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A B S T R A C T   

SIN3A, a scaffold protein has regulatory functions in tumor biology. Through its Paired amphipathic helix 
(PAH2) domain, SIN3A interacts with PHF12 (PF1), a protein with SIN3 interaction domain (SID) that forms a 
complex with MRG15 and KDM5A/B. These components are often overexpressed in cancer. In the present study, 
we evaluated the role of SIN3A and its interacting partner PF1 in mediating inhibition of tumor growth and 
invasion in triple negative breast cancer (TNBC). We found profound inhibition of invasion, migration, and 
induction of cellular senescence by specific disruption of the PF1/SIN3A PAH2 domain interaction in TNBC cells 
expressing PF1-SID transcript or peptide treatment. Genome-wide transcriptomic analysis by RNA-seq revealed 
that PF1-SID downregulates several gene sets and pathways linked to invasion and migration. Integrin α6 
(ITGA6) and integrin ß1 (ITGB1) and their downstream target proteins were downregulated in PF1-SID cells. We 
further determined increased presence of SIN3A and transcriptional repressor, KLF9, on promoters of ITGA6 and 
ITGB1 in PF1-SID cells. Knockdown of KLF9 leads to re-expression of ITGA6 and ITGB1 and restoration of the 
invasive phenotype, functionally linking KLF9 to this process. Overall, these data demonstrate that specific 
disruption of PF1/SIN3A, inhibits tumor growth, migration, and invasion. Also, PF1-SID not only inhibits tumor 
growth by senescence induction and reduced proliferation, but it also targets cancer stem cell gene expression 
and blocks mammosphere formation. Overall, these data demonstrate a mechanism whereby invasion and 
metastasis of TNBC can be suppressed by inhibiting SIN3A-PF1 interaction and enhancing KLF9 mediated sup
pression of ITGA6 and ITGB1.   

Introduction 

Dysregulation of epigenetic mechanisms is involved in pathogenesis 
of cancer, including triple negative breast cancer (TNBC) [1]. Currently, 
patients with TNBCs lack targeted therapy options. We and others have 
shown that specific interventions can modify cancer epigenetics and we 
propose that this approach can be utilized as a potential strategy for 
anti-cancer therapy [2–4]. We chose to study SIN3A, a scaffold for 

chromatin modification which is a global regulator of transcriptional 
repression and predominant isoform expressed in TNBC cells 
(Fig. SF1A). In mammals, two paralogs of SIN3 are reported (SIN3A and 
SIN3B) that can target common as well as unique transcriptional targets 
[5–7]. SIN3 interacts with Class I histone deacetylases (HDAC1/2) and 
accessory proteins forming the SIN3/HDAC chromatin modifying com
plex [8]. Transcription factors that specifically bind to one or more of 
the four paired amphipathic helical (PAH1–4) domains of SIN3A 
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provide interface for assembly of multiple proteins [9,10]. These pro
teins bind to SIN3 via their amino acid sequence specific 
SIN3-interaction domain (SID) and are known as SID proteins. We pre
viously reported, using a MAD1-SID peptide, that blocking binding of 
MAD1 to the PAH2 domain of SIN3A, strongly decreases tumor growth 
and metastasis [4,11]. PF1 (also known as PHF12) is the only SID pro
tein known to form a chromatin modifying complex with the epigenetic 
modulator MRG15 and H3K4me3 histone lysine 4 demethylase 
KDM5A/B [12–14]. Components of the PF1 chromatin modifying com
plex are overexpressed in breast cancer, thereby highlighting the 
importance of PF1 as epigenetic modifier [15,16]. Moreover, because 
PF1 is uniquely part of the SIN3 complex and has been shown to be of 
low affinity, it might be more amenable to therapeutic disruption. This 
important background information prompted the current work which 
aims to find ways to disrupt just the SIN3A/PF1 complex, test the bio
logical consequences of this disruption on TNBC phenotype and identify 
pathways controlled by PF1/SIN3A interaction that might serve as po
tential target for combatting TNBC. Our experimental results reveal that 
among factors that are crucial for maintaining the aggressive aspects of 
TNBC are elevated PF1/SIN3A interaction , and reduced level and 
interaction of another SID containing protein, Krüppel-like factor 9 
(KLF9) with SIN3A PAH2 domain. Low level of KLF9 has been impli
cated in poor prognosis of patients with breast cancer lines [17]. KLF9 
can also modulate gene expression by directly regulating promoter ac
tivity of MMP9 and integrin α6 in breast cancer and glioblastoma cells 
respectively [18,19]. Aberrant expression of integrins, including α6 and 
β1 has been linked to poor prognosis of cancer patients and other aspects 
of cancer, including breast cancer invasiveness [20,21]. Each integrin is 
a dimer of an α and β subunit, and since each subunit can associate with 
more than one partner, more than 20 dimers have been described [22, 
23]. We chose to focus on the α6 and β1 subunits because important 
functions in breast cancer aggressiveness have been previously ascribed 
to these subunits [19,24,25]. Therefore, although importance of integ
rins in regulating cancer behavior is well documented, the epigenetic 
mechanism of their regulation has not been extensively studied. More
over, it is an established fact that epigenetic regulation is tissue and/or 
cell specific. Here, we report that disrupting interaction either by stable 
overexpression of PF1-SID domain or separation, with a highly specific 
reagent (PF1-SID peptide), of SIN3A PAH2 complex with PF1 in TNBC 
models, leads to inhibition of invasion, of cell migration, of tumor 
growth, and of metastasis. Our genome wide transcriptomic analysis 
identifies the migration pathway as the most modified by the SIN3A/PF1 
disruption. We reveal the mechanism of regulation of α6 and β1 subunits 
- an integrin that is a laminin receptor and a crucial contributor to the 
migration/invasion/metastasis processes which we document in culture 
and in vivo. We also show that blocking the SIN3A/PF1 association in
duces senescence, a mechanism through which this intervention most 
likely contributes to inhibition of primary tumor growth. Because the 
therapeutic intervention works equally well in cells expressing the 
PF1-SID and with cells treated with the peptide which is engineered to 
penetrate cell membranes, we propose that the complex and the genes it 
regulates should be considered as a valid strategy for development of 
anti-TNBC therapy. 

Materials and methods 

Cell culture and media 

The human MDA-MB-231 (Cat# HTB-26) and MDA-MB-157 (Cat# 
HTB-24) triple negative breast cancer cell lines were purchased from the 
American Type Culture Collection (ATCC). MDA-MB-231, MDA-MB- 
157, and mouse 4T1 cells (Cat# CRL-2539) cell lines were maintained as 
described in [4]. Cell lines were authenticated by short tandem repeat 
(STR) profiling in accordance with the standard ASN-0002-2011 in 
February 2019 (Genetica Cell Lines, case number# CX4006499). 

Generation of stable cell lines 

Cells were transfected with 1 μg of DNA of empty pCMV- 
3xFlagvector (Stratagene) or same in-house prepared vector contain
ing PF1-SID sequence followed by SV40 nuclear localization signal 
(CAGCTGAGGCGGCCCTTTGAGCTGCTGATTGCTGCCGCCATGGAGCG
GAACCCCACCCAA or QLRRPFELLIAAAMERNPTQ, CCTCCAAAAAA
GAAGAGAAAGGTA or PPKKKRKV, respectively) using TurboFect 
(Thermo Scientific) transfection reagent according to the manufac
turer’s recommendations. Stable cell clones were selected in G418- 
containing medium for at least 15 days. Mutation in PF1-SID sequence 
(QLRRPFELAIAAAMERNPTQ) was made in the similar way using 
oligonucleotide containing two nucleotide replacements (CTG codon for 
L was replaced with GCG codon for A). This mutation blocks interaction 
of PF1-SID with SIN3A [26]. All plasmids were confirmed by 
sequencing; successfully transfected clones were verified by qPCR using 
the transgene specific primers. 

siRNA transfection 

MDA-MB-231 PCMV and PF1-SID cells were transfected with 1 μg of 
control (sc-44230) or KLF9 siRNA (sc-37716) in triplicates in 6-well 
plates according to manufacturer’s instructions (Santa Cruz Biotech
nology). Briefly, cells were treated with control and KLF9 siRNA for 48 h 
using standard lipofectamine reagent (Santa Cruz) and later harvested 
for confirming at protein and transcript level with KLF9 specific primers 
(37716-PR) and our internally designed primers and KLF9 specific 
antibody (sc-376422). 

Generation of SID decoy peptide 

PF1-SID and PF1 scramble (SCR) peptides were commercially syn
thesized (BioSynthesis, Inc) to a purity level of 95%. SID peptide consists 
of TAT (underlined) sequences followed by N-terminal SID region of PF1 
protein (YGRKKRRQGGGQLRRPFELLIAAAMERNPTQ). SCR peptide in 
addition to TAT peptide has the following sequence: 
(YGRKKRRQGGGRLFMQLELRATPAEAPINQR). A similar peptide of 
MAD-SID sequence was previously shown to be rapidly delivered to 
nuclei of breast cancer cells [11]. 

Quantitative real-time PCR 

RNA was isolated using RNeasy Plus Mini Kit (Qiagen), and cDNA 
was prepared using Superscript First Strand Synthesis System for RT- 
PCR Kit (Biorad) following manufacturers’ instructions. Quantitative 
real-time PCR was performed using manufacturers’ instructions for SSO 
advanced SYBR green kit (Biorad) on ABI-qPCR system using equal 
amount of template (50–100 ng cDNA) per reaction. Obtained values 
were normalized to housekeeping gene (RPL30) and are presented as 
fold differences over control using the ΔΔCt method for relative quan
tifications. Each comparison was made using triplicate reactions and in 
at least 3 independent experiments. P-values were calculated using 
Student’s t-test. Primer sequences for different analyzed genes are 
described in detail in (SI Table 1). 

Proximity ligation assay (PLA) assay 

PLA assay in MDA-MB-231 PCMV and PF1-SID was carried out as 
described by Bansal et al[11]. 

Western blot analysis 

Cell lysates were obtained using ice-cold Immunoprecipitation lysis 
(IP) buffer, supplemented with proteinase inhibitor (Thermo Fischer 
Scientific Pierce), 10 mg/mL PMSF, phosphatase inhibitors sodium 
orthovanadate (100 mM) and sodium fluoride (100 mM). Protein 
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concentration was determined using BCA kit (Pierce) and 30 μg of 
protein from each cell lysate was analyzed according to standard SDS/ 
PAGE and Western immunoblotting protocols with specific primary 
antibodies. β actin, GAPDH or tubulin antibodies were used as loading 
control. For KLF9 detection, we used 50 μg of protein for loading due to 
its low basal expression level in the cell lines used for study. 

Coimmunoprecipitation assay 

Sub confluent cultures of cells were harvested and lysed in IP lysis 
buffer supplemented with protease inhibitor cocktail as described 
above. Total protein (1–2 mg) from each sample was immunoprecipi
tated with antibody amounts as suggested in the manufacturer’s data
sheets. Briefly, immunoprecipitated proteins were collected using 40 μl 
of protein A/G agarose beads and each immune precipitate was washed 
thrice with ice cold RIPA buffer and eluted with 2X loading dye, frac
tionated on SDS/PAGE. Immunodetection was done with anti-SIN3A, 
PF1, KDM5A/B and KLF9 antibodies at a dilution of 1:1000 (listed in 
SI Table 3). For each immunoprecipitation 10% of input lysate and 
normal mouse IgG were used as internal control. 

Three-dimensional (3D) cell morphology studies 

3D cell culture assays were performed in 24-well plates (Thermo 
Fisher Scientific, Inc.) with 400 µl/well of Matrigel™ Matrix Growth 
Factor Reduced (BD Biosciences). Cells were suspended in complete 
medium supplemented with 2% Matrigel™, plated at a density of 1 ×
103 for 4T1 and 3 × 103 cells/well for MDA-MB-231 and MDA-MB-157 
cells respectively and incubated at 37◦C for 5–12 days. A fresh layer of 
complete medium supplemented with Matrigel™ was added following 2 
days of incubation, and the medium was replaced every 48 h with fresh 
DMEM medium supplemented with 2% Matrigel. Colonies formed after 
5–7 days were monitored daily and images were captured under phase 
contrast microscope (Nikon TS100 inverted phase contrast microscope). 

Transwell migration, invasion and cell adhesion assays 

Cell migration assays were performed in transwell chambers (Corn
ing Life Sciences, Manassas, VA, USA) as described with some modifi
cations [27]. Cells were seeded (5 × 104 cells/insert) in serum-free 
medium (SFM) (3 Transwells per treatment). Complete culture me
dium was added to the lower wells as chemoattractant, treated and after 
24 h of incubation processed as described [27]. Images of migrated cells 
(8 images/insert) were captured with ECLIPSE E600 microscope (Nikon 
Corporation, Tokyo, Japan). Similar procedure was used for invasion 
assays except the membranes were coated with a layer of Matrigel™ 
Basement Membrane Matrix (3D culture RGF reduced from R&D), and 
the seeding density was 5 × 105 cells/insert. For quantitation of 
migrated and invaded cells, the bound crystal violet was eluted by 
adding 400 μL of 33% acetic acid into each insert and shaking for 10 
min. The eluent from the lower chamber was transferred to a 96-well 
clear microplate and the absorbance at 590 nm was measured using 
SpectraMAX 340 pc (Molecular Devices) plate reader. For cell adhesion 
assay PCMV, PF1-SID and PF1-SID mut cells were dissociated and plated 
on laminin-coated wells. Cells were photographed at various time 
points. At the end of 24 h, adherent cells in PCMV, PF1-SID and PF1-SID 
mut were stained with crystal violet, dissolved with 2% SDS, and 
quantified spectrophotometrically at 590 nm using a SpectraMAX 340 
pc (Molecular Devices) plate reader. Results show relative adhesion 
measured after subtracting the background absorbance from all values 
in three independent biological replicates. 

Immunofluorescence 

MDA-MB-231 or 4T1 cells were cultured in 8-well chambers (BD 
Biosciences) and fixed with 4% paraformaldehyde/PBS for 15 min at 

room temperature. For 3D cultures cells were seeded (4 × 103 cells/ 
well) in quadruplicate onto Matrigel (R&D, cultrex) in 8-well culture 
slides as described by Farias et al. [4]. Confocal microscopy was per
formed using a Leica SP5 confocal microscope. Colony morphology was 
determined by phase contrast microscopy (Nikon TS100 inverted phase 
contrast microscope) and later captured on ECLIPSE E600 microscope 
(Nikon Corporation, Tokyo, Japan). Cells were stained with respected 
antibodies as listed in the figures and the dilutions and antibodies used 
are listed in the supplementary table (Supplementary table 3 SI Table 3). 

SA-β-gal assay 

Sub confluent cultures of PCMV and PF1-SID cells were serum 
starved for 48 h and processed according to manufacturer’s protocol 
(Bio-vision SA-beta gal Kit). The percentage of SA-βGal-positive cells 
was quantified using ECLIPSE E600 microscope (Nikon Corporation, 
Tokyo, Japan). At least 200 cells were counted per sample in triplicates 
and results were plotted from three independent biological replicates. 

Immunohistochemistry 

IHC was performed on paraffin fixed tumor sections as previously 
described. The slides were incubated with antibody directed against 
ITGB1, Ki67, CDH1, γ-H2AX and p16. The slides were processed as 
described by Farias etal [4]. 

RNA extraction and RNA-Seq 

RNA was extracted in biological triplicates from PCMV and PF1-SID 
cells (n = 3) as described earlier as per manufacturer’s instructions 
(RNesasy Plus mini kit from Qiagen). Libraries were prepared using the 
Illumina TruSeq Stranded mRNA Library Kit according to the manu
facturer’s instructions. Libraries were sequenced (paired end, 75 base 
reads each) on Illumina Next-Seq High-output platform. 

RNA-seq data processing and analysis 

Assessment of quality of the raw RNA-seq reads was carried out using 
FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fast 
qc/). The paired end read were then aligned to the human reference 
genome (hg38) using STAR aligner (version 2.5.1a) allowing up to 3 
mismatches [28]. The mapped reads were then counted using Feature 
Counts. Raw read counts from three independent biological replicates 
from PCMV and PF1-SID samples (n = 3) were subjected to differential 
gene expression analysis using DeSeq2 [29]. For generating heatmap 
representing top expressed genes, mitochondrial genes were removed, 
and the reads were normalized to obtain transcript per million (TPM) 
values and log2(TPM) was plotted. 

Chromatin immunoprecipitation 

Stably transfected cells or cells treated with the peptide were cross- 
linked, washed, and lysed according to protocol (EZ-ChIP; Millipore 
17–371) followed by chromatin sonication using Qsonica bioruptor with 
power setting of 50 and 30 cycles of 30 s on/off. Extracted DNA samples 
from control and test groups (the input sample and ChIP DNA samples) 
were used for qPCR amplification using primers specific to promoter 
fragments of the integrin α6 and integrin β1 genes and control primers. 
Control primers (EZ-ChIP 22–004; Millipore) for the human GAPDH and 
CDH1 gene were used as an internal and positive control. ITGB1 pro
moter regions were identified (with data from the University of Cali
fornia, Santa Cruz, Genome Bioinformatics website, http://genome. 
ucsc.edu); five different primer pairs were designed for the promoter 
region of the ITGB1 gene using the Primer 3 program (SimGene.com). 
Primer sequences that were used to amplify the ITGB1 and ITGA6 gene 
promoter (with position numbers relative to the transcription start site) 
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are shown in schematic of (Fig. 5) and sequences used are listed in (SI 
Table 2). 

In vivo studies 

BALB/c and BALB/nu female mice (8 weeks old) were purchased 
from the Jackson Laboratory/Charles River Laboratories and main
tained under specific pathogen-free (SPF) conditions. All experiments 
were carried out according to IACUC guidelines. 0.5 × 104 4T1 and 2.5 
× 106 MDA-MB-231 cells stably transfected with pCMV-3XFlag or 
pCMV-3XFlag-PF1-SID vectors were resuspended in serum free RPMI 
medium and were inoculated in interscapular space of BALB/c or BALB/ 
c nude mice respectively. The size of the tumors from each animal were 
recorded every 2 or 3 days until the tumors reached 1000mm3 in control 
groups for 4T1 or 500mm3 for MDA-MB-231 cells. At this stage, the 

tumors were surgically removed and later the animals were followed for 
another 1 month. Metastatic dissemination was evaluated by dissecting 
the lungs from sacrificed mice and inspecting the Bouin-fixed (Sigma) 
lung surface for lesions using a stereoscope (Nikon SMZ800 stereoscope 
X3 to X5). Tumor volumes were calculated as ellipsoids (Dxd2 /2) by 
measuring the main diameter (D) and the smaller diameter (d) and 
plotted versus time (days). In another pilot experiment, 0.5 x 10410 
PCMV 4T1 cells and 2.5 × 104 PF1-SID cells were orthotopically injected 
into the inguinal mammary gland of Balb/c mice (n = 11 for PCMV and 
n = 14 for PF1-SID). The experiment was stopped when tumors in the 
control group reached ~1000 mm3, then, the mice were sacrificed, tu
mors were isolated for counting tumor volume and lungs were fixed with 
bouin’s to count lung metastatic nodules. 

Fig. 1.. PF1-SID overexpression disrupts 
interaction of SIN3A with the protein com
plex containing PF1, MRG15 and KDM5A/B 
and inhibits EMT and invasive phenotype. 
(A) Representative image of Proximity ligation 
assay (PLA) of SIN3A/PF1 interaction. Red dots 
represent the presence of SIN3A:PF1 in
teractions. Scale bar: 25 μM. Quantification is 
then reported as relative to PCMV biological 
controls within a given experiment. Bar graph: 
nuclear red dots as marked by arrows (sites of 
interaction) plotted as signal per cell; ** p <
0.05. (B) Protein lysates of MDA-MB-231 cells 
stably expressing PF1-SID, PF1-SID mutant or 
vector alone were immunoprecipitated and 
immunoblotted with indicated antibodies. 
Input corresponds to 10% of the total protein 
used for immunoprecipitation. Inhibition of 
interaction (relative to PCMV) is shown below 
each blot as analyzed by densitometric analysis 
(C) Phase contrast images of MDA-MB-231 cells 
showing morphology of overexpressing PF1-SID 
compared to vector alone (PCMV) at low den
sity. Magnification: 200x. (D) Western blot 
analysis of the expression of CDH1, β-catenin 
and vimentin in PF1-SID cells as compared to 
vector alone. Tubulin expression was used as 
loading control. (E) Representative experiment 
of 24 h migration and invasion assays per
formed with PCMV, PF1-SID and PF1-SID mut 
cells. Magnification: 200x. Right panel repre
sents the quantification of migration and inva
sion assays from at-least 4 different replicates.   
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Statistical analysis 

To ensure reproducibility, in-vitro experiments were repeated at 
least three times unless otherwise indicated. Data were expressed as 
means ± SDs from at least three independent experiments. Unpaired t- 
test was used when the results from two groups were compared. Where 
shown, P-values were calculated using the unpaired Student’s t-test, 
Mann–Whitney, or one-way ANOVA analysis as indicated. A P value of <
0.05 was considered significant. 

Results 

Disrupting the SIN3A/PF1 interaction inhibits EMT, migration and 
invasive phenotype in TNBC cells 

We stably expressed PF1-SID domain of PF1 (PF1-SID) or a mutant 
form of PF1-SID (PF1-SID mut) in human MDA-MB-231, MDA-MB-157 
and mouse 4T1 TNBC cell lines as described in Materials and methods 
section (2.2). Following generation of stable breast cancer cell lines, we 
confirmed transgene expression by quantitative PCR (qPCR) and 
immunofluorescence (IF) analysis of the Flag tag (Fig. SF1B) and showed 
by proximity ligation assay (PLA) and coimmunoprecipitation the in
hibition of SIN3A/PF1 association in MDA-MB-231 cells (Fig. 1A&1B). 
Coimmunoprecipitation assay also showed reduced association between 
SIN3A and PF1 complex members KDM5A/B and MRG15 (Fig. 1B). Cells 
transfected with a PF1-SID single amino acid substitution mutant (PF1- 
SID mut) that is incapable of interacting with SIN3A PAH2 [26] showed 
no inhibition of PF1/SIN3A interaction confirming that an intact 
PF1-SID motif is indispensable for disrupting the interaction (Fig. 1B). 
Inhibition of SIN3A/PF1 was shown in another human MDA-MB-157 
cell line and in mouse 4T1 PF1-SID cell line (Fig. SF1C&D). When 
grown to low density, MDA-MB-231 cells expressing PF1-SID have 
cobblestone-like appearance (epithelial phenotype) in comparison to 
empty vector cells (PCMV) that have elongated fibroblast-like 
morphology (mesenchymal phenotype) (Fig. 1C). Consistent with 
these morphological changes we found that expression of CDH1 is 
upregulated while β-catenin and Vimentin expression is downregulated 
in PF1-SID cells. (Fig. 1D). These results correspond to our previous 
observations using MAD1-SID peptide, suggesting that PF1-SID medi
ated disruption also reverse EMT phenotype [11,30]. These results show 
that PF1-SID overexpression can disassemble and functionally block the 
interaction of SIN3A with PF1 and its chromatin modifying complex 
partners and partially reprogram the EMT phenotype. Consistent with 
the role of SIN3 paralogs in regulating cell migration [31,32] using 
Boyden chambers we tested these genetically modified MDA-MB-231 
cells for their ability to migrate. Migration of PF1-SID expressing cells 
was reduced compared to PF1-SID mut cells and PCMV (Fig. 1E; upper 
panel). The reduced ability of PF1-SID cells to migrate was confirmed in 
a wound healing assay using MDA-MB-231, MDA-MB-157 and 4T1 
PF1-SID cells and MDA-MB-231 cells treated with 2.5 μM of 
TAT-PF1-SID peptide for 72 h, showing that elevated levels of PF1-SID 
effectively reduced migration in three different breast cancer cell lines 
(Fig. SF2A-D). We next tested whether invasion of cells through Matrigel 
is also impeded by the presence of PF1-SID and found that, like migra
tion, invasion was also inhibited by PF1-SID (Fig. 1E; lower panel). 
Similar findings were observed with 4T1, MDA-MB-157 cells stably 
overexpressing PF1-SID and MDA-MB-231 cells treated with 
TAT-PF1-SID peptide for 72 h (Fig. S2A&B). 

PF1-SID overexpression inhibits gene sets and pathway related to migration 
and invasion 

Since SIN3A and PF1 are known global transcriptional regulators, to 
identify gene sets and specific pathways they regulate upon over
expression of PF1-SID specific domain in MDA-MB-231 cells, we con
ducted an unbiased test of gene expression profile using RNA 

sequencing. We chose to extract RNA from 3D colonies in Matrigel 
because they are the best in vitro representation of malignant growth for 
transcriptomic analysis. Prior to extracting the RNA, we first tested the 
effect of PF1-SID on the morphology of the 3D colonies and found that 
while the majority (85%) of 3D colonies formed by parental (PCMV) 
cells were large and, as indicated by their star-like shape (invasive), the 
majority (70%) of colonies formed by cells expressing PF1-SID were 
small and round with smooth edges (non-invasive). PF1-SID mut also 
resulted in formation of high invasive colonies as compared to cells 
expressing intact PF1-SID (Fig. 2A). Similar results were obtained in 
control and PF1-SID expressing MDA-MB-157 and 4T1 PF1-SID cells 
respectively (Fig. S3A, left panel) and in MDA-MB-231 cells treated with 
2.5 μM of PF1-SID peptide for 72 h (Fig. S3A, right panel). Immuno
fluorescence analysis on 3D colonies formed by PF1-SID cells showed 
reduction in the expression vimentin, ILK and TNC (markers related to 
invasion), Ki67 (marker of proliferation) and γ-H2AX (DNA damage 
maker) (Fig. 2B). These profound phenotypic changes in 3D culture 
corresponds to reduced invasion and migration observed under 2D 
conditions and provided good starting base point for studying gene 
expression profile signatures perturbed upon PF1-SID overexpression. 
Differential gene expression analysis of 26,485 profiled transcripts using 
DESeq2 revealed that 887 and 797 genes were, respectively significantly 
upregulated and downregulated, in the PF1-SID group (Fig. 2C). Top 50 
differentially expressed upregulated and downregulated genes as shown 
in the heat map revealed that PF1-SID overexpression significantly 
modulated several genes (Fig. 2D). We further validated by qRT-PCR 
few top up- (LHX8) and down-regulated genes (MAGEA3) as well as 
for genes with intermediate fold change differences (± 3–7 log fold) 
(Fig. 2E). Notably, upregulated genes LHX8, VWA5FA and PADI4 are 
mainly involved in inhibition of tumorigenesis while downregulated 
genes MAGEA3, MMP1, CDH11 and PTGS2 are known for promoting 
invasion and migration (Fig. 2E). Using ENRICHR program for pathway 
analysis we show that the most significant transcriptomic changes are 
associated with pathways related to: (i) regulation of cell migration, (ii) 
cell adhesion, (iii) ECM-receptor interaction, (iv) cytokine mediated 
signaling and (v) pathways in cancer (Fig. 2F and SI Table 1). Most of the 
downregulated genes in PF1-SID are associated with positive regulation 
of invasion and migration (Fig. 2G). Similar gene subset was also 
investigated in MDA-MB-231 PF1-SID grown under 2D conditions, and 
we observed similar trend of expression profile except for PADI4 and 
VWA5A that show downregulation in PF1-SID cells instead of upregu
lation (Fig. S3B). 

Although pathway analysis revealed several genes of potential 
importance for migration, for example MAGEA3, MMP3 and PTGS2 our 
previous work also suggested that the expression of Integrin α6 (ITGA6), 
an important integrin in breast cancer malignancy, including in migra
tion, might be modulated by the SIN3A-PF1 complex, compelled our 
current focus. We previously found that in MAD1-SID cells, the 
H3K4me3 activation signal is decreased on the promoters of ITGA6 and 
Integrin β1 (ITGB1) [11]. Our unpublished data, in which we used 
ChIP-seq analysis, showed loss of H3K4me3 activation mark from ITGB1 
gene upon MAD1-SID peptide treatment (data not shown). We now 
tested the expression of IGTA6 and ITGB1 subunits (known to be over
expressed in TNBC cells) and crucial for promoting invasion and 
metastasis [21] and found reduced level of both proteins in PF1-SID cells 
(Fig. 3A). We next tested whether reduction in ITGA6 and ITGB1 level 
causes a reduced activation of the integrin downstream signaling 
cascade and we found that integrin linked kinase (ILK); a kinase 
involved in phosphorylation of GSK-3β that regulates β-catenin, as well 
as p-GSK3β were significantly reduced in PF1-SID cells. Integrin 
signaling component like phosphorylated FAK, ERK1/2, and SRC, 
RAC1/2/3, CDC42, RHOA and ITGB4 expression were also inhibited in 
PF1-SID (Fig. 3B &S2E) suggesting that lowering the integrin level has a 
profound effect on its function. 

Since α6β1 is one of at-least 3 recognized laminin receptors, which 
participate in cell adhesion and spreading [25] we tested whether this 
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function is also affected by PF1-SID overexpression. We found that while 
the PCMV cells were able to attach and spread within 24 h of cell seeding 
onto laminin coated plates, the PF1-SID expressing cells seeded onto 
laminin coated plates hardly adhere and spread poorly, such that 24 h 
post plating only ~13% of the cells remains attached to the plate as 
compared to PCMV. The mutant PF1-SID cells (negative control) spread 
efficiently as the compare to cells with intact PF1-SID. (Fig. 3C). We also 
found that treatment of the parental MDA-MB-231 cells for 24 h with the 
membrane penetrating TAT-PF1-SID peptide, reduced both the tran
script and the protein level of the α6 and β1 integrin subunits, while 
control peptide (TAT-PF1-SCR) was ineffective (Fig. 3D&E). When 
PF1-SID peptide was washed out, the level of integrins rose and the 
migratory phenotype was also reversed (Fig. 3F), indicating that the 

level of Integrin α6 and β1 is controlled by the intact and continuously 
present SIN3A-PF1 complex. 

KLF9-SIN3A interaction is enhanced in PF1-SID overexpressing cells 

A genome wide analysis of genes regulated by KLF9 identified KLF9 
as a transcriptional repressor and regulator of important oncogene 
related pathways [17,33]. The level of KLF9 in breast cancer tissue was 
shown to be lower than in normal tissue and its overexpression was 
shown to block invasion [34]. The genome wide analysis revealed 
ITGA6 as a gene regulated by KLF9 [19]. Since KLF9 is a SID containing 
protein and is known to interact with SIN3A via its PAH2 domain, we 
examined the status of interaction of SIN3A with KLF9 in PF1-SID 

Fig. 2.. PF1-SID downregulates invasive 
phenotype and pathways in 3D culture. 
(A) Phase contrast of colony morphogenesis of 
MDA-MB-231 cells expressing PCMV, PF1-SID 
and PF1-SID mut cells cultured in 3D Matri
gel. Lower panel shows quantification of inva
sive (blue; long extending protrusion), and non- 
invasive (gray; smooth and few extending 
protrusions) colonies formed by PCMV, PF1- 
SID and PF1-SID mut cells, respectively. Error 
bar represents ± S.D. ** p <0.01 and * p <
0.05; unpaired t-test. (B) Confocal images of 
colonies formed by PCMV and PF1-SID cells 
stained with specific antibodies as listed in the 
figure. Nucleus is counterstained with DAPI 
stain (blue). Scale bars: 50 µm except for ILK 
for which scale bar: 100 µm. (C) Volcano plot of 
RNAseq results depicting differentially 
expressed genes between PCMV and PF1-SID as 
analyzed by DeSeq2. (D) Heatmap showing 
expression of top 50 differentially expressed 
upregulated and downregulated genes in each 
of the individual samples (n = 3) from PCMV 
and PF1-SID group. The scale represents log2 of 
transcript per million plus one (TPM +1) 
expression values. We removed MMP1 from the 
heatmap due to its extremely high expression 
values in the PCMV samples. (E) qRT-PCR for 
validation of genes that were differentially 
regulated in PF1-SID overexpressing cells 
cultured on 3D basement membrane. Expres
sion of various genes is plotted as fold change 
in mRNA expression relative to empty vector 
control PCMV. RPL30 gene is used as internal 
loading control. Error bars represent ± S.D 
from three independent biological replicates. 
*** represents p-value < 0.001; ** represents 
p-value <0.01 and * represents p-value < 0.05; 
unpaired t-test. (F) Distribution of biological 
processes predicted to be modulated in PF1-SID 
cells based on gene expression profiling. Pro
cesses are arranged according to statistical 
significance, from lowest to cyan highest as 
analyzed by Enrichr Appyter program. (G) List 
of genes with log2 fold change values down
regulated in PF1-SID cells are shown known for 
regulating cell migration processes.   
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expressing cells. Using CoIP assay we showed that MDA-MB-231 cells 
expressing the PF1-SID peptide show a 2.5-fold increase in association 
between KLF9, SIN3A and HDAC2 (Fig. 4A). A short, 24 h treatment 
with 5 μM of PF1-SID peptide, but not with scrambled peptide, produced 
a 4.6-fold increase in KLF9 and SIN3A association, which was lost upon 
peptide washout (Fig. 4B). The peptide treatment/washout results 
indicate that the KLF9/SIN3A interaction is reversible and that persis
tent elevation of KLF9 binding with SIN3A requires continuous disrup
tion of PF1-SIN3A complex. 

Increased recruitment of KLF9/SIN3A/HDAC complex onto ITAG6 and 
ITGB1 promoter in PF1-SID cells 

To query a possible role of SIN3A PAH2 domain function in medi
ating repression of ITGA6 and ITGB1 we used ChIP assay and found that 
expression of PF1-SID in breast cancer cells results in concomitant 
recruitment of KLF9, SIN3A and HDAC2 to the promoter regions of 
ITGA6 and ITGB1 genes, as shown in the schematic (Fig. 5A&B). The 
recruitment of KDM5B, a histone demethylase and component of PF1 

complex was increased in PF1-SID cells while the recruitment of the 
activation mark H3K4 trimethylation (H3K4me3) was decreased to 
~80% and ~60% in the promoters of ITGA6 and ITGB1, respectively 
(Fig. 5A&B right panel). A promoter of a CDH1 gene, which we previ
ously shown to be activated by the disruption of the SIN3A complex, an 
effect which we showed to be linked to reversal of EMT [4] showed 
increased H3K4me3 binding (Fig. S4A). PF1-SID peptide treated 
MDA-MB-231 cells had similar enrichment for KLF9, SIN3A, HDAC2 and 
KDM5B on the ITGA6 promoter (Fig. S4B). 

Knockdown of KLF9 relieves repression of integrins genes (ITGA6 and 
ITGB1) 

To directly link KLF9 to downregulation of ITGA6 and ITGB1 
expression, we transiently knocked down KLF9. Knockdown of KLF9 was 
confirmed at both transcript and protein level in MDA-MB-231 PCMV 
and PF1-SID cells (Fig. 6A &B). Reduction of KLF9 expression by siRNA 
coincided with significant increase in ITGA6 and ITGB1 expression in 
PF1-SID cells. As expected, control siRNA did not significantly modify 

Fig. 3.. Continuous blocking of SIN3A-PF1 
interaction prerequisite for inhibiting inva
sive and migratory phenotype. (A&B) West
ern blot showing expression of integrin α6, β1 
and ILK in PCMV and PF1-SID MDA-MB-231 
cells.and value written at the bottom indicates 
the fold activation or repression in PF1-SID cells 
compared to PCMV analyzed by densitometric 
analysis. (B) Western blot of indicated proteins 
regulated by integrin signaling in PCMV and 
PF1-SID cells. GAPDH and tubulin were used as 
loading control. (C) PCMV, PF1-SID and PF1- 
SID mut cells were coated onto laminin-coated 
culture substrata for 24 h. Cell adhesion was 
evaluated by phase-contrast microscopy by 
taking photographs at 0 h and 24 h time point; 
Magnification 200x. At the end of 24 h, cells are 
dissolved in acetic acid and absorbance was 
measured for crystal violet-stained cells. Bar 
graph represents the quantification of average 
absorbance for PCMV, PF1-SID and PF1-SID 
mut cells. (D&E) qRT-PCR and western blot 
analysis for quantification of transcript and 
protein levels of ITGA6 and ITGB1 in cells 
treated with 5 μM of PF1-SID peptide for 24 h 
followed by 24 h wash. RPL30 and GAPDH 
were used as internal control for qRT-PCR and 
western blot assay, respectively. (F) Migration 
assay of cells treated with PF1-SID peptide for 
24 h followed by wash. Magnification: 200x. 
Right panel represents bar graph for quantifi
cation of migration. All experiments were per
formed in triplicates. Error bars represents 
mean ± SD. * p < 0.05 and ** p < 0.02.   
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the PF1-SID effect on ITGA6 and ITGB1 (Fig. 6C). A similar effect was 
observed at the level of protein; KLF9 knockdown increased the integrin 
protein level in PF1-SID cells while no significant change was observed 
in PCMV KLF9-siRNA transfected cells (Fig. 6D). 

We next tested whether knockdown of KLF9, possibly via its upre
gulation of integrin expression, will increase invasion. We chose to 
examine it in 3D colony formation assay in matrigel because we previ
ously showed (Fig. 2A) that PF1-SID is very effective in blocking inva
sion under these conditions. KLF9-siRNA strongly increased the number 
and size of invasive colonies formed by PF1-SID cells in matrigel; control 
siRNA has no effect on colonies grown in 3D matrigel (Fig. 6E). 
Knockdown of KLF9 with siRNA in PF1-SID cells increased invasion and 
migration while control siRNA in PF1-SID expressing cells did not 
interfere with the PF1-SID mediated inhibition of migration while PCMV 
cells treated with KLF9 siRNA showed increased invasion (Fig. 6F&G). 
This observation is consistent with the role of KLF9 in inhibiting 
invasion. 

Anti-tumor effect of PF1-SID overexpression- role of cellular senescence? 

The anti-tumor effect of PF1-SID was measured in vivo by subcu
taneous implantation of MDA-MB-231 PCMV and PF1-SID expressing 
cells in Balb/c and Balb/c nude mice respectively. Compared to PCMV 
cells, which in 45 days produced tumors with mean volume of 400mm3, 
the PF1-SID expressing cells , during the same time formed barely 
detectable tumor (~95% volume reduction) (Fig. 7A). A similar tumor 
growth inhibition (more than 90%) was observed when 4T1 control cells 
were compared to PF1-SID expressing cells inoculated into immuno
competent Balb/c mice (Fig. 7B). Concordant with the reduced tumor 
growth we observed reduction in lung metastasis (Fig. 7A&B; right 
panel). However, we could not conclude if this observed reduction is due 
to poor formation of tumors by PF1-SID cells or real inhibition of cancer 
cell dissemination and requires detailed investigation. Additionally, 
orthotopic injection of 4T1 cellsexpressing PCMV (n = 11) and PF1-SID 
(n = 14) showed significant reduction in tumor growth and incidence of 
lung metastasis indicating that PF1-SID overexpression indeed leads to 

reduction in tumor growth and lung metastasis irrespective of primary 
injection site (Fig. 7C). In accordance with our findings, that PF1-SID, 
via KLF9 regulation, controls integrin α6 and β1 expression, we also 
found that the expression of integrin β1 is significantly reduced in PF1- 
SID tumor sections in MDA-MB-231 PF1-SID cells (Fig. 7D and 
Fig. SF5A). The 4T1 PF1-SID tumor sections had increased CDH1 (E- 
cadherin) protein while Ki67 expression was decreased and show 
reduction in size of metastatic foci formed in lungs (Fig. 7E&F and Fig 
SF5B&C). 

Reduction of proliferation (reduced Ki67) and increased CDH1 might 
affect tumor mass but as previous reports [38,39] suggested that SIN3 
and PF1 might be regulating senescence, we tested whether senescence, 
as defined by increased β-gal (SA-β-gal) expression, was responsible for 
the observed reduction in tumor growth. We found that MDA-MB-231 
PF1-SID cells grown in 2D and 3D conditions showed elevated 
SA-β-gal expression both conditions (Fig. 8A). MDA-MB-157 and 4T1 
PF1-SID cells or MDA-MB-231 cells treated with 2.5 μM of PF1-SID 
peptide for 72 h also showed a marked increase in SA-β-gal expression 
(Fig. S6A). Moreover, senescence associated genes (IL-6, IL-1α, IL-1β and 
Gro-α) were also upregulated in MDA-MB-231 PF1-SID cells (Fig. 8B). 
Nucleolar protein NPM1 implicated in suppression of senescence was 
also downregulated in PF1-SID cells at both transcript and protein level 
(Fig. 8C and Fig SF5D). 

Because it is difficult to reliably stain fixed tumor section for β-gal, 
we used 2 accepted markers of senescence, p16INK4a (a tumor suppres
sor) and γ-H2AX (a phosphorylated form of histone H2AX isoform which 
marks DNA damage). The expression of both markers was increased in 
tumors formed by MDA-MB-231 PF1-SID expressing cells suggesting 
that senescence might contribute to tumor growth inhibition (Fig. 8D 
and Fig. SF5E&F). 

Mechanism of anti-tumor effect of PF1-SID; the role of cancer stem cells 
(CSCs) 

Induction of senescence and/or apoptosis and inhibition of prolif
eration are important mechanisms in reducing overall tumor mass, but 

Fig. 4.. KLF9-SIN3A interaction is enhanced in PF1-SID overexpressing cells. 
(A) IP-immunoblot analysis of MDA-MB-231 cells expressing PF1-SID or vector alone were, immunoprecipitated with indicated antibody and probed with anti-SIN3A 
antibody. Input corresponds to 10% of the total protein used for immunoprecipitation. (B) CoIP assays in MDA-MB-231 cells treated for 24 h with PF1-SID peptide 
and washed for 24 h and immunoprecipitated with anti-KLF9 and anti-PF1 antibodies and probed with anti-SIN3A. 10% of input was used as internal control and IgG 
antibody was used as negative control in all experiments. Values at the bottom of IP blots corresponds to densitometric analysis and represent fold activation or 
repression in case of PF1-SID as compared to PCMV. 
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they cannot eliminate the tumor formation and prevent it from 
regrowing. It is currently believed that to accomplish this, cancer stem 
cells (CSCs) need to be eliminated. To test whether in vivo PF1-SID 
might target stem cells, we focused our gene expression analysis of 
tumor sections on stemness and invasion-related genes. qRT-PCR of RNA 
from MDA-MB-231 PCMV and PF1-SID xenografts tumors showed 
downregulation of invasion and stemness related genes in PF1-SID tu
mors while expression of CDH1, linked to reversion of EMT, was 
increased (Fig. 9A). Gene expression profile of transcript from 4T1 PF1- 
SID cells formed tumors also showed that CDH1 was upregulated, while 
stemness, invasion and WNT target genes were significantly down
regulated, except for Tenascin C (Fig. 9B). We examined the functional 
significance of the decreased expression of stemness genes by analyzing 
mammosphere formation ability of MDA-MB-231 and 4T1 PF1-SID cells 
that were used for in vivo inoculation. Both MDA-MB-231 and 4T1 PF1- 
SID cells produced fewer and small size mammospheres (Fig. 9C). We 
then tested whether PF1-SID affects the protein level of cancer stem cell 
markers and we found that the expression of cancer stem cell markers 
Nanog, Sox-2 and Oct-4 proteins linked to stem cell self-renewal, plu
ripotency, and cancer malignancy [35,36] were downregulated in 
mammospheres formed by MDA-MB-231 PF1-SID cells (Fig. 9D). 

Discussion 

Our study shows that disrupting the SIN3A/PF1 interaction in TNBC 
cells, modulates the chromatin modifying complex containing MRG15 
and KDM5A/B, an event that leads to epigenetic reprogramming of 
TNBC cells culminating in reduced cell invasion, diminished tumor 

growth and increased cellular senescence. We further show that in PF1- 
SID cells, KLF9 and components of the PF1 complex (SIN3A/HDAC2 and 
KDM5B), which reside in the regulatory region of ITGA6 and ITGB1 in 
PF1-SID cells (Fig. 5) identify components of pathways responsible for 
these biological effects. Together, these results contribute to a poten
tially new approach to more effective targeted therapies, which might 
extend to the treatment strategies for poor survival of TNBC patients 
[37]. In this regard, epigenetic modifiers are currently being investi
gated as inducers of phenotypic reprogramming of cancer cells and ul
timately as cancer therapies [38,39]. SIN3A chromatin scaffold protein 
has been previously identified as a target that can epigenetically 
reprogram TNBC cells from more basal to a luminal phenotype [4,11]. 

Histone demethylase KDM5B, which is part of the PF1 complex, in
hibits genes involved in inflammatory response, cell proliferation and 
cell adhesion in MDA-MB-231 cell line [40,41]. We previously reported 
that disrupting the interaction of KDM5B with SIN3A results in decrease 
in H3K4me3 signal and enhances binding of KDM5B to the promoter of 
ITGA6 gene [11]. Here, we found that in PF1-SID cells, the H3K4me3 
activation signal is decreased on the promoter of ITGA6 and ITGB1 
genes, critical for regulating invasion and migration pathways. In a 
related study, using ChIP-seq analysis we showed loss of H3K4me3 
activation mark from ITGB1 gene upon MAD-SID peptide treatment 
(data not shown). KLF9, a SIN3A interacting partner, negatively regu
lates ITGA6 expression leading to reduced cell spreading and invasive 
phenotype in the glioblastoma cells [19]. Our ChIP results indicate 
increased recruitment of KLF9 and components of the PF1 complex 
(SIN3A/HDAC2 and KDM5B) upstream of ITGA6 and ITGB1 in PF1-SID 
cells (Fig. 5). Analysis of genome wide binding of proteins using 

Fig. 5.. Disruption of interaction of SIN3A with PF1 enhances formation SIN3A/KLF9/HDAC complex near promoter region of ITGA6 and ITGB1 gene. 
(A&B; left panels) describe schematic presentations of DNA fragment bound by these proteins in chromatin. Different primer pairs used for scanning the binding site 
are labelled as (1–5) to span − 1000 bp region upstream of T.S.S. (A&B; middle panel) ChIP analysis of ITGA6 (A) and ITGB1 (B) gene promoters showing fold 
enrichment for occupancy of KLF9, SIN3A, HDAC2 and KDM5B in MDA-MB-231 PCMV and PF1-SID cells. Isotype antibody was used as background control. (A&B; 
right panel) shown results of qPCR showing fold change in the recruitment of H3K4me3 to the promoter of ITGA6 and ITGB1 corresponding to fold enrichment 
changes occurred in A&B middle panel. Error bars = mean ± SD. * p < 0.05 and ** p < 0.02. Average fold enrichment from three independent experimental data set 
is plotted. 
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ENCODE identified that both ITGA6 and ITGB1 gene show overlapping 
peaks for KLF9, SIN3A and KDMB5B indicating their combined role in 
regulation of these integrins. Further, PF1-SID cells when coated on 
laminin adhered poorly compared to PCMV and mut PF1-SID cells 
(Fig. 3C). 

Oncomine database analysis shows that downregulation of KLF9 
expression in breast cancer is correlated with poor prognosis and 
increased metastasis [17]. In our study, knockdown of KLF9 resulted in 
increased expression of ITGA6 and ITGB1 with subsequent increase in 
migration and invasion in PF1-SID cells (Fig. 6). The ChIP and transient 
knockdown assay showed that KLF9 association with SIN3A is upregu
lated upon PF1-SID overexpression thereby repressing ITGA6 and ITGB1 
at mRNA level as shown in the schematic model (Fig. 10) and on protein 
level. 

In conjunction, we found their downstream pathway proteins are 
also affected in PF1-SID cells. PF1-SID peptide treatment also inhibits 
ITGA6 and ITGB1 expression and increased recruitment of KLF9/SIN3A/ 
HDAC2 and KDM5B onto the promoter of ITGA6. Diminished tumor 

growth and lung metastasis correlated with decreased integrin β1 
expression in PF1-SID xenografts (Fig. 7). These observations are in 
agreement with reduced invasion and migration following inactivation 
of integrins and also with reduced cell spreading in PF1-SID cells. 

Structural studies of the mammalian PAH2 domain show confor
mational heterogeneity enabling SIN3A to regulate its interaction with 
diverse protein binding partners in a context dependent manner [9,26, 
42,43]. We found increased physical association between KLF9 and 
SIN3A in PF1-SID cells whereas short-term PF1-SID peptide treatment 
increased interaction but was reversed upon peptide removal (Fig. 4). 
This suggests that the low affinity interactions between SIN3A PAH2 and 
SID domain proteins are highly dynamic in nature and might allow 
diverse interaction of partner proteins with SIN3A in a range of repressor 
proteins. In this context, the SID domain of KLF9 and KLF11 are quite 
different from the SID of MAD, TGIF1, HBP1 and PF1 in both binding 
affinity to PAH2 and binding orientation [26,44]. Perturbation of SIN3B 
PAH2 interactions with a range of SID containing proteins was studied 
using 3D simulation models. Small molecule, sulfatide mediated 

Fig. 6.. Knockdown of KLF9 relieves 
repression of Integrins genes (ITGA6 and 
ITGB1). (A) qRT-PCR showing transcript levels 
of KLF9 in PCMV, and PF1-SID cells transfected 
with control siRNA and KLF9 siRNA. RPL30 
was used as internal loading control. (B) 
Western blot analysis showing KLF9 expression 
in PCMV and PF1-SID cells transfected with 
control or KLF9 (pool of 3 siRNA) siRNA. 
GAPDH was used as internal loading control. 
(C) Fold change in mRNA expression of ITGA6 
and ITGB1 in PCMV or PF1-SID cells trans
fected with control or KLF9 siRNA. (D) Western 
blotting indicating ITGA6 and ITGB1 protein 
expression levels in PCMV and PF1-SID 
expressing cells with either control or KLF9 
siRNA. GAPDH protein expression was used as 
loading control. (E) Phase contrast images of 
colonies formed on the basement membrane by 
MDA-MB-231 cells stably transfected with 
PCMV or PF1-SID cells treated with control 
siRNA or KLF9 siRNA. Bar graph on the right 
represent the quantification of the invasive 
(blue) and non-invasive colonies (gray) formed 
by each group as mentioned in the graph. 
Magnification: 200x. (F&G) Transwell invasion 
and migration assays evaluating the effects of 
KLF9 knockdown on the cellular motility and 
invasion ability of MDA-MB-231 cells after 24 
h. Magnification: 200x. The bar graphs show 
the number of migrating and invading cells for 
each category of cells (right). Error bars 
represent the mean ± SD from at least 3 ex
periments. Statistically significant data are 
indicated by * for significance at p value <
0.05, ** and ***p < 0.01; unpaired t-test.   
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confirmational changes that reduced the interaction of MAD1 and 
HDAC2 with PAH2 domain of SINB and induced the expression of 
Integrin αV suggesting interaction affinity can be modulated by chang
ing orientation of alpha helix of PAH domains [45]. Importantly, PF1 
contains two binding sites for SIN3A; one interacts with PAH1 via 
PF1-SID2, while the other interacts with PAH2 through PF1-SID1 [14]. 
Additionally, it has independent binding site for MRG15, a known 
epigenetic modifier [46]. PF1-SID1 binds PAH2 directly via its amphi
pathic alpha helix with nanomolar affinity and is known to induce 
structural changes in PAH2 [14]. The blocking of PF1 interaction with 
SIN3A PAH2 domain may facilitate the binding of SIN3A PAH1 to 
PF1-SID2 and enhanced interaction of KLF9 with SIN3A. However, 
further structural studies are needed to validate this hypothesis and to 
address the kinetics of various SID proteins binding to PAH1 and PAH2 
domains. 

In Drosophila, knockout of Sin3 is shown to promote invasion and 
cell motility [31]. In mammals, Hurst and colleagues described SIN3A as 
a suppressor of breast cancer progression and metastasis. Knockdown of 
SIN3A caused an increase in invasive phenotype and increased meta
static potential of breast cancer cells [32]. Interestingly, our study shows 
that specific targeting of SIN3A (PAH2) domain results in suppression of 
invasion and metastasis related genes. Our transcriptomic analysis upon 
SIN3A-PF1 perturbation in 3D culture system showed significant alter
ation of several genes. Matrix metalloproteases proteins (MMP1 & 
MMP3) known enhancers of invasion and MAGEA3, CDH11, SPOCK, 

PTGS2 and WNT5A, overexpressed in high grade of invasive cancer, are 
all downregulated in PF1-SID cells [47–54]. LHX8 and its family mem
ber LHX6, known to inhibit breast cancer cell proliferation by repressing 
WNT signaling, is the topmost upregulated gene in PF1-SID cells [55, 
56]. Knockdown of TGIF1, another SID containing protein showed 
modulation of EMT, translocation of beta-catenin from nucleus to the 
cytoplasm and inhibition of WNT and invasion target genes [30]. 
Consistent with this, our GO term analysis showed that most biological 
processes, modulated in PF1-SID cells, include regulation of cell 
migration, cell adhesion, cell proliferation and extracellular matrix or
ganization (SI Table 1). Further, in 2D, we found pFAK, ERK1/2 kinase 
upstream in the integrin signaling are downregulated in PF1-SID. This is 
consistent with the activation of these kinase proteins in cohort of 
invasive breast cancer that confirmed high FAK expression is correlated 
with increased risk of recurrence and reduced survival in invasive breast 
cancer [57]. Modulation of these biological processes is also linked with 
EMT in concordance with previously shown role of PF1 in blocking EMT 
and established role of SID decoys in suppressing invasion [11,58]. Here, 
we report that disruption in interaction of SIN3A and PF1 results in 
reversal of EMT, marked by the increased expression of CDH1 and 
reduction in the levels of vimentin and β-catenin (Fig. 1D). 

Senescence can serve as a barrier against cancer progression or may 
promote tumorigenesis in a context dependent manner [59]. Like in 
PF1-SID cells or PF1 SID peptide treated cells (Fig. 8A), knockout of PF1 
in MEFs cells increases senescence-associated β-galactosidase (SA-β-gal) 

Fig. 7.. PF1-SID inhibits primary tumor growth and lung metastatisin vivo. 
(A&B Left graphs) Tumor progression in Balb/nu and immunocompetent mice implanted with human MDA-MB-231 and mouse 4T1 cells expressing PF1-SID (red) or 
PCMV (black). Tumor volumes were quantitated at the indicated time points. ***, p = 0.0005; student’s t-test. (A&B; right graphs) Quantification of lung metastasis 
recovered from Balb/nu mice injected with MDA-MB-231 or 4T1 PF1-SID cells as described in A&B. (C) Tumor progression in Balb/c mice orthotopically injected 
with 4T1 cells expressing PF1-SID and PCMV. Tumor volumes were quantitated at the indicated time points. Day 18, ***, p = 0.0001; p, unpaired t-test. Lungs from 
sacrificed Balb/c mice inoculated as described in (C) were isolated and quantified for the number of metastasis observed. ***, p > 0.001; p, unpaired t-test =. (D) 
ITGB1 expression was detected by IHC in tumor sections of animals implanted with MDA-MB-231 PCMV or PF1-SID cells. (E) Same for CDH1 and Ki67 expression for 
animals implanted with 4T1 PCMV and PF1-SID cells. (F) Representative image of lungs isolated from sacrificed animals injected with 4T1 cells expressing PCMV and 
PF1-SID showing the presence of metastatic nodules. 

R. Kadamb et al.                                                                                                                                                                                                                                



Translational Oncology 16 (2022) 101320

12

activity and nucleolar changes [60]. Sin3B overexpression triggers 
senescence and underscores the contribution of chromatin modifiers in 
tumor progression [61]. As we showed increased SA-β-gal, p16 and 

H2AX in tumor sections produced by implantation of PF1-SID cells, we 
conclude that the reduction in primary tumor growth could be at least 
partially attributed to increased senescence. David and coworkers 

Fig. 8.. PF1-SID overexpression promotes 
cellular senescence. 
(A) Representative pictures of SA-β-gal staining 
for the PCMV and PF1-SID cells in MDA-MB- 
231 cells under 2D and 3D culture conditions. 
Magnification: 200x. (B) Fold change in mRNA 
expression of indicated senescence associated 
gene markers in MDA-MB-231 serum starved 
PCMV and PF1-SID cells. (C; left panel) qRT- 
PCR, measuring fold change in mRNA expres
sion levels of NPM1 in PF1-SID relative to 
vector control. RPL30 gene expression was 
used as housekeeping control. Right panel 
show Immunofluorescence analysis in MDA- 
MB-231 PCMV and PF1-SID cells for staining 
of NPM1 (nucleolar staining) in PCMV and 
PF1-SID cells in 2D conditions. Nucleus was 
counterstained with DAPI. Scale bar: 50 μM. 
(D) IHC for p16 and γ-H2AX expression in 
tumor sections of animals inoculated with 
PCMV of PF1-SID stably overexpressing MDA- 
MB-231 cells. Scale bar: 10 µM.   

Fig. 9.. PF1-SID overexpression inhibits cancer stem cell phenotype. 
(A) Expression of stemness and invasion genes in MDA-MB-231 cell originated tumors as measured by qRT-PCR. (B) Expression of stemness and invasion genes in 4T1 
cell originated tumors as measured by qRT-PCR. Error bars represent the mean ± SD from at least 3 experiments. Statistically significant data are indicated by * for 
significance at p value < 0.05, ** and ***p < 0.01; unpaired t-test. (C) Phase contrast images of mammospheres formed by MDA-MB-231 and 4T1 PCMV and PF1-SID 
cells. Magnification: 200x. Right panel represents quantification of the mammospheres in MDA-MB-231 and 4T1 cells respectively. (D) Western blot showing 
expression of Nanog, Sox-2 and Oct-4 protein in MDA-MB-231, PCMV and PF1-SID cells. Tubulin was used as loading control. 
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reported that PF1 associates with proteins involved in maintenance of 
nucleolar integrity and ribosomal biogenesis. PF1 has been shown to 
interact with NPM1 protein which is overexpressed in tumor cells [60]. 
In addition, increased level of NPM1 is reported to inhibit senescence 
and induce cellular proliferation whereas NPM1 knockdown causes 
structural changes in the nucleolus [62,63]. We found that PF1-SID cells 
have decreased NPM1 expression at both transcript and protein level 
(Fig. 8C). The increase in senescence and decrease in NPM1 expression is 
associated with change in nucleolar morphology as observed in PF1-SID 
cells (Fig. S6B). 

In summary, our findings demonstrated that disruption of PF1/ 
SIN3A-PAH2 interaction suppresses breast cancer progression and 
metastasis. This is in part mediated via inhibition of expression of ITGA6 
and ITGB1 by KLF9 transcription factor that is recruited to their pro
moters along with KDM5B and SIN3A/HDAC complex. Our studies 
highlight that PF1 might serve as a gatekeeper for trafficking SID protein 
binding to PAH2 of SIN3A and has functional role in presentation of 
different regulatory complexes. Blocking the function of PAH2 offers a 
promising targeted therapy approach for inhibiting the invasive 
phenotype in TNBC. 

Conclusion 

In summary we describe the role of SIN3A-PF1-KLF9 interaction axis 
in regulating invasive phenotype in breast cancer. We show that the 
PAH2 domain of SIN3A is a target when it is inhibited from binding to 
sequence specific proteins such as PF1, often overexpressed in TNBC. 
This results in inhibition of tumor growth by inducing senescence and 
blocking cancer cell stemness,invasion and potentially preventing 
metastasis. Epigenetic repression of integrins expression and down
stream pathways results from enhanced binding of KLF9 /SIN3A 
repressor complex to their promoters is demonstrated as a mechanism 
for this profound loss of the invasive phenotype. The precise mecha
nisms that underlie the disruption of interaction of PAH2-SIN3A and PF1 
could be further assessed to develop specific peptides and small mole
cule inhibitors that offer a therapeutic target for preventing TNBC 
recurrence. 
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Fig. 10.. PF1 as a gatekeeper for repression of ITGA6 and 
ITGB1 via SIN3A PAH2 and KLF9: PF1-SID overexpression or 
PF1-SID peptide treatment increases the interaction between 
PAH2 of SIN3A and KLF9 and decreases PAH2 interaction with 
PF1 as indicated in Fig. 4A&B (for clarity increased interaction 
is shown by three purple arrows heads and low interaction is 
shown by one arrowhead). This results in recruitment of KLF9/ 
SIN3A/HDAC2 and histone H3K4me3 demethylase KDM5B 
near the promoter (KLF9 response element) of ITGA6 or ITGB1 
genes. Binding of this chromatin modifying complex induced 
chromatin changes through increased HDAC2, KDM5B and 
reduction in H3K4me3 activation mark thus causing gene 
repression. The ultimate effect of repression of integrins is re
flected as decreased Invasion and migratory phenotype.   
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