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ABSTRACT

Pirin (PIR) protein belongs to the superfamily of cupin and is highly conserved between eukaryotic
and prokaryotic organisms. It has been reported that PIR is upregulated in various tumors and
involved in tumorigenesis. However, its biological functions particularly in promoting tumorigen-
esis are, to date, poorly characterized. Here we report that knockdown of PIR in MCF7 and MDA-
MB-231 cell lines causes a dramatic decrease in cell proliferation and xenograft tumor growth in
mice. Mechanistically, the cell cycle activator E2F1 and its target genes cdk4, cdké, cycE, cycD and
DDR1 are remarkably downregulated in PIR depleted cells, leading to G1/S phase arrest. Luciferase
reporter assay and chromatin immunoprecipitation assay indicate that PIR can activate E2F1
transcription by binding to its promoter region. Consistent with the observation in PIR knockdown
cells, PIR inhibitors markedly inhibit the proliferation of both cell lines. Furthermore, knockdown
of PIR significantly decreases the abilities of MCF7 cells for mobility and invasion in vitro and their
metastasis in mice, which may be attributed to the decrease of DDR1. In conclusion, PIR stimulates
tumorigenesis and progression by activating E2F1 and its target genes. Our finding thus suggests
PIR as a potential druggable target for the therapy of cancers with high expression level of PIR.
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Introduction

Cancer development and progression depend on
abnormal proliferation which is accomplished by
distorted expression or activation of proteins
related to cell cycle regulations. Abnormal cell
growth is also stimulated by the excessive activa-
tion of different signal transduction pathways [1].
Many genes involved in cell proliferation, differ-
entiation and DNA damage response are known to
be regulated by transcription factors family of E2F
[2-5]. E2Fs are divided on the bases of functional
mode into the typical (E2F1-E2F6) and the atypi-
cal (E2F7 and E2F) [6-9]. Typical E2Fs interact
with their target proteins to regulate gene expres-
sion through a highly conserved DNA-binding
domain and a dimerization domain that contains
DNA-binding motif [TTT(C/G) (C/G) CGC] [6].
E2F1 is the master regulator of G1/S phase transi-
tion of cell cycle and trans-activator of multiple

genes involved in DNA r’eplication, including its
own promoter [10]. The abnormal expression of
E2F1 is an oncogenic event that causes the malig-
nant transformation of cells [11]. Pirin (PIR) pro-
tein belongs to the superfamily of cupin and is
highly conserved between eukaryotic and prokar-
yotic organisms. However, its biological functions
are, to date, poorly characterized [12,13].
According to the crystal structure of human PIR,
it may have quercetinase activity that degrades the
quercetin flavonoid and participate in the regula-
tion of different cellular processes functioning as
a protein kinase inhibitor, antioxidant or putative
transcriptional co-factor [14-16]. Interestingly,
several evidences indicate that PIR is up-
regulated in various malignancies and involved in
tumorigenesis and progression through forming
a ternary complex with proto-oncogene Bcl3 and
NF-kB and thus activating the expression of Bcl3
[17-23]. Our study reveals a novel mechanism

CONTACT Qinxi Li € liginxi@xmu.edu.cn; Guode Wu € wgdizh@163.com

*These authors contribute equally to this work.
© 2019 Informa UK Limited, trading as Taylor & Francis Group


http://orcid.org/0000-0001-8029-6814
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384101.2019.1662259&domain=pdf&date_stamp=2019-10-04

underlying PIR stimulation of breast cancer cell
proliferation, xenograft tumor formation and
metastasis, in which PIR transcriptionally activates
E2F1 expression and consequently forces G1/S
phase transition of cell cycle.

Materials and methods
Constructs

Full-length complementary DNA (cDNAs) encod-
ing the corresponding genes used in this study
were obtained from Dr. Jiahuai Han (State Key
Laboratory of Cellular Stress Biology, School of
Life Sciences, Xiamen University) as a gift. The
pcDNA3.3 vector was used for transient expres-
sion of protein, while pBOBi vector was used for
packaging of lentiviruses. The pGEX 4T-1 vector
was used to purify the GST tag protein for in-vitro
study. pLKO.1-puro lentivirus vector was used to
establish the shRNA. All the cDNAs were cloned
by ligase independent cloning using the Xhol/
BamH] restriction sites. All the plasmids were
verified by DNA sequencing and the details of
plasmid sequence are available upon request. The
nucleotides sequence used for shRNA against
human PIR and E2F1 are as follows.

shPIR#1 5-GAAGCCACTTTGTCTTAATT -3/,

shPIR#2 5'-GAACACCAATGAAGAGATTT-3,

shE2F1 5'-CAGGATGGATATGAGATGGGA-3'.

Antibodies and reagents

Most of the drugs and reagents used in our project
were provided by Sigma, Sangon Bioengineering, and
New England Biolab (NEB). In addition, restriction
enzyme, exonuclease III (Exolll) and DNA standard
molecular weight Marker were purchased from
Takara Bioengineering Co., Ltd. or New England
Biolab, USA; T4 DNA ligase (T4 Ligase), T4 PNK
(polynucleotide kinase) PNK were purchased from
Invitrogen, USA; PVDF membranes were purchased
from Millipore. The polyclonal antibody against PIR
was generated by immunizing rabbits with GST-
fusion proteins of human PIR (aa 316-410). Mouse
anti human PIR (catalog number: 10,263-1-AP) was
purchased from Proteintech. Mouse anti-FLAG (M2)
(catalog number: F3165) is the product of Millipore.
Mouse anti-HA (clone number F-7, 1:1000), rabbit
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anti-HA (clone number Y-11, 1:1000), and Mouse
anti-actin (catalog number: sc-8432) antibodies were
purchased from Santa Cruz.

Transfection and western blot

Polyethylenimine (PEI) was purchased from
Polyscience (23,966) and used for transient transfec-
tion in HEK 293T cells. To ensure that an equal
amount of total DNA was transfected for each sam-
ple, corresponding blank vector was used for adjust-
ment of total DNA. To stably reconstitute expression
of PIR in MCF7 and MDA-MB-231 cell lines with
their endogenous PIR already knocked down by
shRNA, we packaged lentiviruses with correspond-
ing pBOBi plasmid in HEK 293T cells using
Turbofect transfection reagent according to the
manufacturer’s instruction (#R0532). After purifica-
tion and titration, a proper amount of virus was used
to infect the cells. Cells cultured for Western blot
analysis were harvested in a lysis buffer (20 mM Tris-
HC], pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton, 2.5 mM sodium pyrophosphate,
ImM B-glycerolphosphate, 1 mM sodium orthova-
nadate, 1 pg/ml leupeptin, 1 mM phenylmethylsul-
fonyl fluoride), sonicated 15 times for 1 s each, and
centrifuged at 15,000 g for 15 min at 4°C to obtain
the supernatant total cell lysate (TCL). TCLs were
boiled and separated on 10% SDS-polyacrylamide
gel followed by transferred to polyvinylidene difluor-
ide membrane (PVDF). Then, the PVDF membrane
was blocked with 5% nonfat milk diluted in Tris-
buffered saline containing 0.1% Tween 20 for 1 h.
Finally, the membrane was probed with correspond-
ing antibodies and the proteins were visualized by
enhanced chemiluminescence using horseradish
peroxidase conjugated antibodies.

Qrt-pcr analysis

Total RNA from MCF7 and MDA-MB-231 cell lines
was isolated using the TRIzol reagent (Invitrogen),
according to the enlisted instructions. The extracted
RNA was quantified by using Nano Drop spectro-
photometer (ND-1000, Thermo Scientific, MA,
USA). cDNA was synthesized using 5 pg of total
RNA and a reverse transcriptase kit (Invitrogen).
The Power SYBR Green qPCR SuperMix-UDG
(Invitrogen) was used for qPCR to determine the
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mRNA levels of the target genes on an ABI Prism-
7500 Sequence Detector System (ABI, Applied
Biosystems, Carlsbad, CA, USA). The relative
expression levels of mRNAs were normalized by
the level of P-actin mRNA. The primers used in
qPCR are shown in Table 1.

Cell cycle analysis

MCEF?7 cells were synchronized by double thymidine
for 24 h and then released for 12 h. Then, the cells
were collected by centrifugation at 2000 rpm and
washed twice with PBS, followed by treatment with
pre-cooled 70% ethanol and fixed at —20°C over-
night. Next day the fixed cells were collected by
centrifugation at 2000 rpm, washed twice with 1 ml
of PBS, and incubated in 500 ul of PBS containing 50
pg/ml ethidium bromide (PI), 100 pg/ml RNase A,
0.2% Triton X-100 at 4°C for 30 min in the dark.
Flow cytometry was used to analyze the cell cycle
and the results were analyzed by the cell cycle fitting
software ModFit.

Gst-pulldown assay

Full-length cDNA of PIR was cloned into pGEX 4T-1
plasmid and transformed into E. coli BL21 strain.
Transformed bacteria were induced to express pro-
teins with 0.5 mM isopropyl-B-D-thiogalactoside at

18 °C. Then, the Bacteria were harvested and GST
tagged PIR protein was purified with glutathione

Table 1. Primers used for gPCR.

Primers Sequences 5" ... ... ... o3
PIR F CGCAAACCTGTCCTCCCTTT
PIRR TTTTTCAACTCGGGTCTGCCA
E2F1 F AGGCCCTCGACTACCACT
E2F1 R CCAAGCCCTGTCAGAAAT
CERK F ACCTACTGCCAGAGAACCCT
CERK R TCGATGGTTGGTGCTCGAAT
ERK F AGGCTGTTCCCAAATGCTGA
ERK R CAGATATGGGTGGGCCAGAG
ACTIN F TCCATCATGAAGTGTGACGT
ACTIN R TACTCCTGCTTGCTGATCCAC
CDK4 F GTGTGAGAGTCCCCAATGGA
CDK4 R GTCCATCAGCCGGACAACA
CDK6 F AAGTCTTGCTCCAGTCCAGC
CDK6 R CTGGGAGTCCAATCACGTCC
CYCD F TGACCCCGCACGATTTCATT
CYCD R CAGAGGGCAACGAAGGTCTG
CYCE F AGAGGAAGGCAAACGTGACC
CYCER TATTGTCCCAAGGCTGGCTC
DDR1 F TTTGTACATCGGGACCTGGC
DDR1 R GCCCTGCACACGGTAATAGT

sepharose beads (GE). The E2F1 promoter (—1000 to
+1) was amplified through PCR by using specific pair
of primers. GST pulldown assays were performed by
incubating GST-PIR protein (1pg) with amplified
E2F1 promoter (1ug) in GST pull-down buffer for 3
h at 4°C, followed by pulldown with glutathione
sepharose beads. The GST beads were washed five
times and incubated in GST elution buffer for 30
min. Then centrifuged the tube for short time and
used the supernatant for PCR reaction with E2F]I
promoter specific primers to check the interactions.

Luciferase assay

HEK293T cells were transfected with 1 pg of pGL3-
E2F]-luciferase and different concentration of
pcDNA3.3 vector expressing Flag-tagged PIR or
empty vector to equal the total concentration of
plasmid. After 24 h of transfection, cells were washed
with PBS and harvested with harvest buffer. Then,
the Supernatant was collected by centrifugation at
13,000 g for 5 min and subjected to luciferase assay
according to the standard protocol provided by the
Promega official website. The data were normalized
by the total protein concentration in the cells.

Chip-pcr assay

To identify the PIR binding region in the E2FI
promoter region, ChIP assay were carried out. 107
cells were cultured in 150 mm dish and chromatin
was obtained according to manufacturer’s guide
(9003, Cell Signaling Technology). Briefly, cells
were cross-linked with 1% formaldehyde for 10
min at room temperature and stopped the cross-
linking by adding glycine to a final concentration
of 125 mM. Cells were then lysed and nuclei were
pelledted by centrifugation. Chromatin were broken
to 500 bp by enzymatic hydrolysis and sonication.
The lysates were immunoprecipitated using anti-
body anti-Flag and control IgG. After purification,
the precipitated DNA and input DNA was amplified
by PCR with specific primer (Forward: 5'-
acagtctctggaaat-3', Reverse: 5'-gctcccgeateccac-3').

MTT assay

The MCF7 and MDA-MB-231 cells (1000-2000)
were equally divided into 96 well plates into four



replicates. After the cells entered exponential
phase of growth, old medium was replaced with
200 pl of fresh medium for each well. Then, 20 pl
of 3 mg/ml of MTT reagent (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) was
added to each well and incubated for about 4
h at 37°C. After incubation, all the liquid were
removed and 200 pl of DMSO was added. Then,
the plate was kept for about 10 min at room
temperature. Finally, mixed the samples well and
read the absorbance at 490 nm.

Transwell and wound healing assays

The transwell chamber with Matrigel-coated filters
(8 um pore size) was used to perform the transwell
assay. MCF?7 cell suspensions were seeded onto the
upper layer of chamber (about 1 x 10 cell per well)
containing 200 pl of medium (with no serum). The
lower chamber was filled with complete media. Then
allowed the plate kept in a cell culture incubator for
48 h. Invasive cells on the surface of filter in lower
chamber were fixed using 4% formaldehyde for
about 7 min at room temperature and stained with
crystal violet. The stained cells were counted for five
random fields in triplicates.

For wound healing assay, MCF7 and MDA-MB
-231 cells were grown in 60 mm dish up to 90% of
confluence. The cell monolayer was scratched with
a 200 pl pipette tip and washed three times with PBS
to remove the detached cells. Next, the cells were
incubated in complete medium for about 36 (MDA-
MB-231) or 48 (MCF7) h. The scratched areas were
photographed at 0 and 48 h for MCF?7 cells and 0 and
36 h for MDA-MB-231 cells. All the experiments
were repeated for at least three times.

Xenograft tumor and in vivo metastasis assays

Cells infected with specific lentiviruses were selected
in 2 pg/ml puromycin for 7 days and subjected to
xenograft tumor assays. In all, 1 x 10° cells of indivi-
dually constructed cell lines were collected and re-
suspended in PBS, and then injected subcutaneously
into the left or right flank of six-week-old male BALB/
¢ nude mice purchased from SHANGHAI SLAC
LABORATORY ANIMAL COMPANY (n > 5).
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After 3 weeks, the mice were sacrificed, followed by
isolation of xenograft tumors whose weights were
determined accordingly.

For in vivo metastasis assays, MCF7 cells (1 x
10° in 100 pl PBS) with PIR stably knocked down
were injected into the 4-week-old male BALB/c
nude mice via tail veins (n > 5). The mice were
killed after 6 weeks and pictures of metastatic lung
lesions were taken. The metastatic tumor nodules
on the surface of mouse lungs were counted for
statistical analysis. Tumor nodules were confirmed
by IHC and western blot analysis.

In all of these animal assays, mice are randomly
allocated to the experimental groups. Therefore,
the investigators were blinded to the group alloca-
tion during the experiment.

All animal experimental protocols were approved
by the institutional Animal Care and Use Committee
at Xiamen University. According to our approved
protocol for xenograft tumor assay, tumor size
should be inspected daily and not allowed to exceed
1.2 cm in diameter.

Results

PIR is excessively expressed in breast cancer
tissues

To identify the detailed mechanism, how PIR facil-
itates the generation and progression of human
tumors, first, we wanted to know whether there exists
any correlation between the PIR expression levels
and tumorigenesis. We analyzed the breast cancer
databases in Oncomine and found that the expres-
sion levels of PIR are significantly higher in breast
cancer tissues than in their corresponding normal
tissues (Figure 1(a—c)). To gain further insight into
the relationship between PIR expression levels in
tumor tissues and the prognoses of tumor patients,
we analyzed the breast cancer databases in TCGA
(The Cancer Genome Atlas). We observed that
higher expression levels of PIR closely correlate
with lower survival rates (Figure 1(d)). We next
detected high expression of PIR in different types of
breast cancer cell lines and used MCF7 and MDA-
MB-231 as model cells for further study (Figure 1(e)).
In summary, we conclude that high expression of PIR
positively correlates with tumorigenesis.
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Figure 1. PIR mRNA is excessively expressed in various cancer tissues. (a) p values and fold changes show increased expression of PIR
mRNA in various studies of breast cancers as compared with normal tissue. Data are publicly available in the Oncomine database. (b,
¢) Data 1 and 2 in Figure 1a are presented as scatter plots, individually, showing high expression levels of PIR mRNA in breast
cancers as compared to normal tissues (*P < 0.05, ***P < 0.001, unpaired Students t-test). (d) The TCGA database showing that
higher expression levels of PIR mRNA correlates with lower survival rates in breast cancer (***P < 0.001, unpaired Students t-test). (e)
The breast cancer cell lines were cultured for 24 h, followed by detection of PIR and actin with Western blot (WB).

Inhibition of PIR significantly reduces cell
proliferation and xenograft tumor growth

To explore the biological significance of PIR
expression in malignancies, we knocked down
PIR in MCF7 and MDA-MB-231 cell lines using
shRNA and found a dramatic decrease in cell
proliferation as indicated by morphology picture
of both cell lines (Figure 2(a)). To further verify
this observation, we rescued PIR expression in
corresponding knockdown cells by employing
a PIR expressing vector with synonymous muta-
tions in shRNA targeting sequence of PIR. The
knockdown and overexpression efficiencies of
PIR in MCF7 and MDA-MB-231 cells were
checked by Western blot (Figure 2(b) left, 2 (d)
left). The cells counting assay was performed at
different time intervals and the results indicate
that the ablation of PIR considerably reduced the
cell proliferation, while the rescuing expression of
PIR significantly restored the normal cell prolif-
eration (Figure 2(b) right, 2 (d) right). These data
were also verified by MTT assay showing that the

shPIR reduced MTT activity, while the overexpres-
sion of PIR significantly rescued MTT activity in
both MCF7 and MDA-MB-231 cell lines (Figure 2
(c,e)). To gain further insight into the effect of PIR
in more detail, we used some of known PIR inhi-
bitors like TphA, CCG-1423 and CCG-203,911
[24,25], which was reported to inhibit the function
of PIR as a transcriptional co-factor. We treated
MCF7 and MDA-MB-231 cells with these chemi-
cals and detected a dramatic decrease in cell pro-
liferation after 48 h (Figure 3(f,g)). We then
investigated if PIR plays a key role in promoting
tumorigenesis in nude mice. MCF cells were
injected into six-week-old nude mice subcuta-
neously with wild-type cells to the left flank and
PIR knockdown cells to the right flank. After 3
weeks, tumors were isolated and weighted. As
expected, knockdown of PIR significantly slowed
down xenograft tumor growth of MCF cells in
nude mice as compared with the wild type cells
(Figure 2(h)). Taken together, our data demon-
strate that PIR is essential for in vitro proliferation
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Figure 2. Inhibition of PIR significantly retards cell proliferation and xenograft tumor growth. (a) MCF7 and MDA-MB-231 cells were
infected with lentiviruses expressing shPIR-1, followed by determination of morphologies under a microscope after 48 h of infection.
The scale bars represent 100 mm. (b,c) MCF7 cells were infected with lentiviruses expressing shPIR-1/2 to knock down PIR and
further reconstituted for PIR expression using rescuing PIR (rPIR) constructs. Proteins in total cell lysates were determined by WB (b,
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of MCF7 and MDA-MB-231 breast cancer cells
and xenograft tumor growth of these cells in
nude mice.

PIR promotes E2F1 expression transcriptionally

To identify the detailed mechanism why knockdown
of PIR reduces breast cancer cell proliferation, we
performed RNA seq assay to search for genes regu-
lated by PIR. We found that in PIR knockdown cells
some of the pro-survival factors like E2F1, CERK and
ERK were dramatically downregulated as compared
with the control cells (Figure 3(a)). The downregula-
tions of E2F1, CERK and ERK were also verified by
real-time q-PCR in MCF7 and MDA-MB-231 cell
lines (Figure 3(b,c)). Because E2F1 is a direct activator
of G1/S transition and its mRNA seemed to be more
significantly downregulated than that of CERK and
ERK, we mainly focused on the effect of E2F1 down-
regulation on cell proliferation and tumor growth in
following investigation. As expected, the Western blot
analysis revealed that the ablation of PIR remarkably
downregulated E2F1 expression, conversely, the
restoration of PIR in knockdown cells by expression
of rescuing PIR recovered the expression of E2F1 in
both MCF7 and MDA-MB-231 cells (Figure 3(d,e)).
These data indicate that PIR is required for E2F1
expression in breast cancer cells. Consistently, the
expression levels of E2F1 are higher in breast cancers
than in their corresponding normal tissues (Figure 3
(f)) and the expressions of PIR and E2F1 mRNA are
positively correlated in breast cancer tissues according
to a study from the Oncomine database (Figure 3(g)).
Western blot analysis also showed that E2F1 was sig-
nificantly down regulated by the treatment of PIR
inhibitors (TPhA, CCG-1423 and CCG-203,911) in
MCEF7 and MDA-MB-231 cells in a dose dependent
manner, implying that the downregulation of E2F1
might play a key role in retarded proliferation of cells

with PIR depleted (Figure 3(h,i)). As we had already
identified that the inhibition of PIR can downregulate
E2F1, we constructed luciferase reporter plasmid con-
taining E2F1 promoter to further dissect the mechan-
ism how PIR regulates E2F1 expression. The
overexpression of Flag-PIR significantly up regulated
the reporter activity of E2F1-luc in a dose-dependent
manner (Figure 3(j)). To narrow down the region of
E2F1 promoter that binds the PIR protein, we divided
the E2F1 promoter into 5’ terminal (—1000~-540) and
3’ terminal (-539~+101) regions and identified that
only 3’ terminal region of E2F1 promoter shows simi-
lar response to PIR expression in luciferase activity
assay as did the full-length promoter. These data indi-
cate that the 3'-terminal region of E2F1 promoter is
responsible for the PIR binding (Figure 3(k)). We also
found the binding of PIR to E2FI promoter through
in-vitro GST pull-down assay by mixing E2F1 promo-
ter sequence with GST tag PIR protein (Figure 3(1)).
Finally, we performed in vivo ChIP-PCR assays and
detected E2F1 promoter in the precipitates of PIR,
establishing the binding of PIR to E2F1 promoter
(Figure 3(m)). These observations indicate that PIR
can activate E2F1 transcription by binding to 3'-
terminal region of its promoter.

Overexpression of E2F1 recovers the
proliferating ability of PIR depleted cells

As reported early overexpression of E2F1 is an
oncogenic event that predisposes cells to malig-
nant transformation [11]. To verify the link of
E2F1 with tumorigenesis, we knocked down E2FI
in MCF7 and MDA-MB-231 cell lines through
shRNA and found a significant decrease in cell
proliferation while overexpression of PIR in
shE2F1 cells failed to rescue the normal prolifera-
tion as indicated by growth curve (Figure 4(a,d))
and MTT assays (Figure 4(b,e)). The knockdown

left);); HA-PIR: HA tagged PIR; Endo-PIR: endogenous PIR. Cell number (b, right) and MTT activity (c) were determined in the time
courses indicated. The data are means+SEM of three independent experiments (***P< 0.001, unpaired Students t-test). (d,e) MDA-
MB-231 cells were treated and measured for protein levels (d, left), cell numbers (d, right) and MTT activities (e) as in (b,c). The data
are means=SEM of three independent experiments (**P< 0.01, ***P< 0.001, unpaired Students t-test). (f,g) MCF7 and MDA-MB-231
cells were treated with TphA (240 pM), CCG-1423 (10 uM) and CCG-203,911 (10 uM) or DMSO (control), followed by determination of
cell numbers and morphologies under a microscope after 48 h of treatment. The data are means+SEM of three independent
experiments (***P < 0.001, unpaired Students t-test). The scale bars represent 100 mm. (h) MCF7 cells stably expressing shGFP
(control) and shPIR were separately injected on the left and right flanks of mice. Three weeks post-injection, tumors were isolated,
followed by determination of weights (left) and expression of PIR (right). Unpaired Students t-test (***P< 0.001) was used to analyze

the data (middle).
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luciferase activities were determined and normalized to the sample of control cells. The data are presented as means%SD of three
independent experiments. (***P< 0.001, unpaired Student’s t-test). (k) 293T cells were transfected with empty vector, Flag-PIR, 3’
terminal E2F1 (3’ E2F1: —539~+101) and 5’ terminal E2F1 (5’ E2F1: —1000~-540) luciferase plasmids and the luciferase activity was
checked after 24 h of transfection. The data are means+SD of three independent experiments (**P < 0.01, ***P < 0.001, unpaired
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immunoprecipitating overexpressed Flag-PIR and amplificating 3' region of E2F1 promoter.
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efficiencies of E2F1 in both cell lines were con-
firmed by Western blot (Figure 4(c,f)). Next, we
examined whether the overexpression of E2F1 in
PIR depleted cells can rescue the normal cell pro-
liferation. For this purpose, we infected MCF7 and
MDA-MB-231 cells with shPIR to knock down
PIR and further overexpressed HA-E2F1 in PIR
knock down cells. Both cells counting assays
(Figure 4(g,j)) and MTT assays (Figure 4(h,k))
showed that knockdown of PIR considerably
reduced cell proliferation, while the overexpres-
sion of E2F1 in PIR knockdown MCF7 and MDA-
MB-231 cells significantly restored the normal cell
proliferation. This observation is consistent with
the protein levels of PIR knockdown and E2F1
overexpression (Figure 4(il)). In conclusion,
downregulation of E2F1 is the predominant deter-
minant in retarded proliferation of breast cancer
cells with PIR depleted.

PIR facilitates G1 to s phase transition of cell
cycle

To further investigate the detailed mechanism of PIR
mediated tumorigenesis, we knocked down PIR in
MCF7 and MDA-MB-231 cell lines and found that
some of the E2F] target genes which regulate cell
cycle such as cdk4, cdk6, cycE and cycD were signifi-
cantly downregulated in PIR knockdown cells
(Figure 5(a,b)). As we know that the transcription
factor E2F1 is a key regulator of cell cycle progres-
sion and has a role in determining the progression
through checkpoint at G1/S. Therefore, we tested
whether this would also hold true in PIR knockdown
cells. Interestingly, we found that knockdown of PIR
in MDA-MB-231 cell dramatically arrested the cells
at G1 phase and thus decrease the ratios of S and G2/
M phases, while rescuing expression of PIR comple-
tely relieved G1 arrest (Figure 5(c)). These results
demonstrate that PIR facilitates G1 to S phase transi-
tion by promoting the expression of E2F1 and its
target genes. It was previously identified that E2F1
contributes to malignancy of tumor cells by activat-
ing the transcription of discoidin domain receptor 1
(DDR1) which plays an important role in many
fundamental processes such as cell adhesion, migra-
tion and invasion [26]. To investigate the involve-
ment of PIR in E2F1 mediated expression of DDRI,
we knocked down PIR in MCF?7 cells and found that

DDR1 was markedly downregulated in PIR depleted
cells and such downregulation was completely res-
cued by re-expression of PIR (Figure 5(d)), implying
that PIR may also participate in the promotion of cell
migration, invasion and metastasis by upregulating
DDRI.

PIR promotes tumor cell mobility, invasion and
metastasis

To investigate whether PIR is involved in the promo-
tion of tumor cell mobility, invasion and metastasis,
we observed these phenotypes of the same MCF7 and
MDA-MB-231 cell lines with PIR knocked down and
re-expressed that we used in Figure 2. Knockdown of
PIR suppressed cell mobility as measured by wound-
healing assay, while re-expression of PIR significantly
rescued the mobility of both MCF7 and MDA-MB
-231 cells (Figure 6(a,b)). Transwell assay indicated
that the invasion ability of MCF7 and MDA-MB-231
cells were remarkably disrupted by knockdown of PIR
and restored by reconstitution of PIR expression
(Figure 6(c,d)). Next to check the involvement of
PIR in metastasis, we performed in-vivo metastasis
tumor formation assay by using nude mice. We
found that the knockdown of PIR in MCF7 cells sig-
nificantly decreased the number of metastatic tumor
on the surface of lungs as compared to control cells
(Figure 6(e)). In conclusion, the above data indicate
that the expression of PIR promotes the metastatic
ability of breast cancer cells.

Discussion

Cancer development and progression depends on
abnormal proliferation which is accomplished by
distorted expression or activation of proteins
related to cell cycle regulations. Identification of
novel pathways that drive malignant transforma-
tion by activating cell cycle progression may pro-
vide new targets for the diagnosis and treatment of
various cancers. PIR is a putative transcriptional
regulator and upregulated in various tumors.
However, a systematic analysis of PIR expression
and their functions in human breast cancers has
been lacking. In the present study, we found that
excessive expression of PIR occurs in various
breast cancers and promotes breast cancer cell
proliferation, tumorigenesis and metastasis. First,
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Figure 4. Overexpression of E2F1 recovers the cell viability in PIR depleted cell lines. (a,d) MCF7 and MDA-MB-231 cells were infected
with lentiviruses expressing shE2F7 and PIR. Cells number were counted at 1, 2, 3, 4 and 5 days and the cells viability were shown by
growth curves. The data are means+SEM of three independent experiments (**P< 0.01, ***P< 0.001, unpaired Students t-test). (b,e)
After 1, 2, 3, 4 and 5 days of E2F1 knockdown and PIR overexpression in MCF7 and MDA-MB-231 cell lines, MTT activities were
determined by measuring the absorption at 490. The data are means+SEM of three independent experiments (**P< 0.01, ***P<
0.001, unpaired Students t-test). (c,f) E2F1 and PIR protein in total cell lysates was determined by WB. (g—I) MCF7 and MDA-MB-231
cells were knocked down for PIR and further overexpressed for HA-E2F1. Cells number (g,j), MTT activity (h,k) and protein levels (i)
were determined as in a-f. The data are means+SEM of three independent experiments (***P< 0.001, unpaired Students t-test).

on the basis of Oncomine databases, we found that
the mRNA levels of PIR are much higher in tissues
of breast cancer than in the corresponding normal
tissues. Second, PIR is abundantly expresses in
a lot of breast cancer cell lines including in

MCF7 and MDA-MB-231, which are therefore
used as model cells in this study. Third, we ana-
lyzed the breast cancer database in Oncomine and
found that high expression levels of PIR are corre-
lated with lower survival rates. Taken together, we
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Figure 5. PIR facilitates G1 to S phase transition of cell cycle. (a,b) MCF7 and MDA-MB-231 cells were infected with lentiviruses
expressing shPIR and rPIR. Forty-eight hours after infection the expression of cdk4, cdk6, cycE and cycD were analyzed with gRT-PCR.
The data are means+SEM of three independent experiments (*P< 0.05, **P< 0.01, ***P< 0.001, unpaired Students t-test). (c) The flow
cytometric analysis of cell cycle in PIR knockdown and rescuing MCF7 cells. The presented data are means+SD of three independent
experiments. (***P< 0.001, Student’s t-test unpaired; compared with both control and rPIR). (d) MCF7 cells were infected with
lentiviruses expressing shPIR and rPIR. Forty-eight hours after infection the expression of DDRT was analyzed with qRT-PCR. The data
are means+SEM of three independent experiments (**P< 0.01, ***P< 0.001, unpaired Students t-test).

provide multiple lines of evidence that PIR may
participate in the malignant progression of breast
cancer.

To explore the biological significance of PIR
expression in malignancies, we knocked down
PIR in MCF7 and MDA-MB-231 cell lines
employing shRNA and found a dramatic decrease
in cell proliferation and significantly slowed down
xenograft tumor growth in nude mice. Next, we
investigated the mechanism by which PIR pro-
motes tumorigenesis and progression. We per-
formed RNA seq assay in PIR knockdown cells
and identified dramatic downregulation of pro-
survival factor E2F1, which was further confirmed
by real-time PCR and Western blot analysis in
MCF7 and MDA-MB-231 cell lines. Next, we trea-
ted MCF7 and MDA-MB-231 cells with three
reported PIR inhibitors, TphA, CCG-1423 and
CCG-203,911, and found a dramatic decrease in
proliferation of MCF7 and MDA-MB-231 cells, as

well as the downregulation of E2F1. It is well
known that transcription factor E2F1 is a key reg-
ulator of cell cycle progression and has a role in
determining the G1/S transitions [27]. Consistent
with the effect of E2F1 on cell cycle, knockdown of
PIR dramatically blocks the G1/S transition while
rescuing expression of PIR completely releases the
G1 arrested cells to S phase. To provide more
conclusive evidence that PIR promotes E2F1
mediated tumorigenesis, we overexpressed E2F1
in PIR knocked down MCF7 and MDA-MB-231
cells and found that overexpression of E2F1 sig-
nificantly rescued the normal cell proliferation.
We also found that PIR induces the luciferase
activity of E2F1 promoter in a dose-dependent
manner indicating that PIR promotes E2F1 tran-
scription. However, the detailed mechanism about
how PIR enhances E2F1 transcription remains far
to be clarified. Through RNA seq assay, we also
found that knockdown of PIR increased the
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Figure 6. PIR promotes tumor cell migration, invasion and metastasis. (a,b) The same MCF7 (a) and MDA-MB-231 (b) cell lines with
PIR knocked down and re-expressed as those used in Figure 2 were plated. After 24 h of plating, artificial wound was created by
a 200 ml pipette tip, followed by determination of wound closure under microscope after another 48 h for MCF7 and 36 h for MDA-
MB-231 cells. Left, representative morphologies; right, statistic results shown as means+SEM of three independent experiments
(***P< 0.001, unpaired Student’s t-test). The scale bars represent 100 mm. (c,d) The transwell assay were performed with the same
MCF7 (c) and MDA-MB-231 (d) cells as those used in wound healing assay. Left, representative morphologies; right, statistic results
shown as means+SEM of three independent experiments (*P< 0.05, **P< 0.01,***P< 0.001, unpaired Student’s t-test). The scale bars
represent 50 mm. (e) MCF7 cells (1710% in 100 ul PBS) with PIR stably knocked down were injected into the four-week-old male
BALB/c nude mice via tail veins. The mice were sacrificed after 6 weeks and pictures of metastatic lungs were taken. The scale bars
represent 1 mm.
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expression of RBI mRNA. This data implies that
PIR may synergistically regulate both E2F1 and
RB1. As RBI1 is a inhibitor of E2F1, in the future
we will do in-depth study to find out the role of
RB1 in PIR mediated tumorigeneses. More inter-
estingly, knocked down of PIR significantly
decreased the migration and invasion of breast
cancer cells in vitro and their metastasis in mice.
Our research thus links PIR excessive expression
to E2F1 expression, and further to cell prolifera-
tion, migration, invasion and metastasis.

In conclusion, our findings suggest that PIR
stimulates tumorigenesis and progression by acti-
vating E2F1 pathway and thus provide convincing
evidence for PIR as a novel druggable target for
the treatment of breast cancer. In the future we
will examine the therapeutic potential of PIR inhi-
bitors toward vivo xenograft tumor in nude mice.
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