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Abstract

Breast cancer (BC) is a highly heterogeneous disease, both at the pathological and molecular level, and several chromatin-
associated proteins play crucial roles in BC initiation and progression. Here, we demonstrate the role of PSIP1 (PC4 and SF2
interacting protein)/p75 (LEDGF) in BC progression. PSIP1/p75, previously identified as a chromatin-adaptor protein, is found
to be upregulated in basal-like/triple negative breast cancer (TNBC) patient samples and cell lines. Immunohistochemistry
in tissue arrays showed elevated levels of PSIP1 in metastatic invasive ductal carcinoma. Survival data analyses revealed
that the levels of PSIP1 showed a negative association with TNBC patient survival. Depletion of PSIP1/p75 significantly
reduced the tumorigenicity and metastatic properties of TNBC cell lines while its over-expression promoted tumorigenicity.
Further, gene expression studies revealed that PSIP1 regulates the expression of genes controlling cell-cycle progression,
cell migration and invasion. Finally, by interacting with RNA polymerase II, PSIP1/p75 facilitates the association of RNA pol
II to the promoter of cell cycle genes and thereby regulates their transcription. Our findings demonstrate an important role
of PSIP1/p75 in TNBC tumorigenicity by promoting the expression of genes that control the cell cycle and tumor metastasis.

Introduction

Breast cancer (BC) is one of the most common cancers and a
leading cause of death in women worldwide. Cellular levels of
various receptors such as estrogen receptor, progesterone recep-
tor and human epidermal growth factor 2 receptor (HER2) are
used as biomarkers, and along with clinical parameters like
tumor size, histological grade and lymph node status, they are

routinely used for BC diagnosis and treatment (1,2). This is com-
plemented by gene signature expression profiling in BC for sub-
type classification and diagnosis (3). Gene expression studies in
patient samples over the past decades have uncovered large sets
of genes, the expression of which is found to be altered during
cancer initiation, progression and metastasis (4,5). For example,
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Abbreviations

BC breast cancer

ChIP chromatin immunoprecipitation
IDC invasive ductal carcinoma
TNBC triple negative breast cancer
TMA tissue microarray

expression of genes involved in key regulatory pathways, includ-
ing chromatin organization, transcription, post-transcriptional
RNA processing and translation, is found to be deregulated in BC
patient samples (6-8).

Transcriptional cofactors/coregulators regulate transcrip-
tion of genes by fine-tuning the interaction of transcriptional
machinery, including RNA polymerase II (RNA pol II) with gene-
specific transcription factors. Transcription cofactors mod-
ify chromatin structure in order to make the associated DNA
more or less accessible to transcription. Examples of transcrip-
tion cofactors include histone-modifying enzymes, chroma-
tin remodelling proteins, mediators and general cofactors that
transmit regulatory signals between gene-specific transcription
factors and general transcriptional machinery (9,10). Recent
studies have reported aberrant expression of transcription
cofactors and chromatin regulatory proteins in BC tissue sam-
ples, and demonstrated the involvement of several candidate
proteins in BC progression and metastasis (11,12). PC4 and SF2-
interacting protein 1 (PSIP1) is a chromatin associated protein
that is shown to act as a transcriptional coactivator as well as
an RNA-binding protein (13). The PSIP1 gene encodes several
alternatively spliced isoforms such as PSIP1/p75 (also known as
LEDGF) and PSIP1/p52 and minor p52 variant. PSIP1/p75 shares
a common 325 amino acids with PSIP1/p52 at the N-terminal
and has a unique Integrase binding domain at its C-terminal.
The integrase-binding domain of PSIP1/p75 plays vital role in
HIV integration and viral replication. On the other hand, the
N-terminal PWWP domain of PSIP1 facilitates its binding to
chromatin (14). PSIP1 was initially identified as an interactor
of the PC4 general coactivator. In addition, PSIP1/p75 has been
reported to interact with several proteins such as the menin/
MLL complex, CtIP, JPO2, PogZ, Cdc7 activator of S-phase kinase
(ASK), HIV1 integrase and MeCP2, and facilitates their associa-
tion to chromatin (15-20). p75 is known to act as a co-activator to
regulate the expression of several stress response genes as well
as the developmentally regulated Hox genes (21-23). A recent
study also demonstrated direct interaction of PSIP1 with poly
A + RNA, implicating its potential involvement in RNA metabo-
lism (24). PSIP1/p52 is known to regulate transcription of Hoxa
genes and also alternative splicing of several pre-mRNAs by
modulating the activity of SRSF1 and other proteins involved in
the pre-mRNA processing (25,26).

In this study, we analyzed the expression of PSIP1 in TCGA
(The Cancer Genome Atlas) RNA-seq data from hundreds of BC
patient samples (n = 633) representing various subtypes. We
found PSIP1 to be expressed at elevated levels in BC samples. We
observed a positive correlation between PSIP1 levels and BC of
basal-like subtype or triple negative breast cancer (TNBC) with
a significant impact on patient survivability. Our gain- and loss-
of-function studies in TNBC cells revealed that PSIP1/p75 acts as
an oncogene. It influenced the tumorigenic properties of basal-
like BC cells by regulating the expression of genes that control
cellular growth and proliferation, cell death and survival and
cellular movement. Based on our results, we propose that in BC
cells, chromatin-associated PSIP1/p75 modulates the expression
of cell cycle genes by regulating the interaction of RNA pol II to
the promoters of these genes.
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Materials and methods

Tumor progression model cell lines

M1 are benign non-tumorigenic MCF10A cells. M2 (MCF10AT1k.cl2) are
H-ras transformed MCF10A cells, isolated from xenografts and pos-
sess extremely low tumorigenic potential. M3 (MCF10CA1lh) and M4
(MCF10CA1la.cl1) cells are derivatives of M2 cells, isolated from tumors
that were xenografted for several generations. M3 cells are highly tumo-
rigenic in nature and form well differentiated tumors in xenografts but
have low metastatic potential. On the other hand, M4 (MCF10CA1la.cl1)
cells are highly tumorigenic (usually form undifferentiated tumors) and
metastatic in nature (27,28).

Cells and culture medium

M1-M4 cells were provided by Dr. Ashish Lal (NCI, NIH) and were authenti-
cated by analyzing the RNA sequencing data of genes deleted or mutated
in M1-M4 cells (see supplementary information). M1-M4 cells were cul-
tured as described previously (27). ME16C, BT20, MDA-MB231, SUM149,
Hs578, HCC1937, MCF7,T47D and SKBR3 were obtained from the ATCC and
maintained as per the recommendations.

Migration and invasion assays

Migration and invasion assays using transwell migration chambers
(Corning, Cat# 354578) and Matrigel invasion chambers (Corning,
Cat#354483) were performed as described previously (29).

Soft agar anchorage-independent and anchorage-
dependent plastic colony formation assays
Anchorage-independent colony formation (5 x 10° cells) and plastic colony

formation (1 x 10° M4 and 2 x 10° HCC1937 cells) assays were performed as
described previously (29).

Microarray and data analysis

Total RNA isolated from control, PSIP1 (both p75 and p52) and p75 depleted
M4 cells were labeled using Illumina TotalPrep RNA amplification kit
(Applied Biosystems). Microarrays were performed usinga HumanHT-12 v4
Expression Bead Chip kit (Illumina) and analyzed with the R/Bioconductor
packages (Lumi.limma). Data is presented in Supplementary Table 2, avail-
able at Carcinogenesis Online (The GEO accession number is GSE99699).

Nascent RNA capture assay
Nascent RNAs were isolated by Click-iT Nascent RNA capture kit
(Invitrogen, Cat # C10365) following the recommended protocol. The nas-
cent transcript levels were quantified by RT-qPCR analyses using exon-
intron junction or exon primer pairs.

Chromatin immunoprecipitation

Chromatin immunoprecipitation using RNA polymerase II (Millipore, Cat
# 05-623) and PSIP1 (Bethyl Laboratories, Cat # A300-848) antibody were
performed as described previously (30). ChIP primers are detailed in
Supplementary Table 3, available at Carcinogenesis Online.

Transcription factor analysis

Combination of sequence motifs and ENCODE ChIP-seq tracks were used
to identify the transcription factors enriched in the promoters of PSIP1
downregulated genes. Common transcription factors for PSIP1 knock-
down downregulated genes were identified using iRegulon and Cytoscape
by searching a 10 kb span centered around transcription start site (31).

Results

PSIP1 levels are elevated in basal-like subtype of BC

PSIP1/p75 and PSIP1/p52 are chromatin-associated and/or RNA-
binding proteins that have been previously implicated in cell
survival, autoimmune diseases, HIV pathogenesis and cancer
(32). Aberrant expression of PSIP1/p75 was found to be involved
in the development of several cancers, including subcutaneous
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angiogenesis and lymphangiogenesis of ovarian carcinoma
tumors and leukemia (15,33,34). In most cases, PSIP1 was found
to regulate the expression of a specific set of genes via modu-
lating the association of proteins to chromatin. Also, transcrip-
tome and protein analyses in different types of cancer samples
revealed significant upregulation of PSIP1/p75 in various can-
cer types, including prostate, colon, thyroid and BCs (35,36).
However, the molecular basis remains to be understood.

To understand the involvement of PSIP1 in BC, we analyzed
the mRNA level of PSIP1 in the TCGA RNA-seq data from 633
BC patients of all subtypes. In particular, basal-like subtype
BC (BSBC) or triple-negative BC patients showed higher levels
of PSIP1 mRNA (Figure 1A; Supplementary Table 1, available
at Carcinogenesis Online). Next, we compared the level of PSIP1
mRNA in all stages (stages I-IV) of BC. Though the expression
of PSIP1 mRNA levels did not show a significant dependence
on stage (Supplementary Figure 1, available at Carcinogenesis
Online), the corresponding Kaplan-Meier curve demonstrated
that higher expression was significantly correlated with reduced
patient survival (Figure 1B). The survival graph shows a bound-
ary effect for ~40% of the patients. Long-term survival data for
TCGA patients is limited due to poor follow up information
for longer periods. It is typical to see such boundary effects in
survival plots. It is possible that for the 40% surviving patients,
higher expression of PSIP1 is not a dominant prognostic factor
or more prolonged survival data are required to see the impact
of higher PSIP1 expression on these patients.

Since cancer metastasis generally leads to reduced patient
survival, we sought to examine whether metastatic cells dem-
onstrated high expression of PSIP1 protein compared to the
primary tumor. A tissue microarray (TMA) with 50 anonymized

patient tissue samples was analyzed for expression of PSIP1 in
invasive ductal carcinoma (IDC) and their matching metastatic
IDC biopsies. We detected PSIP1 in both IDC and metastatic
IDC but significantly elevated levels (P = 0.0348) of PSIP1 were
observed in metastatic IDC samples (Figure 1Ca and b).

While we have noted the overall PSIP1 expression as typical
with most translational studies in tissue, as opposed to cell line
samples, we are not certain if expression level is truly meas-
ured in epithelial cells or may be repressed/enhanced by tumor
microenvironment cells. In order to visualize PSIP1 expression
at the protein level in patient samples, we utilized infrared (IR)
spectroscopic imaging to perform automated segmentation of
tissue in conjugation with IHC (37-40) (please see supplemen-
tary information for more details). Briefly, in this approach,
the molecular spectral data is used as a pattern to differenti-
ate epithelial cells from stromal cells. In order to visualize PSIP1
distribution in epithelial cells, we first performed IR imaging of
the TMA and computationally labeled epithelium in each of the
cores. Next, we overlaid the IHC images so that PSIP1 expres-
sion in epithelial cells could be measured with spatial specific-
ity. This technique enabled us to visualize cores for expression
of PSIP1 in epithelium while ignoring other PSIP1 positive non-
cancerous cell types in the TMA such as lymphocytes (please
see red asterisk in Figure 1Ca). The IHC image was digitally
labelled as positive PSIP1 stain or negative PSIP1 stain (posi-
tive hematoxylin stain and no stain) by marking regions in the
IHC image (Supplementary Figure 2A, available at Carcinogenesis
Online) corresponding to the three classes by using color inten-
sity in the IHC image and then applying supervised classifica-
tion to perform labelling (Supplementary Figure 2B, available
at Carcinogenesis Online) with 86.4% accuracy (Supplementary
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Figure 1. PSIP1 mRNA and protein levels are elevated in basal-like subtype breast cancer. (A) Box plot shows elevated levels of PSIP1 mRNA in basal-like subtype BC
patient samples. Data for the boxplot is derived from the TCGA dataset (patient number = 633; P < 0.01). (B) Kaplan-Meier curve of survivability of patients with high
and low levels of PSIP1 mRNA (P < 0.05). (Ca) PSIP1 immunohistochemistry in invasive ductal carcinoma (IDC) and matched metastatic IDC in patient TMA samples.
Black arrows represent the mild/weak (light brown) PSIP1 staining of scattered tumoral nuclei, red arrow denotes strong staining of scattered tumoral nuclei, blue
arrow denotes the strong staining (dark brown) in mitotic nuclei, green stars represent stromal cell staining, and red star denotes the staining in lymphoid cells. Nega-
tive nuclei are stained blue-purple. (Cb) IR-IHC scores were plotted from 0 to 100% based on IHC intensity in cancerous region within the TMA. (D) RT-qPCR analysis to
show PSIP1 mRNA levels in M1-M4 cell lines (*P < 0.05, P < 0.01). (E) Western blot to detect the levels of PSIP1 (p75, p52 and p52 variant [*]) in various BC cell lines and

a normal mammary epithelial cell line. U28” snRNP is used as loading control.
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Figures 2C, available at Carcinogenesis Online). The labelled IR
image was overlaid with the labelled THC image to identify
the regions where cancerous epithelium showed higher levels
of PSIP1 (Supplementary Figure 2D, available at Carcinogenesis
Online). Based on the IR-IHC score, matched patient samples
collected from breast and lymph node showed a significantly
greater percentage of metastatic cancer cells staining positive
with PSIP1 as compared to IDC (Figure 1Cb). On a different note,
patient specific PSIP1 IR-IHC score (Supplementary Figure 2E,
available at Carcinogenesis Online) did not correlate with BC
subtype but cannot be removed from consideration since the
patient sample size (n = 50) used for IHC analysis was small
compared to the sample size analyzed for RNA-seq (n = 633).

To gain mechanistic insights into the differential expres-
sion of PSIP1 in BC, we pursued our investigation using an iso-
genic basal-like/TNBC subtype mammary cell line-based tumor
progression model. These cell lines (M1, M2, M3 and M4) were
originally derived from non-tumorigenic human mammary epi-
thelial MCF10A cells and are well characterized in several stud-
ies (27-29,41,42). The isogenic cell lines represent the complete
spectrum of cancer progression ranging from non-tumorigenic
(M1), hyperproliferative with low tumorigenic potential (M2) and
highly tumorigenic with low metastatic potential (M3) to highly
tumorigenic with metastatic potential (M4) (please see supp.
Information for details). RT-qPCR analysis showed increased
mRNA levels in highly tumorigenic M3 and M4 cells compared
to non-tumorigenic M1 cells (Figure 1D). Next, we examined the
levels of PSIP1 protein in a panel of BC cell lines of all subtypes,
including basal-like/TNBC: M1-M4, BT20, MDA-MB231, SUM149,
Hs578 and HCC1937, luminal: MCF7, T47D, Her2+ve: SKBR3,
and normal epithelial breast cells: ME16C. We observed signifi-
cantly higher levels of all the known isoforms (p75, p52 and p52
variant [*]) of PSIP1lin BC cell lines compared to normal mam-
mary ME16C cells (Figure 1E and Supplementary Figure 3, avail-
able at Carcinogenesis Online). Further, consistent with the RNA

>
ve)
)
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expression data, all of the PSIP1 isoforms showed elevated lev-
els in M3 and M4 cells compared to M1 and M2 cells (Figure 1E).
Among the BC cell lines, both p75 and p52 isoforms were highly
up-regulated, specifically in basal-like subtype cell lines. Based
on these results, we conclude that the mRNA and protein levels
of PSIP1 are found to be elevated in the basal-like subtype of BC
patients and cell lines.

PSIP1 contributes to the aggressive phenotype of
BC cells

To test the involvement of PSIP1 in BC, we performed loss of
function studies in M3 (MCF10CA1h; highly tumorigenic with
low metastatic potential) and M4 (MCF10CA1a.cl1; highly tumo-
rigenic and metastatic in nature) cells by stably depleting PSIP1
using shRNAs (PSIP1sh1l and PSIP1sh2) that target all the iso-
forms of PSIP1 (Figure 2A and Supplementary Figures 4A and
B, available at Carcinogenesis Online). Depletion of PSIP1 led to
significant decrease (more than 60%) in the ability of M3 and
M4 cells to form discrete colonies in soft agar in the anchor-
age-independent colony formation assays (Figure 2Ba). PSIP1-
depleted cells showed reduction in both the number of colonies
as well as the size of individual colonies (Figure 2Bb). M4 cells
display characteristic properties of metastatic cells, including
enhanced migration and invasion in Boyden chamber assays
(43). PSIP1-depleted M4 cells showed a significant reduction in
their ability to migrate (up to 70%) and to invade (up to 75%) in
the Boyden-chamber assays (Figures 2Ca and b). These results
suggest the involvement of PSIP1 in regulating the tumorigenic
and metastatic properties of BC cells.

Flow cytometry analyses revealed that PSIP1-depleted M3
and M4 cells showed defects in cell proliferation, including a sig-
nificant increase in the G1 or G1/S population (Supplementary
Figure 4C, available at Carcinogenesis Online). Next, we performed
plastic colony formation assays to test the role of PSIP1 in the
long term cell proliferation of BC cells. Plastic colony formation
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Figure 2. PSIP1 enhances the aggressive properties of TNBC cells. (A) Western blot showing the efficiency of shRNA mediated knockdown of PSIP1 (both p75 and p52
isoforms) in M3 and M4 cells. U2B” snRNP is used as loading control. (Ba and Bb) M3 and M4 cells depleted of PSIP1 showing reduction in colony number and size in
soft agar anchorage-independent colony formation assay. Colonies are counted from three independent experiments. (Ca and Cb) M4 cells depleted of PSIP1 showing
reduction in migration and invasion. Cells are stained and counted from three independent experiments. (Da and Db) M4 cells depleted of PSIP1 showing reduction in
long term cell proliferation, assayed by anchorage-dependent plastic colony formation assay. Cells are stained and counted from three independent experiments. Error

bars in the graphs represent SEM. *P < 0.05, **P < 0.01, **P < 0.001.
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assays showed significant defects in the proliferation ability of
M4 cells that were depleted of PSIP1 isoforms (Figures 2Da and
b). In addition to M3 and M4 cells, depletion of PSIP1 in HCC1937,
another BC cell line of basal-like subtype, displayed similar
defects in cell proliferation and cell migration, further signifying
the involvement of PSIP1 in controlling tumorigenic properties
of TNBC cells (Supplementary Figure 5A, 5Ba and b and 5Ca and
b, available at Carcinogenesis Online).

PSIP1/p75 promotes cancer cell proliferation

To test the involvement of individual isoforms of PSIP1 in cell
proliferation, we generated M4 cells in which either PSIP1/p75
or PSIP1/p52 was stably depleted using isoform specific shRNAs
(p75sh1 and 2 for p75 and p52sh for p52 isoforms, respectively)
(Supplementary Figure 4A and 6A, available at Carcinogenesis
Online). p75 specificshRNA (p75sh1and sh2)-treated cells showed
significant reduction in the levels of p75 but not p52 isoforms
(Supplementary Figure 6A, available at Carcinogenesis Online).
The p52 isoform specific ShRNA (p52sh)-treated cells showed
moderate levels of depletion of p52 isoforms (Supplementary
Figure 6A, available at Carcinogenesis Online). M4 cells depleted
of only PSIP1/p75 showed dramatic reduction in their abil-
ity to proliferate in the plastic colony assay (Supplementary
Figure 6Ba and b, available at Carcinogenesis Online). On the other
hand, p52 alone-depleted cells did not show significant change
in their ability to proliferate (Supplementary Figure 6Ba and b,
available at Carcinogenesis Online). This could be due to the inef-
ficient depletion of p52 in M4 cells.

In order to gain insights into the involvement of PSIP1/p75 in
cell proliferation, we overexpressed the PSIP1/p75 isoform and
addressed if this could rescue the cell proliferation phenotype
observed in PSIP1-depleted cells (Figure 3A and Supplementary
Figure 7A, available at Carcinogenesis Online). Anchorage-
dependent plastic colony formation assays revealed that empty
vector expressing M4 cells that were stably depleted of PSIP1
isoforms (Figure 3A, lane 3) showed reduced cell proliferation
relative to control M4 cells expressing vector plasmid (Figure 3A,
lane 1 and Figure 3Ba). On the other hand, PSIP1/p75 over-
expressing control M4 cells (Figure 3A, lane 2) showed enhanced
cell proliferation (Figure 3Ba and b). Finally, exogenous expres-
sion of PSIP1/p75 (Figure 3A, lane 4) in M4 cells that were stably
depleted of both endogenous PSIP1/p75 and p52 isoforms res-
cued cell proliferation defects (Figure 3Ba and c).

Further, p75-overexpressed M4 cells showed increased tumo-
rigenicity in the anchorage-independent soft agar colony forma-
tion assay (Supplementary Figure 7B). Finally, overexpression of
p75 in M4 cells that were depleted of endogenous PSIP1 isoforms
rescued the cell migration phenotype (Figure 3Ca—c). On the
other hand, p75-overexpressed control M4 cells did not show
any significant change in their migratory properties (Figure 3Ca
and b). We infer that the higher levels of endogenous PSIP1 in
M4 cells make them insensitive to exogenous overexpression of
p75. Finally, stable over-expression of PSIP1/p75 in the non-tum-
origenic M2 cells led to a significant increase in the anchorage-
dependent colony formation and cell migration (Figure 3D-F).

In order to test the involvement of PSIP1/p52 in cell prolif-
eration and migration, we over-expressed PSIP1/p52 in control
and PSIP1-depleted M4 cells (Supplementary Figure 7C, avail-
able at Carcinogenesis Online). Over-expression of p52 increased
cell proliferation of control M4 cells and also rescued the cell
proliferation defects in PSIP1-depleted cells (Supplementary
Figure 7D, available at Carcinogenesis Online). Further, control M4
cells overexpressing PSIP1/p52 showed increased cell migration
(Supplementary Figure 7E, available at Carcinogenesis Online).

However, the migration defects observed in PSIP1-depleted
M4 cells could not be rescued by PSIP1/p52 (Supplementary
Figure 7E, available at Carcinogenesis Online). Altogether, our
data indicates that both p75 and p52 regulate cell proliferation.
However, PSIP1/p75 seems to play a dominant role in promoting
tumorigenic properties in BC cells.

PSIP1/p75 utilizes its PWWP domain to interact with chro-
matin containing H3K36me3 modifications (23). In order to
test whether the chromatin association of PSIP1/p75 is essen-
tial for its role in regulating cell proliferation, we exogenously
expressed full length (FL) p75 or PWWP deletion mutant of p75
(PSIP1/p7SAPWWP) in control and PSIP1 (both p75 and p52)-
depleted M4 cells, and examined the effect on cell proliferation
by plastic colony formation assay (Supplementary Figure 8A-C,
available at Carcinogenesis Online). Both FL and APWWP mutant
p75 expressing cells showed an increased number of colonies
compared to vector-transfected cells, indicating that both the
constructs promote cell proliferation (Supplementary Figure 8B
and C, available at Carcinogenesis Online). However, PSIP1/
p75APWWP-expressing cells displayed a significantly less
number of colonies in comparison to cells expressing FL p75.
These results imply that p75 promotes cell proliferation in part
through its association with chromatin.

PSIP1 regulates the expression of genes involved in
cell cycle progression and cell proliferation

In order to gain mechanistic insights into the role of PSIP1 in cell
proliferation and tumor progression, we examined the changes
in gene expression profile by transcriptome microarray in control
versus PSIP1 (both isoforms)-depleted M4 cells. Microarray data
revealed that ~324 genes were down-regulated and 373 genes
were upregulated (>2-fold) upon PSIP1 depletion (Supplementary
Table 2, available at Carcinogenesis Online). Gene Ontology analy-
sis revealed that the top affected pathways of down-regulated
genes included cell death and survival, cell growth and prolifer-
ation and cell movement (Figure 4A), whereas pathways such as
energy production and cellular movement were enriched in the
list of overexpressed genes (Supplementary Figure 9A, available
at Carcinogenesis Online). RT-qPCR experiments demonstrated
that genes controlling several of the crucial pro-tumorigenic
pathways such as cell proliferation, cell adhesion and migration,
apoptosis and epithelial to mesenchymal transition showed
altered expression in M4 cells that were depleted of both PSIP1
isoforms (Figure 4B and Supplementary Figure 9B, available at
Carcinogenesis Online). Next, we performed microarray using
RNA from control and PSIP1/p75 isoform alone-depleted M4
cells. Interestingly, GO analyses indicated that both p75 alone-
depleted or PSIP1/p75 and p52-depleted cells affected a similar
set of pathways (cell death, cell cycle and cell movement), and
the downregulation of these genes was confirmed by RT-qPCR
analyses (Figure 4C and Supplementary Figure 9C and D). These
results indicate that the PSIP1/p75 isoform plays a crucial role
in regulating the expression of genes involved in cell prolifera-
tion and tumor progression. In addition to several of the can-
cer-associated genes, we also confirmed reduced mRNA levels
of several cell cycle regulated genes (CDK4, CDK6, CCND2 and
CDC25A) in PSIP1-depleted cells (Figure 4D). For example, PSIP1-
depleted M4 cells showed dramatic reduction in both mRNA and
protein levels of CDK4 (Figure 4D and Supplementary Figure 10A,
available at Carcinogenesis Online). In addition, PSIP1-depleted
cells showed reduced levels of cyclin D2 and not cyclin D1
mRNA (Figure 4D), indicating that PSIP1 could be involved in G1
or G1/S progression. On the other hand, PSIP1-depleted cells did

Downloaded from https://academic.oup.com/carcin/article-abstract/38/10/966/3869807
by Biology Library user
on 08 March 2018



DXK.Singhetal. | 971

A, M4 Ba. Plastic clﬁlltony assay Bb. Bc.
é{(b Vector  p75 OE = ¢ | PSIP1Sh?
S N ‘,, T AT o ontrol & s
oé\l} @\Q © A E’Z * o\\/ 0 *
o R = 3 150 8250
ES L ES L ég | Eg ég 200
20 20 ©100 © 150
IR R ° © 100
75 2 S S
75- == D 5 z 0 z 0
25"~ - == == U2 o Ae,(’,\‘o 0(’/\03
1 2 3 4 snRNP Q 3 Q
Ca.  Migrafion Cb. Cc. D. M2
Vector _ p750E_  Control __  PSIP1sh2 O F
° ] R120 X400, * & &
= %100 @
S = 80 2 300 75 e @B P75
© 8 &0 S 200 ;
Ny 5 40 5 100 25N P
2 S 20 P snRNP
o <0 Z 0 <
%) ;& S
o 0 A
TAD 2Z\)
A\ ‘i\ A\ Q'\
Ea. Eb.
Plastic c?\}lozny assay o
Control p75 OE 51 50
o an A TEIN 5 00
[e}
..g 50
s O
2 S&
c)o(\ “

Figure 3. Over-expression of PSIP1/p75 promotes BC cell proliferation, migration and invasion. (A) Immunoblot showing the over-expression of transiently expressed
T7-tagged p75 isoform in control and PSIP1-depleted M4 cells. (Ba—c) Anchorage-dependent colony formation assay performed in control and PSIP1-depleted M4 cells
that are transiently transfected with empty vector or T7-p75. Graphs are derived from three independent experiments. (Ca-c) Migration assay performed in control
and PSIP1-depleted M4 cells that are transiently transfected with empty vector or T7-p75. Migrated cells are stained and counted from three independent experiments.
(D) Western blot showing the levels of stably overexpressed PSIP1/p75 in M2 cells. U23”-snRNP is used as loading control in A and D. (Ea-b) Plastic colony formation
assay performed in M2 cells after PSIP1/p75 over-expression. (Fa-b) Migration assay performed in PSIP1/p75 stably overexpressed M2 cells. Graph is derived from three
independent experiments. Error bars in the graphs represent SEM. *P < 0.05 and **P < 0.001.

not show downregulation of all of G1- or G1/S-regulated genes,
including several genes that are direct targets of E2F (Figure 4E
and Supplementary Figure 10A, available at Carcinogenesis
Online), suggesting that the changes in the expression of spe-
cific cell cycle genes observed upon PSIP1 depletion were not a
consequence of the cell cycle arrest. It was previously reported
that PSIP1/p75 interacted with Cdc7-Activator of S-phase kinase
(Cdc7-ASK or Dbf4 kinase) and stimulated the enzymatic activ-
ity of Dbf4 (18). Cdc7-ASK/Dbf4 activity is essential for the
cells to enter S-phase (44). To test whether PSIP1-depleted M4
cells show defects in Cdc7-ASK/Dbf4 activity, we examined the
phosphorylation status of MCM2, a known Dbf4 substrate (18),
in cell extracts of control and PSIP1-depleted cells. Phos-tag
analyses revealed that both control and PSIP1-depleted cells
showed comparable levels of phosphorylated as well as the total
expression level of MCM2, indicating that in BC cells, depletion
of PSIP1 does not seem to affect the activity of Cdc7-ASK/Dbf4
(Supplementary Figure 10Ba and b, available at Carcinogenesis
Online).
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In vitro studies have shown that PSIP1/p75 acts as a tran-
scriptional coactivator of RNA polymerase II (RNA pol II) (13).
In order to test whether PSIP1/p75-depleted cells display
defects in transcription of cell cycle genes, we examined the
status of RNA pol II occupancy on the promoters of cell-cycle
genes in the presence and absence of PSIP1. RNA pol II ChIP-
gPCR displayed significant decrease in the association of RNA
pol Il on the promoters of several of the cell cycle genes (CDK4,
CDK6, CDC25A) in PSIP1-depleted cells (Figure 5A). To quantify
the level of newly synthesized RNA and therefore to determine
the RNA Pol II-mediated transcription activity, we performed
nascent RNA pull down assays followed by RT-qPCR in control
and PSIP1-depleted cells. We observed a significant decrease in
the level of nascent RNA of cell cycle genes in PSIP1-depleted
cells, confirming reduced transcriptional activity (Figure 5B).
Consistent with these results, we found that PSIP1 interacts
with RNA pol II (Figure 5C). Finally, we examined whether
PSIP1/p75 associates with the promoter region of cell cycle
genes that showed reduced expression in PSIP1-depleted cells.
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Figure 4. PSIP1 controls the expression of genes involved in cell-cycle progression, cell growth, proliferation, death and survival. (A) Gene ontology analysis of genes
downregulated after PSIP1 knockdown in M4 cells. (B and C) RT-qPCR analyses to validate the microarray analyses showing downregulation of genes involved cancer
progression in PSIP1- or p75-depleted M4 cells. (D and E) RT-qPCR analyses to validate the microarray analyses showing differential expression of cell cycle genes in
PSIP1-depleted M4 cells. Graphs are plotted from three independent experiments and error bar represents SEM. *P < 0.05.

It is known that PSIP1/p75 associates with chromatin through
its interaction with H3K4me3 and H3K36me3-modified his-
tones (21,22,45). We observed that a major fraction of PSIP1/
p75 in M4 BC cells localized in the nucleus and was associ-
ated with the micrococcal nuclease resistant chromatin
fraction (Figure 5D and E; P3 fraction). PSIP1/p75 ChIP-qPCR
revealed that p75 interacted with the chromatin of all of the
tested cell cycle genes (Supplementary Figure 10C, available
at Carcinogenesis Online). However, we consistently observed
enhanced association of PSIP1/p75 on the promoters of genes,
the expressions of which were altered upon PSIP1/p75 deple-
tion (CDK4 and CDK6). Altogether, our results indicate that
PSIP1/p75, by interacting with the promoter region of several
of the cell cycle genes, facilitates the association and/or sta-
bilization of RNA pol II to the promoters, thereby enhancing
their transcription.

Discussion

Out of all the BC subtypes, basal-like subtype or TNBC has the
worst prognosis, and presently lacks effective targeted thera-
peutic options. There is an urgent need to identify prognostic
markers to better stratify TNBC patients, and to develop ther-
apeutic targets that specifically target TNBC patients. Here, by
utilizing TCGA BC patient RNA-seq datasets, we find differential
subtype-specific expression of PSIP1. PSIP1, originally identified
as a transcription coactivator, is shown to play a crucial role in
several cellular processes, including transcriptional regulation,
anti-apoptosis, DNA repair, pre-mRNA splicing and HIV viral
DNA integration into the host genome (20,21,23,25,36,46-48).
PSIP1/p75 levels are also found to be elevated in several can-
cer samples, including prostate, colon, thyroid, liver, uterus
and BC (35). Since PSIP1 showed elevated expression in various
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Figure 5. PSIP1 modulates the association of RNA pol II to the promoters of cell cycle genes. (A) RNA pol II ChIP-qPCR to determine the association of RNA pol II on the
promoters of genes in control and PSIP1-depleted M4 cells. f-actin is used as positive control. Graph is plotted from three independent experiments, and error bars
represent SEM. (B) Nascent RNA capture assay shows the level of newly synthesised RNA from representative genes in control and PSIP1-depleted M4 cells. *P < 0.05
and P < 0.001. (C) Endogenous co-IP reveals interaction between endogenous PSIP1/p75 and RNA pol II. (D) Immunofluorescence staining showing the localization of
PSIP1in M4 cells. DNA is counterstained with DAPI. Scale represents 10 um. (E) Chromatin fractionation of M4 cells showing the enrichment of PSIP1 in MNase resistant
chromatin fraction (P3). S2 and S3 represent cytoplasmic and soluble nuclear fractions respectively. Orc2 and GAPDH are used as control for MNase resistant chromatin
and cytoplasmic fraction, respectively. (F) Proposed model depicting the involvement of PSIP1/p75 in regulating the association of RNA pol II on the promoters of cell
cycle genes. It is possible that PSIP1 could regulate promoter association of RNA pol II through recruiting and/or stabilizing other transcription factors.

cancers and is known to act as a pro-survival gene, we were
interested in determining its role in BC progression and metas-
tasis. In BC cells of basal-like subtype/TNBC, we observed that
PSIP1/p75 promotes cell proliferation, migration, invasion and
tumorigenicity. We further demonstrate potential involvement
of PSIP1/p75 in regulating the expression of genes controlling
cell cycle progression and cell growth in BC cells. In support
of PSIP1’s role in tumorigenicity, we observed an association
between higher expression of PSIP1 and poor progression-free
survival in BC patients. Our data signifies the oncogenic nature
and potentially important role of PSIP1 in BC cancer initiation
and progression.

PSIP1-depleted BC cells showed altered expression of genes
involved in cell cycle, cell movement, cell proliferation, survival
and death. PSIP1/p75, also known as LEDGEF, is known to func-
tion as a pro-survival gene, protects cells from various types of
damages (including oxidative damage) and prevents apoptosis
(21,22,49). These functions have been ascribed to the role of p75
in regulating the expression of genes involved in cellular stress
response. For example, in prostate cancer cells, p75 is known
to induce the expression of HSP27 and activate anti-apoptotic
pathways (46). Silencing of p75 in these cells reduced the lev-
els of HSP27, which resulted in defects in cell proliferation and

tumorigenicity, and implicated an essential role for PSIP1/p75
in regulating the expression of stress responsive genes such as
HSP27 (46). Both our microarray and RT-gPCR analyses in M4
cells revealed that PSIP1-depleted BC cells did not show sig-
nificant change in the levels of HSP27 mRNA (Supplementary
Figure 11A and Table 2, available at Carcinogenesis Online), sug-
gesting that PSIP1/p75 does not seem to regulate the expression
of HSP27 in BC cells.

PSIP1/p75/LEDGF is known to induce the expression of pro-
angiogenic VEGF-C in glioma, non-small cell lung carcinoma
and ovarian cancer cells (33,34). Finally, using mouse xenografts,
the authors showed that p75-induced overexpression of VEGF-C
enhanced angiogenesis and lymphangiogenesis (33). We ana-
lyzed potential changes in the levels of VEGF-C mRNA in control
and PSIP1-depleted M4 cells. Unlike other studies, we did not
find any difference in the levels of VEGF-C mRNA in control and
PSIP1-depleted BC cells, indicating that the changes in migra-
tion and invasion observed upon PSIP1 depletion in BC cells
are not due to changes in VEGF-C expression (Supplementary
Figure 11A and Table 2, available at Carcinogenesis Online).

RNA pol II ChIP analyses revealed that PSIP1-depleted BC
cells showed reduced association of RNA pol II to the promot-
ers of several of the tested cell cycle genes. Both PSIP1/p75 and
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p52 are known to function as co-activators for RNA polymer-
ase II-mediated transcription and therefore could influence the
expression of a wide array of genes (50). Earlier, in vitro studies
revealed interaction between PSIP1 and several subunits of RNA
pol II, further supporting the notion that PSIP1 could influence
RNA pol II activity (13,50). Our endogenous co-IP confirmed the
association between PSIP1 and RNA pol II. However, it is not
clear how PSIP1 controls the association of RNA pol II on cer-
tain but not all of the gene promoters. One explanation could be
that PSIP1/p75 influences the binding of certain proteins, such
as transcription factors (TFs) or coactivators to specific gene
promoters, thereby modulating the association of RNA pol II to
these promoters. For example, PSIP1 is known to interact with
TFs such as TFIIF and SP1 and regulate their activity (51), and
PSIP1 interacting protein PC4 interacts with GTF2A1 (or TFIIA)
(50,52). In addition, PSIP1 is known to recruit H3K4 methyl-
transferase (MLL1) to chromatin (15). Finally, PSIP1 regulates the
activity of Myc TF by controlling the association of Myc-inhibitor
protein Jpo2 to the chromatin (16). Based on this, it is reasonable
to assume that in BC cells PSIP1, in addition to its involvement
in regulating RNA pol II association to promoters, could also
modulate the association of key TFs to the regulatory elements
of these genes. This prompted us to look for the common TFs
that interact with the promoters of genes, the expressions of
which were found to be deregulated in PSIP1-depleted M4 cells.
To identify potential TF binding sites, we used the computa-
tional method iRegulon to detect enriched TFs on the regulatory
elements of PSIP1-regulated genes (31). We used the existing
TF ChIP-seq data from ENCODE and searched for consensus
TF binding sequences within a 10 kb window centered around
the transcription start site of PSIP1-regulated genes. Based on
these analyses, we identified ~8 TFs, each of which potentially
interacts with the promoters of 10 or more of the genes that
were down-regulated in PSIP1-depleted cells (Supplementary
Figure 11B, available at Carcinogenesis Online). For example, we
observed that ~118 down-regulated gene promoters contain the
binding sites of GTF2A1 or TFIIA. Similarly, we observed bind-
ing consensus sites for several of the key cancer-associated
TFs, such as SP1 in the regulatory elements of genes that were
upregulated in PSIP1-depleted cells (Supplementary Figure 11B,
available at Carcinogenesis Online). Based on our results, we pro-
pose that PSIP1 directly or indirectly, via the chromatin bind-
ing of specific TFs, dictates the association of RNA pol II to the
promoters of key cell cycle genes (Figure 5F). Future studies will
determine the potential relationship between PSIP1/p75 and
these TFs, and whether p75 regulates the chromatin association
or activity of any of these TFs in BC cells.

PSIP1/p75 is a nuclear-restricted protein, and most of it
is tightly associated with chromatin through the help of the
PWWP domain and AT-hook motif within the protein (53). In
leukemia cells, p75 aids the interaction between Menin and
the MLL1 (histone methyltransferase) complex and further
facilitates the association of the complex to chromatin (15,54).
Specific involvement of PSIP1/p75 in modulating the association
of MLL1 and polycomb proteins to the chromatin is known to
influence the transcriptional activity of developmentally regu-
lated Hox-gene clusters (23). In addition, PSIP1 is also known to
interact with several other proteins such as Jpo2, CtIP and HIV
integrase, and regulate the association of these proteins to chro-
matin (53,55). All of these studies recognized p75 as a chroma-
tin adaptor protein that facilitated the recruitment of cellular
or viral proteins to chromatin. p75 mutants lacking the chro-
matin-associated PWWP domain, when exogenously expressed
in PSIP1-depleted BC cells, showed that it could moderately

rescue the cell proliferation defects, reiterating the functional
importance of the chromatin binding of PSIP1 in controlling cell
proliferation.

Various adaptor proteins and nuclear-restricted long non-
coding RNAs play a crucial role in transcription regulation by
influencing the recruitment or stabilization of several of the
chromatin-associated factors, including transcription factors,
cofactors and histone-modifying enzymes to gene regulatory
elements (56,57). Abnormal expression of these proteins and
RNAs in cells are known to alter the expression of a large num-
ber of genes, ultimately resulting in aberrant cellular functions
and causing diseases such as cancer. In this study, we have dem-
onstrated that PSIP1 positively regulates the migration, invasion
and tumorigenicity of cancer cells, and its higher expression
negatively correlates with patients’ survival. Our results show-
ing the involvement of the PSIP1/p75 adaptor protein in BC pro-
gression in the most aggressive TNBC are very promising. The
specific roles of PSIP1 in TNBC, especially its involvement in reg-
ulating the expression of cell cycle genes merits further inves-
tigation, as this might have crucial implications for therapeutic
interventions in BC.

Supplementary material

Supplementary material is available at Carcinogenesis online.
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