 
patients with BRCA1/BRCA2 mutation [1–5]. The lack 
of expression of estrogen and progesterone receptors 
(ER and PR) along with no overexpression of epidermal 
growth factor receptor 2 (Her2) renders TNBC resistant 
to hormonal and other targeted therapies. Conventional 
chemotherapy is the standard of care with modest survival 
benefits. Moreover, the poor prognosis in TNBC is 

attributed to the high incidence of disseminated tumor 
cells leading to onset of metastatic disease and associated 
morbidity [6]. To overcome this clinical problem, there is 
an urgent need to not only identify drug targets but also 
to develop drugs that are effective in treating metastatic 
TNBC.

Our previous work has established the role of Sin3 
paralogues (SIN3A and SIN3B) in TNBC pathogenesis 
[7–9]. Without intrinsic DNA binding capacity, Sin3 
proteins interact with transcription factors and chromatin 
regulators via four paired amphipathic α-helix (PAH1-
PAH4) motif to function as molecular scaffolds [7]. We 
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have developed peptides and small molecule inhibitors 
(SID decoys) that block interactions between the PAH2 
domain of Sin3 and set of chromatin-associated factors 
containing a conserved Sin3-interaction domain (SID) [7, 
10–12]. Treatment of TNBC in vitro or in vivo with SID 
decoys promotes differentiation and luminal phenotype 
coincident with inhibition of epithelial-mesenchymal 
transition (EMT), cancer stem cells (CSCs) and distant 
metastasis [11, 12].

Underlying these strong anti-tumor effects, SID 
decoys inhibit key oncogenic signaling including the Wnt 
pathway. Wnt signaling is hyperactivated in 40-60% of 
TNBCs through strong expression of nuclear β-catenin 
and its targets [13, 14] and indicative of a poorer survival 
[15, 16]. Elevated Wnt/β-catenin activity promotes EMT, 
invasion and metastasis of breast cancer cells through 
activation of its downstream mediators (e.g. Axin2, BCL-
9) [13, 16–18].

Here we report that SID decoy mediated inhibition 
of invasion and Wnt/β-catenin signaling of TNBC can 
result from the disruption of protein-protein interaction 
between the PAH2 domain of SIN3A and SID containing 
transcription factor TGIF1. Our novel findings identify 
SIN3A-TGIF1 protein interaction as a potential 
therapeutic target for preventing and treating metastases 
in patients with TNBC.

RESULTS

SID peptide inhibits invasion and induces 
cytoskeletal reorganization in TNBC cells

We have previously shown that stable expression of 
SID peptide markedly inhibits growth of invasive TNBC 
colonies in 3-demensional (3D) Matrigel™ [10, 12]. 
Consistent with this, compared to the scrambled peptide 
(SCR), 24 h treatment of MDA-MB-231 with 2.5 μM SID 
peptide resulted in 81% inhibition of trans-well invasion 
in MDA-MB-231 cells (Figure 1A). Similar results were 
obtained in two additional human TNBC lines wherein 
74% and 59% inhibition was observed in D3H2LN (a 
variant of MDA-MB-231 cells with a greater metastatic 
potential in comparison to parental MDA-MB-231 cells 
[19] (Figure 1B) and in MDA-MB-157 (Figure 1C) cells, 
respectively. SID peptide also blocked invasion in mouse 
4T1 cells by 79%, albeit at a higher dose of 5 μM (Figure 
1D). We also tested the effects of SID peptide on cell 
migration. Treatment of TNBC cells with SID peptide (1-
2.5 μM) suppressed transwell migration in dose-dependent 
manner by 74% in MDA-MB-231 cells (Figure S1A), but 
not in MDA-MB-157, D3H2LN and 4T1 cells (Figure 
S1B-S1D). This suggests that unlike invasion, effect of 
SID peptide on cell migration is cell-line specific.

Since cancer cell invasion and migration require 
dynamic cytoskeletal reorganization [20, 21], we next 
determined the influence of SID peptide on cell shape 

and organization of the actin cytoskeleton. MDA-
MB-231 cells, cultured on a thin layer of Matrigel and 
treated with 2.5 μM SID peptide for 24 h, acquired a 
round and luminal-like appearance with loss of actin 
stress fibers network in comparison to the spindle-shaped 
mesenchymal-like cells in the untreated (UT) or SCR 
controls (Figure 2A). SID treatment resulted in 75% 
reduction in the number of actin-rich cell protrusions that 
generate the net force for cell movement [15] (Figure 
2B, white arrows). Instead, the SID peptide treated cells 
displayed a strong cortical actin deposition in ~45% of 
the cells in comparison to ~10% in the UT or SCR-treated 
cells (Figure 2C, yellow arrows). Similar results were 
observed in the D3H2LN cells (Figure S2A). In these 
cells, SID peptide significantly reduced the number of 
actin protrusion per cell by ~67% in comparison to UT 
or SCR-treated cells (Figure S2B). The number of SID-
treated cells with a strong cortical actin deposition were 
~32% of the total population compared to ~12% in the 
UT or SCR-treated cells (Figure S2C). These change in 
cytoskeleton dynamics are consistent with previously 
described effects of SID peptide on the reversion of the 
EMT and invasive phenotype [12].

SID peptide down-regulates the Wnt and EMT 
pathways and induces nuclear  
export of β-catenin

Pathway analysis of expression microarray data 
obtained from the MDA-MB-231 cells treated with 2.5μM 
SID peptide for 24 hours (Supplementary File 1) identified 
WNT/β-catenin signaling as one of the top significantly 
altered canonical pathways (P-value= 4.64E-04) (Table 
1 and 2 and Supplementary file 2-3). WNT/β-catenin 
signaling is one of the key pathways regulating EMT, 
cancer cell stemness, tumor invasion and metastasis [14, 17, 
22]. We have previously reported that SID peptide inhibits 
the EMT pathway ([12] and Table 3) and Wnt target genes 
like CD44 (Figure 3A and Table 2) are downregulated by 
SID peptide. Other pathways modulated by SID peptide 
include Rho family GTPase signaling (P-value=1.90E-02) 
and Rho GDP signaling (P-value= 5.79E-04) (Table 1 
and Supplementary File 2), which are involved in actin 
cytoskeletal reorganization and cell migration [23].

This suggested inhibition of Wnt pathway was 
confirmed by measuring the expression of additional 
target Wnt target genes (CTNNB1, LEF1, MMP9, MT1-
MMP, PLAU) in MDA-MB-231 cells treated with 
SID peptide. Treatment with SID peptide significantly 
decreased the expression of all the genes tested by 
qRT-PCR (CTNNB1, 2-fold; LEF1, 2.6-fold; MMP9, 
4.5- fold; PLAU, 16.7-fold; MT1-MMP/MMP14, 3.6- 
fold) (Figure 3B). Downregulation of these genes upon 
SID peptide treatment was also confirmed in D3H2LN 
cells (CTNNB1, 2.7-fold; LEF1, 2.5-fold; MT1-MMP/
MMP14, 4-fold; MMP9, 3.7-fold) (Figure 3C). Functional 
inhibition of Wnt/β-catenin signaling by SID decoy 
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peptide was confirmed by measuring the WNT/β-catenin 
reporter activity, using the promoter that contains multiple 
consensus TCF binding sites also called Wnt responsive 
element (WRE) (5’-CCTTTGWW-3’, W=A or T) [24]. 
SID peptide treatment led to modest but statistically 
significant inhibition of WNT luciferase activity by 35% 
in MDA-MB-231 and 29% in D3H2LN cells compared to 
untreated and SCR treated cells (Figure 3D-3E). Western 
blot analysis of protein level and immunofluorescence 
staining for three target genes, β-catenin, LEF1 and 
TCF7L2 showed that SID peptide treatment resulted in 
decrease of TCF7L2 and LEF1 (Figure 3F-3G, S4A-S4B). 
There was some inhibition of the total β-catenin level by 
SID decoy but it was not significantly affected by the 
treatment in D3H2LN cells (Figure 3H).

We have previously reported that SID peptide 
treatment induces global epigenetic changes marked by 
overall reduction of the active transcription mark histone 
3 lysine 4 tri-methylation (H3K4Me3) occupancy in a 
cluster of gene sets [12]. We examined if Wnt and EMT 
pathway genes downregulated after SID peptide treatment 
(Figure 4A-4C, Table 2, 3) were also marked by reduction 
in H3K4Me3. ChIP-seq data [12] were compared 
with DNA microarray results (Supplementary File 1). 
Interestingly, TCF7L2 (Figure 4A, Table 2, 3) and CD44 
[12] genes are in the list of Wnt pathway genes in which 
H3K4Me3 bound to the gene promoters was significantly 
decreased after SID decoy treatment (2.5 μM, 24 hours) 
(FDR<1X10-15) (Figure 4A, [12]). EMT pathway genes 
(e.g., FGF5 and PIK3R3) downregulated by SID decoys 

Figure 1: Treatment with SID decoy peptide inhibits transwell invasion of TNBC cells. A-D. Transwell invasion assays were 
performed with MDA-MB-231 (A), D3H2LN (B), MDA-MB-157 (C), or 4T1 (D) cells that were either untreated (UT) or treated with SCR 
or SID (2.5μM) for 24 hours. The percentage of invasion for UT, SCR, and SID peptide treated cells was calculated by normalizing the 
number of cells invaded per filter to those in untreated control. (A; ***P<0.0001, B; ***P=0.0024, C, D; ***P<0.0001, One- way ANOVA and 
Tukey’s multiple comparison test, error bars, mean ± SEM).
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in the microarray also showed reduced level of histone 
H3K4Me3 bound to the genes (FDR<1X10-8) (Figure 
4B-4C). Taken together, SID peptide regulates H3K4Me3 
epigenetic marks in a cluster of WNT and EMT pathway 
promoting genes.

Since only nuclear β-catenin co-opts with 
Wnt signaling [24], we also examined the effects of 
SID peptide on cellular localization of β-catenin. In 
comparison to SCR peptide, SID peptide treatment 
(2.5μM, 24 hours) induced relocation of β-catenin into 
the cytoplasm in both D3H2LN and MDA-MB-157 
cells. In D3H2LN cells, following SID treatment only 
4% cells retained nuclear β-catenin while in SCR treated 

cells, nuclear β-catenin was observed in 64% of the total 
population (Figure 5A-5B). Similarly in MDA-MB-157 
cells 60% of SCR treated cells had nuclear β-catenin 
compared to only 30% in SID treated cells (Figure S3A-
S3B). Membrane-associated β-catenin was not observed 
in SID treated cells as found in our previous study [10]. 
However, in that study, SID peptide was expressed 
from stably transfected vector over a longer time 
period. Taken together, these results indicate that SID 
peptide inhibits the Wnt/β-catenin pathway that may 
contribute to impairment of the early stages of invasion 
of TNBC cells.

Figure 2: Induction of actin and microtubule cytoskeletal reorganization by SID peptide treatment in MDA-MB-231 
cells. A. MDA-MB-231 cells were treated with 2.5μM SID or SCR peptide for 24 hours and stained with rhodamine-phalloidin dye. MDA-
MB-231 cells that were either treated with SCR peptide (SCR) or untreated (UT) show elongated cell shape with protruding edges (marked 
by white arrows), whereas MDA-MB-231 cells treated with SID peptide (SID) demonstrate cortical actin formation (yellow arrows). The 
images shown in Figure 1A are the representatives of multiple fields. B. The average number of protrusions per cell was quantified in UT, 
SCR, and SID treated cells. C. The percentages of cells with cortical actin in UT, SCR, and SID treated cells were calculated. (B; *P<0.0004, 
C; *P<0.0001, One-way ANOVA, error bars, mean ± SEM) (n of images =12 for UT, 10 for SCR, and 9 for SID, respectively).
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Disruption of the interaction of PAH2 domain of 
SIN3A with TGIF1 markedly inhibits invasion 
and Wnt/β-catenin signaling

We next questioned if the inhibition of invasion 
and Wnt signaling by SID peptide is due to disruption 
of protein interactions specific to the PAH2 domain 
of SIN3A. Of the limited number of proteins known 
to interact with PAH2 domain [7], the SID-containing 
transcription factor TGIF1 [25], is known to modulate 
Wnt  signaling [26]. We first determined if TGIF1 was 
displaced from the SIN3A complex by SID peptide. 
Proximity ligation assay (PLA) was performed in MDA-
MB-231 cells that were treated with 2.5μM SID peptide 
for 24 and 72 hours. In comparison to the SCR peptide, 
SID peptide treatment led to significant 48 % and 65% 
decrease in SIN3A and TGIF1 interaction after 24 h 
and 72 h (Figure 6A-6B) without overt changes in the 

level and the localization of TGIF1 protein (Figure S5). 
These results were further confirmed by SIN3A co-
immunoprecipitation (co-IP) with TGIF1 antibody in 
the nuclear fraction in which the SIN3A-TGIF1 binding 
was reduced (by 25% and 36% after 24 and 72 hours of 
treatment, respectively) in D3H2LN cells treated with 
2.5μM SID peptide (Figure 6C-6E).

To further investigate the role of SIN3A-TGIF1 
interaction in invasion and Wnt signaling, TGIF1 protein 
was depleted in D3H2LN cells by transfecting a pool of 
three TGIF1-targeting siRNAs (siTGIF1) (Figure 7A). A 
marked 80% reduction of cell invasion was observed in 
cells transfected with siTGIF1 (Figure 7B). No changes 
in cell growth were noted in siTGIF1-transfected cells 
(data not shown). TGIF1 knockdown also resulted in 
significant inhibition of Wnt target genes, including 
MT1-MMP, MMP-9 mRNA levels by 10 and 2-fold, 
respectively at 48 hour post-transfection (Figure 7C). 

Table 2: Genes involved in WNT/β-catenin pathway that are downregulated by 2.5μM SID treatment

Symbol Entrez Gene Name Log Ratio(24h)

CD44 CD44 molecule (Indian blood group) -1.600

CSNK1G1 casein kinase 1, gamma 1 -1.030

LEF1 lymphoid enhancer-binding factor 1 -1.110

TCF7L2 transcription factor 7-like 2 (T-cell specific, HMG-box) -1.060

TGFBR2 transforming growth factor, beta receptor II (70/80kDa) -1.330

Table 3: Genes involved in the regulation of the EMT pathway that are downregulated by 2.5μM SID treatment

Symbol Entrez Gene Name Log Ratio(24h)

FGF2 fibroblast growth factor 2 (basic) -1.480

FGF5 fibroblast growth factor 5 -1.260

HMGA2 -- -1.240

ID2 inhibitor of DNA binding 2, dominant negative helix-loop-helix protein -1.390

LEF1 lymphoid enhancer-binding factor 1 -1.110

LOX lysyl oxidase 1.230

PIK3R3 phosphoinositide-3-kinase, regulatory subunit 3 (gamma) -1.290

TCF7L2 transcription factor 7-like 2 (T-cell specific, HMG-box) -1.060

TGFBR2 transforming growth factor, beta receptor II (70/80kDa) -1.330

Table 1: Pathways differentially regulated by 2.5μM SID treatment (24hr)

Canonical pathway P-value

Wnt/β-catenin Signaling 4.64E-04

Signaling by Rho Family GTPases 1.90E-02

RhoGDI Signaling 5.79E-04
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Figure 3: Treatment with SID decoy peptide leads to the inhibition of Wnt and EMT pathway genes. A. The Venn diagram 
of gene expression microarray data shows that treatment with SID peptide (2.5μM, 24 hours) leads to downregulation of Wnt and EMT 
pathway genes by at least 2-fold in MDA-MB-231 cells. The detailed information is listed in Table 2 and 3. B. qPCR of CTNNB1, LEF1, 
MMP9, PLAU, MT1-MMP in MDA-MB-231 cells after SCR or SID treatment (2.5μM, 24 hours) (CTNNB1 and LEF1; **<P<0.01, MMP9, 
PLAU, MT1-MMP; ***P<0.001, error bars, mean± SD, SID vs SCR, Two-way ANOVA) C. qPCR of CTNNB1, LEF1, MT1-MMP, MMP9 
in D3H2LN cells as in (B). (***P<0.001, error bars, mean ± SD, SID vs SCR, Two-way ANOVA) D, E. Wnt reporter assay for MDA-
MB-231 (D) or D3H2LN (E) cells. Cells were incubated with TOP flash and renilla lentiviral supernatant for 24 hours and treated with 
SCR or SID peptide (2.5μM) containing media for the next 24 hours. Wnt reporter activity was measured and calculated by normalizing the 
value of firefly to renilla luciferase activity. Relative luciferase unit (RLU) indicates Wnt reporter activity normalized to those of untreated 
cells (UT). (D; ***P=0.0006, E; ***P<0.0001, error bars, mean± SEM, SID vs. SCR or UT, One-way ANOVA) F, G, H. Western blot analysis 
of TCF7L2 (F), LEF1 (G), and β-catenin (H) protein in D3H2LN TNBC cells after treatment with SCR or SID decoy peptide (2.5μM, 24 
hours). SID decoy treatment inhibited full-length (~64 kDa) and, to a greater extent, short isoform variant (~53 kDa) TCF7L2 proteins in 
comparison to untreated or SCR treated controls. The same treatment led to inhibition of LEF1 short isoform (~40kDa), an active LEF1 
protein. The band intensities for TCF7L2, LEF1, and β-catenin in each lane were normalized to the GAPDH loading control and indicated 
in red. The result is representative of three independent experiments.
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Other Wnt target genes, such as LEF1 and CTNNB1 were 
also downregulated by up to 2-fold in D3H2LN cells 
transfected with siTGIF1 (Figure 7C). Similar to SID 
peptide, knocking down TGIF1 resulted in nuclear export 
of β-catenin with a strong membrane associated β-catenin 
as previously reported with stable transfections of SID 
peptide [10] (Figure 7D-7E). Taken together, these data 
clearly demonstrate that TGIF1 knockdown phenocopies 
SID peptide treatments and the resulting inhibition of 

invasion and Wnt/β-catenin signaling may be linked to 
disruption of SIN3A-TGIF1 interaction by SID peptide.

DISCUSSION

Therapeutic intervention for TNBC is hampered due 
to tumor cell heterogeneity and lack of major molecular 
targets [4]. Recent advances in the molecular profiling 

Figure 4: SID peptide treatment markedly inhibits H3K4Me3 marks in a set of Wnt and EMT pathway genes. A. ChIP-
seq analysis for the H3K4Me3 mark bound to TCF7L2 gene. SID peptide treatment decreases histone H3K4Me3 peak level in the proximal 
gene promoter. Purple; SCR, orange; 2.5μM SID (FDR<1x10-15). B, C. ChIP-seq analysis for the H3K4Me3 mark bound to FGF5 (B) and 
PIK3R3 (C) genes (FDR<1X10-8).
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Figure 5: Treatment with SID decoy peptide induces translocation of nuclear β-catenin to the cytoplasmic compartment 
in TNBC cells. A. D3H2LN cells were either untreated or treated with SCR or SID peptide (2.5μM) for 24 hours and stained with 
β-catenin mAb. In untreated (UT) or SCR treated D3H2LN cells, β-catenin is localized mostly in the nucleus (arrows). In D3H2LN cells 
treated with SID decoy peptide, β-catenin is distributed into the cytoplasm (stars). N-nuclear; C- cytoplasmic B. Quantification of % cells 
with nuclear, nuclear/cytoplasmic, and cytoplasmic β-catenin localization in untreated, SCR treated, or SID treated D3H2LN cells. The 
graph represents a compilation of the results from three experiments. (Nuclear; ***P=0.0002, cytoplasmic,*P<0.0001, SID vs. SCR or 
untreated, One-way ANOVA, error bar, mean ± SEM).



Oncotarget88429www.impactjournals.com/oncotarget

Figure 6: SID decoy peptide interferes with the interaction between SIN3A and TGIF1 protein. A. Proximity Ligation 
Assay (PLA) was performed for MDA-MB-231 cells either untreated or treated with SCR or SID peptide (2.5μM, 24 or 72 hours). B. 
The average number of signals per cell in the nucleus was quantified from three images per sample from the same experiments as in (A). 
(***P<0.001, SID vs. SCR or untreated (UT), One-way ANOVA, error bar, mean± SEM) C, D. Nuclear extract of SCR or SID treated 
(2.5μM, 24 (C) or 72 hours (D)) or UT cells was used for immunoprecipitation of SIN3A protein using SIN3A polyclonal antibody (sc 
767) and immunoblotted with TGIF1 antibody. The band intensities for TGIF1 immunoblotting (IB) (C, D) were normalized to those 
of the SIN3A input loading and indicated in red. E. Nuclear extract of SCR or SID treated (2.5μM, 72 hours) or UT cells were used for 
immunoprecipitation of TGIF1 protein using TGIF1 polyclonal antibody (H-172) and immunoblotted with SIN3A (E) antibody. The band 
intensities for SIN3A (E) IB were normalized to those of TGIF1 IB, which was indicated in red.
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Figure 7: Knockdown of TGIF1 in D3H2LN cells suppresses transwell invasion and Wnt/β-catenin target genes. A. 
D3H2LN cells were transfected with 40nM siTGIF and immunoblotted with TGIF1 antibody at 48 hour post-transfection B. D3H2LN 
cells transfected with siTGIF were seeded on the upper wells of the inserts for transwell invasion assays at 48 hour post-transfection. 
The transwell invasion assays were performed. (*P<0.0001, siTGIF vs siControl, unpaired t test, mean±SEM) C. qPCR analysis for Wnt 
pathway target genes (MT1-MMP, MMP9, LEF1, CTNNB1) in D3H2LN cells transfected with siTGIF and siControl (MT1-MMP, LEF1; 
***P<0.001, MMP9; **P<0.01, CTNNB1; *P<0.05, Two-way ANOVA, error bar, mean± SEM). D. Immunofluorescence staining of β-catenin 
in D3H2LN cells transfected with siControl (top) and siTGIF (bottom). E. The percentage of β-catenin positive cells was quantified from 
D3H2LN cells transfected with siControl and siTGIF1 for 48 hours (error bars, mean ± SEM, ***P<0.001, One way ANOVA followed by 
Tukey’s multiple comparison test, **P<0.05; nuclear β-catenin in siTGIF vs. siControl, * P<0.05; cytoplasmic/membranous β-catenin in 
siTGIF vs. siControl).
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from in vitro cultured tumor cell lines and patient samples 
led us to identify novel genetic and epigenetic aberrations 
that contribute to tumor progression, which could be 
utilized for the development of novel targeted therapies 
[27, 28]. Previously we reported that SID decoy peptide 
designed to selectively target the PAH2 domain of SIN3 
complex induced epigenetic reprogramming in TNBC 
[10]. We reported that SID decoy peptide and small 
molecule inhibitor (SMI) mimetic exert anti-tumor and 
anti-metastatic activity in vivo in TNBC xenograft mouse 
models with minimum cytotoxicity [10, 11]. In TNBC, 
the effect of SID peptide or SMI mimetic did not involve 
growth inhibition in 2-dimensional (2D) culture condition 
but significant inhibition of invasive colony outgrowth in 
3D cultures in Matrigel, with partial acini differentiation, 
as well as inhibition of tumor spheroid formation in 
suspension culture, representing cancer stem-like cells 
[10–12].

Here, we show that by blocking the interaction 
of SIN3A with selective partners (transcription factors 
and chromatin modifiers) through its PAH2 domain 
using SID peptide, the invasive phenotype of TNBC 
cells is suppressed and that this process is mediated by 
the impairment of Wnt signaling. We anticipated that 
SID peptide might also modulate Wnt pathway since 
ivermectin, shown previously to have a SID decoy 
mimetic activity [11], also suppresses Wnt pathway in 
colorectal cancer [29]. Our data show that SID peptide 
downregulates Wnt/β-catenin reporter activity and 
direct Wnt target genes (LEF1, TCF7L2, CD44, PLAU, 
MT1-MMP, MMP9, HMGA2) involved in breast cancer 
invasion and metastasis (Figure 3A-3E, Table 2, 3). The 
involvement of Wnt signaling pathway, including LEF1 
and TCF7L2, in the promotion of invasion, CSC self-
renewal, and metastasis of TNBC as well as other tumor 
types (i.e., lung and prostate) had been established [15, 
18, 30–37]. In particular, TCF7L2 was shown to promote 
breast cancer cell invasion by upregulation of miR-21 
[38] and Wnt ligand induced β-catenin activation is also 
known to enhance invasion and metastasis of TNBC cells 
[22, 39], suggesting the regulation of invasion could be 
mediated by modulating Wnt pathway in TNBC.

Our results show that SID peptide attenuates Wnt/β-
catenin pathway activity, at least in part, by promoting 
the translocation of nuclear β-catenin into the cytoplasm 
(Figure 5, Figure S3) that leads to the reduced Wnt reporter 
activity and the expression of Wnt target genes (Figure 
3A-3E, Table 2). Since TGIF1 is a positive regulator for 
Wnt signaling and also a SIN3A PAH2 domain interacting 
protein [25, 26], we investigated whether TGIF1 plays 
a role in SID decoy mediated inhibition of invasion and 
found that this could be mediated through inhibition 
of Wnt pathway. We suggest that the moderate level of 
disengagement of TGIF1 from SIN3 complex upon SID 
peptide treatment (Figure 6) could result in attenuation of 
TGIF1 function. Our data indicate that cells treated with 

SID peptide phenocopies the effect of TGIF1 knockdown, 
such as delocalization of β-catenin from the nuclei (Figure 
5A-5B) and inhibition of some Wnt pathway target genes 
(Figure 3A-3C). The alteration of invasive potential 
through modulation of TGIF1 level is well supported 
by the recent publications in which TGIF1 enhances 
proliferation, migration, invasion, and colony outgrowth in 
cancerous and noncancerous cells of different origins [40–
42]. Consistent with our findings, TGIF1 is overexpressed 
in TNBC as compared to other breast cancer subtypes 
and is associated with hyperactive Wnt signaling marked 
by  increased β-catenin accumulation and its target 
expression [26]. Increased TGIF1 level correlates with 
a poorer outcome and a higher disease relapse in TNBC 
patients [26], suggesting that TGIF1 could be identified 
as a potential biomarker and a druggable target for anti-
TNBC therapy.

Our data and others indicate that the SIN3A or 
Sin3B/HDAC complex(es), generally known as a part 
of transcriptional repressor complexes [25], can mediate 
gene activation by regulating the levels of H3K4Me3 
marks bound to actively transcribing genes [43–46]. We 
have shown that decreased H3K4Me3 occupancy on 
EMT and Wnt pathway genes was observed after SID 
decoy treatment (Figure 4A-4C), which correlates with 
the downregulation of EMT and Wnt pathway genes 
(Figure 3A, Table 2-3). Many of those genes inhibited by 
SID peptide treatment (CD44, TGFβR2, LEF1, TCF7L2, 
FGF2, FGF5, ID2, PIK3R3) (Figure 3A, Table 2-3) are 
known as direct TGIF1 targets in myeloid leukemia [47] 
or embryonic stem cells [48]. This suggests that SID 
decoys could inhibit transcription of TGIF1 target genes 
by interference with SIN3A-TGIF1 interaction in TNBC 
cells.

Treatment with SID peptide for 24 hours 
downregulates Wnt pathway targets and EMT-related 
genes and suppresses invasion in TNBC cells. We found 
that SIN3A in complex with TGIF1 promotes TNBC 
invasion and Wnt/β-catenin pathway, which is inhibited 
by SID decoys by attenuating SIN3A-TGIF1 interaction. 
E-cadherin is induced 72 hours after SID peptide treatment 
in TNBC [12], which is one of the later events leading 
toward luminal differentiation and reversion of EMT as 
compared to the inhibition of Wnt pathway activity and 
invasion in TNBCs. Therefore, induced E-cadherin in 
TNBC after SID peptide treatment could mediate the 
late events (~after 24 hours) involved in the reversion of 
EMT and inhibition of invasion following Wnt pathway 
inhibition. Consistent with the concept, we observed that 
SID decoy treatment as well as TGIF1 knockdown leads to 
the downregulation of Wnt reporter activity with changes 
in β-catenin sub-cellular localization from nucleus to the 
cytoplasm, suggesting the overlap between SID decoy 
treatment and TGIF1 knockdown. These results suggest 
the reversion of EMT and invasion processes with SID 
decoy treatment has begun at least as early as 24 hours.
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We have shown that SID decoys could be a novel 
anti-metastatic therapy for TNBC by selectively targeting 
TGIF1, one of the SID containing transcription factors. 
Targeted inhibition of TGIF1 by SID decoys leads to the 
inhibition of hyperactive Wnt pathway which occurs in 
about 40-60 % of TNBC cases [13, 14, 17]. SID peptides 
and small molecule inhibitors (SMIs) demonstrate 
substantial inhibition of tumor growth and metastases in 
vivo with minimum cytotoxicity [10–12], which would 
make it beneficial to use SID decoys as an adjuvant 
therapy in combination with existing chemotherapeutic 
agents. Currently, studies are underway to test efficacy of 
SID decoy SMIs in pre-clinical models in vivo to explore 
their potential use in TNBC patients.

MATERIALS AND METHODS

Cell culture and media

The human MDA-MB-231 breast adenocarcinoma 
(Cat# HTB-26) and MDA-MB-157 breast medullary 
carcinoma (Cat# HTB-24) cell lines were purchased 
from the American Type Culture Collection (ATCC). The 
MDA-MB-231-Luc-D3H2LN Bioware (D3H2LN) cell 
line was purchased from PerkinElmer (Cat# 119369). 
Mouse 4T1 cells (Cat# CRL-2539) were maintained in 
RPMI supplemented with 10% fetal bovine serum (FBS) 
and 1% Antibiotic-Antimycotic solution (Invitrogen). 
D3H2LN, MDA-MB-231, and MDA-MB-157 cell lines 
were maintained in DMEM supplemented with 10% FBS, 
1% GlutaMAX (Invitrogen), 10mM HEPES, 1mM sodium 
pyruvate, non-essential amino acids and 1% antibiotic-
antimycotic solution.

Generation of SID decoy peptide

SID and scramble (SCR) peptides were generated 
as previously described [10, 12]. SID peptide constitutes 
TAT (underlined) sequences followed by N-terminal SID 
region of MAD1 (MXD1) protein (YGRKKRRQGGG-
VRMNIQMLLEAADYLERRER). SCR peptide in 
addition to TAT peptide has the following sequence: 
YGRKKRRQGGG-EQRARRIMERLLEYNMVADL.

Western blot analysis and immunoprecipitation

Immunoblotting was performed according to the 
standard procedures and visualized using ECL plus 
Western Blotting detection reagent (Life Technologies). 
Blots were probed with anti-β-catenin rabbit mAb (Cell 
Signaling Technology, catalog #8480), SIN3A (AK-
11) antibody (Santa Cruz Biotechnology, catalog #sc-
767), TGIF1 antibody (Santa Cruz Biotechnology, 
H-172), and anti-GAPDH antibody (Ambion, #4300). 
Immunoprecipitation was performed according to the 
standard procedures.

Transwell invasion and migration assays

TNBC cells (5x104) were seeded onto Matrigel-
coated a 24-well filter insert (Corning) and 5% FBS 
was used as chemoattractant in the lower chamber. The 
numbers of invading cells were counted after 24 hours, 
stained with HEMA 3 stain set (Fisher Scientific), 
and the number of invasive cells after treatment was 
normalized to that of untreated cells (UT) and calculated 
as the percentage of invasive cells. The total 5 fields were 
counted per filter under 200x magnification using a Nikon 
Eclipse E600 microscope. For transwell migration assay, 
cells were seeded onto the top well of a 24-well filter 
insert without Matrigel coating and the same procedures 
as invasion assays were performed afterwards.

Immunofluorescence

D3H2LN or MDA-MB-157 cells were plated 
onto 8 well chamber coated with thin layer of Matrigel 
diluted in PBS (1:100 dilution) and treated with SCR or 
SID peptide (2.5μM) for 24 hours. Cells were stained 
with rabbit β-catenin (D10A8) mAb (Cell signaling 
technology, cat#-8480), TCF7L2 (Novus Biologicals, 
cat# NBP-19083), rabbit LEF1 (C12A5) (Cell signaling 
technology, cat#2230P) or rabbit polyclonal TGIF1 (H-
172) antibody (Santa Cruz Biotechnology, sc-9084) 1:100-
1:250 overnight at 4°C according to standard protocols. 
Cells were fixed with 4% paraformaldehyde at RT for 15  
min and incubated with 0.5% Triton-X-100 at 37°C for 5 
min, and blocked with 5% bovine serum albumin at RT for 
1 hour. Secondary antibodies (dilution 1:200 in 1% normal 
goat serum/PBS) were added for 1 h and then washed with 
PBS. Cells were mounted in Prolong Gold antifade reagent 
(Life technologies, ref # P36931) Images were collected 
on a Leica SP5 confocal microscope.

Quantitation of β-catenin nuclear and 
cytoplasmic localization

The number of cells with “nuclear”, “nuclear/
cytoplasmic”, or “cytoplasmic” β-catenin was quantified 
from immunofluorescence images (6-9 fields quantified 
per sample). For quantification, we used plugins -> 
particle analysis-> cell counter menu in ImageJ program 
(NIH). Cells that have fluorescence intensity above 
designated threshold level in ImageJ were considered 
as β-catenin positive cells. The number of “nuclear”, 
“nuclear/cytoplasmic”, or “cytoplasmic” β-catenin 
positive cells was normalized to the total number of 
cells counted from multiple fields and converted into 
the percentage of β-catenin positive cells. The cells with 
“nuclear β-catenin” staining demonstrate those with 
β-catenin localization exclusively in the nucleus. The cells 
with “nuclear/cytoplasmic β-catenin” show distribution 
of nuclear localization of β-catenin that are weaker than 
cells with “nuclear β-catenin” and have some cytoplasmic 
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distribution. The cells with “cytoplasmic β-catenin” show 
ubiquitous localization of β-catenin staining without 
strong fluorescence signal concentrated in either nucleus 
or cytoplasm.

WNT/β-catenin luciferase activity

NV-Ins Top Luc (Top flash) and NV-Ins Fop Luc 
(Fop flash) constructs, and renilla supernatant, were 
generously provided by Dr. Stuart Aaronson lab in Mount 
Sinai. To generate lentiviral supernatant, 293T cells were 
co-transfected with 5μg of TOP flash construct with 
packaging plasmids (3.75μg of NRF, 1.75μg of VSVG) 
when cells reached 80% confluency. Supernatant was 
harvested and used for transduction of lentiviral particles 
into MDA-MB-231 and D3H2LN cells, respectively. 
For transduction, 2X104 cells were plated per well on 
24-well plates and transduced with Top flash and Fop 
flash supernatant. The next day, cells were treated with 
2.5μM SID or SCR peptide in regular media containing 
5% Fetal Bovine Serum (FBS) for 24 hours and reporter 
assays were performed using the Dual Luciferase reporter 
assay system (Promega) according to the manufacturer’s 
instructions. Firefly luciferase activity was normalized 
to renilla luciferase activity and demonstrated as Wnt 
reporter activity.

Quantitative RT-PCR (qRT-PCR)

RNA was prepared using RNeasy Plus Mini kit 
(Qiagen). For real-time qPCR, 1μg RNA was reverse-
transcribed with iScript cDNA Synthesis kit (Bio-
Rad). 50-250 ng of resulting cDNA were amplified and 
analyzed in real time with iTaq™ Universal SYBR® 
Green Supermix (Bio-rad). Results are represented after 
values were normalized to housekeeping genes (RPL30 
or GAPDH) and are presented as fold-differences over 
control using the ∆∆Ct method for relative quantifications. 
Each comparison was made using triplicate reactions and 
in at least 3 experiments. Primer sequences are described 
in details in Table S1.

Transfection of siRNA

Cells were plated 40-50 percent confluent in 10 
cm plates on the day of transfection. Silencer select non-
targeting negative control siRNA (Ambion) or a pool of 
4 different siRNAs targeting TGIF1 (40nM) (Dharmacon 
siGENOME, GE lifesciences) were used for transfection. 
Cells were used for invasion assays and qPCR analysis at 
48 hour post-transfection.

Affymatrix gene microarray and ingenuity 
pathway Analysis (IPA)

Affymatrix gene microarray was performed in 
MDA-MB-231 cells that were either untreated or treated 

with 2.5μM SCR or SID peptide for 24 hours as previously 
described [12]. Total RNA was isolated using the ZR 
RNA MiniPrep Kit (Zymo Research). The concentration 
and quality of the total RNA was assessed on an Agilent 
2100 BioAnalyzer (Agilent Technologies). All samples 
were normalized to 200ng and processed according 
to standard Affymetrix protocols using GeneChip WT 
Terminal Labeling and Controls Kit (Affymetrix) and 
WT Expression Kit (Ambion). The quality and quantity 
of labeled cRNA was checked and 750 ng of labeled 
cRNA was hybridized to a GeneChip Human Gene 1.0 
ST Arrays using GeneChip Hybridization, Wash, and Stain 
Kit (Affymetrix). The arrays were scanned on a GeneChip 
Scanner 3000 7G. Affymetrix array data were analyzed 
by Chipinspector 2.1 (Genomatix). Transcripts were 
considered significantly regulated if at least 3 significant 
probes mapped to them and the log2 fold change of the 
transcript calculated from these probes was above 1 
or below -1. For all subsequent analyses, we used the 
median expression values of two independent biological 
replicates. Replicates were combined exhaustively, i.e. 
mean fold changes were calculated by comparing each 
replicate from the treatment group to each replicate from 
the control group. Log2 fold change values for genes were 
calculated as the average of the log2 fold change values of 
the corresponding significantly regulated transcripts and 
a False Discovery Rate (FDR) was set as 5%. Expression 
microarray analysis was performed according to Minimum 
Information About a Microarray Gene Experiment 
(MIAME) guidelines and data have deposited on the 
Gene Expression Ontology (GEO) database with the series 
accession number GSE84648. To identify significantly 
altered genes and signaling pathways in MDA-MB-231 
cells after treatment with SID peptide (2.5μM, 24 hours) 
in comparison to 2.5μM SCR peptide treatment, the gene 
microarray data were uploaded and analyzed using IPA 
software. At least 2-fold gene expression changes (less 
than -1 or more than +1 of the log2 fold changes) were 
used as a cut-off for the significantly regulated genes after 
SID peptide treatment.

Chromatin immunoprecipitation (ChIP)-seq 
analysis

The native ChIP-seq data for H3K4Me3 that had 
been previously published [12] were used to observe the 
H3K4Me3 occupancy in the promoters of Wnt/β-catenin 
and EMT pathway genes. The ChIP data are available 
on the Gene Expression Ontology (GEO) database with 
accession number GSE 73869. Briefly, MDA-MB-231 
cells that were either untreated or treated with 2.5μM 
SCR or SID peptide for 24 hours were used for ChIP-seq 
experiment previously published [12]. To find significantly 
changed peaks between untreated and SID treated MDA-
MB-231 cells, the following parameters were used in 
SICER-df program [49]. For H3K4Me3: window size = 
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50bp, gap size = 400bp, island calling = FDR<1x10-4, SCR 
versus SID = FDR<1x10-8. We determined Wnt and EMT 
target genes with significant changes in the H3K4Me3 
occupancy by intersecting significantly changed peaks 
of H3K4Me3 ChIP to ±3 Kb TSS of all Refseq genes, 
respectively, using Bedtools. Histone modification 
snapshots were generated using UCSC Genome Browser.

Statistical analysis

Statistical analyses were performed using a one-
way analysis of variance (ANOVA) to compare all pairs 
of experimental groups. Data were represented as mean ± 
SEM (or SD) for replicate values. P <0.05 was regarded 
as statistically significant. For comparison of two groups, 
two-tailed student’s t tests were used. All the statistical 
analyses were performed using Graphpad Prism software.
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