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SRC mediates cell cycle regulatory function of Pin1 and is a 
rational target in treating mucinous ovarian cancer
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ABSTRACT

The expression of human proplyl isomerase Pin1 that controls numerous growth 
and cancer-driving signaling pathways was elevated in the majority of ovarian 
tumors. Ectopic expression of Pin1 in normal human ovarian surface epithelial 
cells promoted cell proliferation and phospho-tyrosine kinase profiling identified 
significant up-regulation of SRC phosphorylation. On the other hand, knockdown of 
Pin1 expression in most ovarian cancer cells resulted in slower cell growth, reduction 
of SRC phosphorylation, and G1 cell cycle arrest. Transient siRNA transfection to 
suppress SRC expression in wild-type cancer cells phenocopied the cell cycle defects 
of Pin1-knockdown cancer cells. However, mucinous ovarian cancer cell lines showed 
upregulation of SRC phosphorylation and absence of cell cycle arrest after Pin1 
knockdown. The effects of SRC phosphorylation affect the cell sensitivity to Pin1 
inhibitor Juglone. Mucinous ovarian cancer cells had IC50 values 2.4- to five-fold 
higher than other cancer cell types and required SRC inhibitor in combination with 
Juglone for rapid cell death. This novel node downstream of Pin1 cell cycle regulatory 
pathway will have significant implication for tumor type-specific treatment of ovarian 
cancer with Pin1 overexpression.
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INTRODUCTION

Ovarian cancer has a 5-year mortality rate of 44.6% 
and is the second most common gynecologic malignancy 
in the United States and the deadliest of gynecologic 
cancers [1, 2]. The majority of these tumors, up to 95%, 

can be classified as epithelial ovarian cancers (EOC), 
which are further subdivided into four major histologic 
subtypes as serous, mucinous, endometrioid, and clear 
cell ovarian tumors, with serous tumors being the most 
common histologic subtype [3–5]. Currently, the standard 
of care for the treatment of most EOC is a combination 
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of taxane and platinum chemotherapy, with only modest 
improvement in outcomes over the last decade. In order to 
further improve outcomes, new treatment modalities for 
these cancers are needed.

Pin1 (protein interacting with NIMA [never in 
mitosis A]-1) is a conserved peptidyl-prolyl isomerase 
(PPIase) that catalyzes the cis/trans isomerization of 
peptide bonds at phosphorylated serine or threonine 
preceding proline. Proline uniquely has this ability 
to take on either a cis or trans conformation due to its 
5-membered ring, which impacts the function of proline-
directed kinases and phosphatases. Pin1 is the only PPIase 
that specifically recognizes these pSer/pThr-Pro motifs and 
efficiently catalyzes isomerization at these sites, which is 
an otherwise slow conversion process further impeded by 
phosphorylation [6]. These conformational changes then 
impact catalytic activity, phosphorylation status, protein-
protein interactions, subcellular localizations, and stability 
of substrate proteins. Pin1 has been shown to be involved 
in the regulation of many cell-cycle regulatory functions 
including passage through the DNA replication checkpoint 
[7], centrosome duplication and mitotic progression [8]. In 
response to DNA damage, p53 is phosphorylated on Ser/
Thr-Pro motifs, which facilitates interaction between Pin1 
and p53 for the control in cell cycle arrest or apoptosis 
[9]. Furthermore, Pin1 is responsible for the stability of 
Nanog, a stem cell transcription factor, and is necessary 
for the self-renewal of pluripotent embryonic stem  
cells [10].

It has been shown that Pin1 is important for breast 
development [11] and is normally expressed in several 
gynecologic tissues including the fallopian tube and the 
ovary [12]. However, Pin1 expression is significantly 
elevated in neoplasia in the reproductive tract [12–14], 
breast [11, 15], and prostate [16]. In cancer, Pin1 has 
been shown to activate multiple oncogenes and deactivate 
multiple growth inhibitors and tumor suppressors, 
respectively [6, 17–19]. Pin1 function is essential for the 
tumorigenesis caused by oncogenes Neu and Ras [15, 17]. 
It can cooperate with mutant p53 for tumor aggressiveness 
[20] and also expand the cancer stem cell traits in breast 
cancer [21]. In contrast, ablation of Pin1 function 
in cancer cells abrogated the cancer cell growth and 
propagation [17, 22]. Mechanistically, the most important 
function of Pin1 in cancer growth is the promotion of 
cell cycle progression. Although this can be attributed by 
increased transcriptional activity of c-Jun, beta-catenin 
and NF-κB towards the cyclin D1 promoter and hence 
overexpression of cyclin D1 [15, 18, 23], the downstream 
regulator underlying Pin1 function in cell cycle regulation 
remains largely unknown. In this study, we sought to 
evaluate the expression and oncogenic function of Pin1 
in ovarian cancer, and employ multidisciplinary platforms 
to investigate its downstream modulator of cell cycle 
regulation in ovarian cancer cells and the effects of Pin1 
inhibitor on different ovarian cancer cell types.

RESULTS

Concurrent elevated expression of Pin1 and 
Cyclin D1 in tumor samples

The expression of Pin1 and its downstream effector 
cyclin D1 [15] was determined by immunohistochemistry 
on a panel of normal ovarian tissue (n = 5), benign tumors 
(n = 5), borderline tumors (n = 12), and invasive ovarian 
tumor (n = 44) samples (Supplementary Figure 1). ANOVA 
analysis with post hoc Tukey’s multiple comparisons has 
shown significant increase of Pin1 expression in both 
borderline and invasive tumors versus healthy and benign 
samples (P = 0.001) as well as among tumor grades, 
with grade 1 tumors revealing significantly reduced Pin1 
expression (P = 0.026) (Table 1). No differences in Pin1 
expression were seen among tumors of different histologic 
subtype or tumor stage (P = 0.068 and 0.078, respectively). 
Analysis of expression of Pin1 and cyclin D1 showed that 
overexpression of Pin1 was correlated with cyclin D1 
expression (r = 0.684, P = 0.001) (Supplementary Figure 2).

Ovarian epithelial cell lines with stable changes 
in Pin1 expression showed significant changes in 
cell proliferation and cell cycle distribution

In order to evaluate the functions of Pin1 in ovarian 
epithelial cells, several cell lines with stable changes in 
Pin1 expression were established. An immortalized normal 
human ovarian surface epithelial (HOSE) cell line with 
ectopic expression of Pin1 was established by introducing an 
expression plasmid encoding an enhanced green fluorescent 
protein-tagged wild-type Pin1 (HOSE-Pin1 KI). In addition, 
two ovarian cancer cell lines, the high-grade serous SKOV3 
and mucinous MCAS cancer cell lines harboring short-
hairpin RNA to knockdown Pin1 expression, SKOV3-
Pin1KD and MCAS-Pin1KD, respectively, were established 
using Mission™ lentiviral transduction particles. Western 
blot analysis showed the expected overexpression of eGFP-
Pin1 in the HOSE-Pin1 KI cell line, as well as knockdown 
of Pin1 expression in the Pin1 KD cancer cell lines, when 
compared with their respective controls (Figure 1A). Cell 
growth assessment of the resulting cell lines revealed that 
HOSE Pin-1 KI cells showed significantly increased growth 
rate compared to HOSE control cell line. Conversely, 
MCAS-Pin1 KD and SKOV3-Pin1 KD cell lines showed 
significantly reduced growth rate when compared with 
control cell lines (Supplementary Figure 3). However, 
comparison of the cancer cell migration using a real-
time xCELLigence system did not reveal any changes in 
migration rate of the Pin1 knockdown cells (Supplementary 
Figure 4), suggesting that the changes mediated by Pin1 
were primarily in growth regulation.

In order to identify the major molecular pathways 
disrupted in the cancer cells with Pin1 knockdown, gene 
expression profiling was performed. Clustering analysis 
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of the microarray gene expression profiling data revealed 
significant changes in gene expression in both SKOV3 
and MCAS knockdown cell lines compared with the 
respective controls (Figure 1B). Pathway enrichment 
analysis of the differentially expressed genes revealed 
the most significant functional changes were involved in 
various cell cycle progression and checkpoint controls 
(Supplementary Table 1).

To investigate how Pin1 function affected cell 
growth, cells with changes of Pin1 and the control cells 
were stained with propidium iodide and analyzed by 
flow cytometry (Figure 1C). As expected, HOSE cell 
line with ectopic expression of Pin1 showed increased 
S and G2/M phases. However, the SKOV3 and MCAS 
Pin1 knockdown cells did not show the same cell cycle 
distribution. In SKOV3-Pin1 KD cells, there was a 
significant cell cycle arrest at G1 (71.4% versus 48.4% in 
control cells). In contrast, MCAS-Pin1 KD cells showed 
a minor decrease in G1 and G2/M phases (Figure 1C). 
To further investigate the differing phenotypes of Pin1 
knockdown in cancer cells, we sought to employ small 
interfering RNA (siRNA) to transiently knockdown Pin1 
expression in a number of cancer cell lines and performed 
flow cytometry of the resulting cells to determine the cell 
cycle distribution. Although the magnitude of cell cycle 
changes was not as high as in stable cell lines, most of 

the tested cell lines showed G1 arrest. MCAS cells still 
showed a decrease in G1 phase (Figure 1D).

A screen of phospho-protein tyrosine kinases 
identified SRC phosphorylation in response to 
cellular Pin1 level and cell cycle progression in 
HOSE and serous cancer cell lines, but not in 
mucinous ovarian cancer cell lines

Since gene expression profiling was not sensitive 
enough to pinpoint the differences between SKOV3 
and MCAS Pin1 knockdown cancer cells in cell cycle 
dysregulation, we had to rely upon another profiling 
method to identify the determining factor for a G1 
arrest phenotype after Pin1 knockdown. As most of the 
transformation phenotypes including accelerating cell 
growth arise through aberrant activation of oncogenic 
pathways and recent whole genome sequencing has 
identified that protein kinases are the largest family 
of cancer genes with frequent activation mutations 
in human cancers [24–26], we therefore employed a 
Luminex bead-based multiplex platform [27] to screen 
the phosphorylation status of a panel of protein tyrosine 
kinases in the HOSE-Pin1 KI and SKOV3-Pin1 KD cell 
lines relative to their respective controls. The Luminex 
immunosandwich assay used a variety of specific 

Table 1: Clinical characteristics of Pin1 expression in ovarian specimens

Characteristics No. of cases Mean of scores P-value
Diagnostic category

Healthy 5 0.70 0.001
Benign 5 1.90
Borderline 12 6.17
Invasive 44 5.46

Histology of cancer

Serous 20 5.51 0.068
Mucinous 7 3.64
Endometrioid 10 5.10
Clear Cell 7 6.22

Tumor differentiation
Borderline 12 6.05 0.026
Grade 1 12 4.04
Grade 2 10 6.25
Grade 3 22 6.02

Stage
I 17 4.88 0.078
II 14 5.11
III 23 6.50
IV 2 5.00
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antibodies to capture different phospho-tyrosine kinases in 
the cell lysates. The results of this screen showed that there 
was an increase in SRC phosphorylation in HOSE-Pin1 KI 
cells revealed by two phospho-SRC antibodies; while the 
binding to the phospho-SRC anibodies and to one phospho-
EGFR antibody was slightly decreased in the SKOV3-
Pin1 KD cells (Figure 2A). Use of the antibody specific to 
phosphorylated Tyr416 (pTyr416) of SRC in Western blot 
analysis of cell lysates confirmed that this tyrosine residue 
was significantly phosphorylated in HOSE-Pin1 KI cells 
relative to HOSE control cells (Figure 2B), implicating 
increased SRC activity in the KI cells. On the contrary, 

the same tyrosine residue of SRC was significantly 
dephosphorylated in SKOV3-Pin1 KD cells relative to 
SKOV3 control cells (Figure 2B), implicating reduced 
SRC activity in the Pin1 KD cancer cells. In addition, use 
of the antibody specific to phospho-tyrosine 845 of EGFR 
protein in the Western blot analysis showed that there was 
no detectable EGFR phosphorylation in both HOSE KI 
and control cell lines, whereas there was a reduction in the 
EGFR phosphorylation in SKOV3-Pin1 KD cells relative 
to control cells, which was consistent with the Luminex 
assay results. To our surprise, the pTyr416 result of 
MCAS-Pin1 KD cells was opposite to that of the SKOV3 

Figure 1: Cell cycle aberration in ovarian epithelial cells with changes of Pin1 expression. (A) Western blot analysis to 
show Pin1 expression pattern of the Knock-In and Knock-Down cell lines and their respective controls. The enhanced green fluorescent 
protein-Pin1 (eGFP-Pin1) fusion protein and wild-type Pin1 protein were marked by arrowheads. (B) Heat map to show the significant 
differentially expressed genes between control and Pin1-KD cancer cell lines. (C) Flow cytometry graphs of cell lines with changes of Pin1 
expression and the respective controls. (D) Flow cytometry graphs of cell lines transfected with Pin1 siRNA or control siRNA.
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counterpart, in which the phosphorylation of Tyr416 was 
increased in the MCAS knockdown cell line, similar to the 
HOSE-Pin1 KI cells (Figure 2B). There was also no EGFR 
phosphorylation at Tyr845 in the MCAS cell lines, even 
though EGFR was expressed.

To further pursue how Pin1 knockdown affected 
the status of SRC pTyr416 in association with cell cycle 
in other cancer cell lines, we employed Pin1 siRNA 
transfection to suppress Pin1 expression and probed the 
SRC phosphorylation at Tyr416 by Western blot analysis. 
The collective results of these cell lines categorized 
according to G1 arrest or not and tumor subtypes in Figure 
2C showed that within the group of cancer cell lines that 
were G1 arrest after Pin1 knockdown, three out of four 
serous cancer cell lines and the clear cell cancer cell line 
showed reduced SRC phosphoryaltion at Tyr416. Two of 
the four serous cancer cell lines and the clear cell cancer 
cell line also showed reduced EGFR phosphorylation at 
Tyr845. For the mucinous cancer cell lines that did not 
show G1 arrest after Pin1 knockdown, two out of three cell 
lines showed increase of SRC phosphoryaltion at Tyr416. 
There was no EGFR phosphorylation in the mucinous 
cancer cell lines regardless of whether they were treated 
with Pin1 siRNA or not. For the single endometrioid 
cancer cell line in our panel, although it showed G1 arrest 
after Pin1 knockdown, there was no SRC phosphorylation, 
and this cell line also showed loss of EGFR expression.

We further investigated the status of two 
phosphoproteins that were the major controllers for 
cell cycle progression to determine whether their status 
corresponded to the G1 arrest status of the cancer cell 
lines after Pin1 knockdown. Activation of CDC2 is the 
universal event controlling the onset of mitosis, which is 
regulated by inhibitory phosphorylation at Tyr15 [28, 29]. 
Of the six G1 arrest cancer cell lines, five had reduced 
level of CDC2 phosphorylation at Tyr15 after Pin1 
kncokdown, indicating that migration through G2/M phase 
was promoted in these cell lines. On the other hand, two 
of the three mucinous cell lines showed increased CDC2 
phosphorylation, suggesting that they likely were arrested 
in G2/M phase [28, 29]. For the G1 phase restriction 
control of cell cycle, the retinoblastoma tumor suppressor 
protein RB is the major G1 phase controller and its 
inactivation via phosphorylaton at Ser807/811 will allow 
cell cycle progression [30, 31]. Four of the G1 arrest cell 
lines showed reduced RB protein phosphorylation after 
Pin1 knockdown, suggesting that active RB protein might 
be responsible for the G1 arrest. On the other hand, two of 
the three mucinous cancer cell lines showed increased RB 
phosphorylation, supporting the notion that inactivation 
of RB protein in these cell lines allowed the cell cycle to 
progress through G1 phase.

As the results of cell cycle regulatory proteins in 
Figure 2C suggested that the activity of these proteins 
corresponded mostly to the pTyr416 status of SRC, a 
Western blot analysis was performed to evaluate the SRC 

pTyr416 status for all the cancer cell lines according 
to histologic subtypes (Figure 2D). SRC was highly 
phosphorylated in many cancer cell lines, in particular 
the serous subtype, whereas all of the three mucinous 
ovarian cancer cell lines showed much lower SRC 
phosphorylation.

Since p53 mutation status can have an impact on 
Pin1 in regulating cell cycle and tumor aggressiveness [9, 
20], we searched Cancer Cell Line Encyclopedia (CCLE) 
portal at Broad Institute (https://portals.broadinstitute.
org/ccle) and a publication by Anglesio et al. [32] for p53 
mutation status of the ovarian cancer cell lines. SKOV3 
has a deleterious p53 frame-shift mutation, and five cancer 
cell lines (OVCA3, OVCA420, DOV13, TOV112D, and 
RMUGS) have missense mutations. While the hotspot 
missense mutations of OVCA420 and TOV112D are 
predicted to have deleterious protein structures [33], we 
do not have any information for the missense mutations 
of the other three cancer cell lines. There is also a report 
suggesting that Pin1 has p53-indpendent function [34]. 
Hence, we currently do not know if p53 plays a role in the 
observed differences between mucinous and other ovarian 
cancer cell types.

Knockdown of SRC expression phenocopied 
Pin1 knockdown in cell cycle regulation

Characterization of cancer cell lines with 
Pin1 knockdown in Figure 2 showed opposite SRC 
phosphorylation pattern and cell cyle phenotypes 
between serous and mucinous cancer cell lines. We next 
asked whether SRC was the downstream mediator of 
the Pin1 function in cell cycle regulation and therefore 
performed a SRC siRNA knockdown experiment with 
wild-type SKOV3 and MCAS cells to determine if SRC 
knockdown per se mimicked the cell cycle phenotypes 
of Pin1 knockdown in these two cell lines. Western blot 
analysis showed that the knockdown efficiency of the two 
siRNAs was not very high, only siRNA1 showed modest 
SRC knockdown in the transfected SKVO3 cancer cells 
(Figure 3A). Nevertheless, transfection of SRC siRNA1 
into wild-type SKOV3 cells resulted in an increase of 
cancer cells in G1 phase, whereas the transfection in 
wild-type MCAS cells resulted in a decrease of G1 phase  
(Figure 3B). Hence SRC inhibition phenocopied Pin1 
knockdown in causing G1 arrest in serous cancer cells but 
not in mucinous cancer cells.

Type-specific sensitivity of ovarian cancer cell 
lines to Pin1 and SRC inhibitors

As a starter to test whether the cellular status of 
Pin1 and SRC affects the sensitivity of cancer cell lines to 
respective inhibtors, we compared the sensitivity of Pin1 
knockdown cancer cell lines and control cell lines to SRC 
inhibitor Dasatinib. MCAS-Pin1 KD cell lines showed 
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increased sensitivity to Dasatinib compared to MCAS 
control line (Figure 4A), whereas SKOV3-Pin1 KD cell 
lines did not show consistent differences (Figure 4B). As 
cancer cells from different tumor types responded to Pin1 
knockdown differently, we further evaluated if they also 
differed in response to Pin1 inhibitor Juglone. The three 
mucinous cancer cell lines showed IC50 values that ranged 
between 2.4-fold (MCAS) and five-fold (RMGUL) higher 
than the average of the values of serous and clear cell 
cancer cell lines (Figure 4C). However, with an addition of 
2 µM of Dasatinib, which would result in less than 10% cell 
kill as a single treatment to the mucinous cancer cell lines, 
provided significant synergistic cell death together with 
Juglone (Figure 4D). In contrast, the serous ovarian cancer 
cell lines did not show significant additional cell death with 
the same combinational drug treatment (Figure 4E).

DISCUSSION

Pin1 is a conserved prolyl isomerase that 
catalyzes cis-trans isomerization of peptide bonds at 
phosphorylated serine or threonine preceding proline, 
whose isomerization is slowed down by phosphorylation 
[6]. Because of its unique function, Pin1 is involved in 
many different intracellular activities. As such, we sought 
to investigate the functional role of Pin1 and its impact 
on ovarian carcinogenesis and potential as a possible 
therapeutic target. The expression of Pin1 has been shown 
to be significantly elevated in neoplasia in reproductive 
tract [12–14], breast [11, 15], and prostate [16], our 
immunohistochemical staining for Pin1further supports 
this in ovarian cancer, particularly in invasive and high-
grade tumor samples (Table 1). The expression of Pin1 

Figure 2: Changes of Pin1 expression affect the phosphorylation status of SRC, EGFR and cell cycle regulators in 
ovarian epithelial cells. (A) Heat map to show the significant phospho-tyrosine kinases revealed by the Luminex screen. (B) Western 
blot analysis of ovarian cell lysates to confirm the SRC and EGFR phosphorylation status in the ovarian cell lines. β–actin was used as 
loading control. (C) Western blot analysis of ovarian cancer cell lines after transfection with control (-) or Pin1 (+) siRNAs. The serous 
cancer cell lines used were: SKOV3 (lanes 1 and 2); OVCA432 (lanes 3 and 4); OVCA429 (lanes 5 and 6); and OVCA420 (lanes 7 and 
8). The clear cell (CC) ovarian cancer cell line used was RMG1 (lanes 9 and 10). The endometrioid (Endo) ovarian cancer cell line used 
was TOV112D (lanes 11 and 12). The three mucinous ovarian cancer cell lines used were: RMUGS (lanes 13 and 14); RMUGL (lanes 
15 and 16); and MCAS (lanes 17 and 18). (D) Western blot analysis to reveal the SRC pTyr416 status of the ovarian epithelial cell lines. 
Lane 1: IOSE80PC; lane 2: IOSE80; lane 3: HOSE 1-15; lane 4: OVCA3; lane 5: OVCA420; lane 6: OVCA432; lane 7: OVCA433; lane 
8: SKOV3-IP; lane 9: Hey-8; lane 10: OVCA680; lane 11: DOV13; lane 12: SKOV3; lane 13: OVCA429; lane 14: OVCA810; lane 15: 
TOV21G; lane 16: RMG1; lane 17: TOV112D; lane 18: RMUGS; lane 19: RMUGL; and lane 20: MCAS. β–actin was used as loading 
control.
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Figure 3: SRC knockdown phenocopied Pin1 knockdown phenotype in cell cycle regulation. (A) Western blot analysis to 
show SRC expression of wild-type SKOV3 cells after siRNA transfection. β–actin was used as loading control. (B) Flow cytometry graphs 
to show the cell cycle distribution of wild-type MCAS and SKOV3 cells after SRC siRNA transfection.
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in the invasive ovarian tumor samples was also highly 
correlated with cyclin D1 expression, consistent with 
the finding that elevated Pin1 function led to increased 
transcriptional activity of c-Jun, beta-catenin and NF-κB 
towards the cyclin D1 promoter and hence overexpression 
of cyclin D1 [15, 18, 23].

Pin1 is known for the regulation of cell cycle [7, 
8]. As expected, ectopic expression of Pin1 accelerated 
cell growth in normal HOSE cells and knockdown 
of Pin1expression slowed the growth of cancer cells, 

suggesting that over-expression of Pin1 in ovarian cancer 
contributed to aberrant cell growth without any influence 
on cancer cell migration (Supplementary Figures 3 and 4). 
The result of gene expression profiling also supported the 
phenotypes of the KD cancer cells, in which the majority 
of differentially expressed genes were involved in cell-
cycle progression and checkpoint mechanisms regulating 
cell growth. Flow cytometric analysis of the HOSE-
Pin1 KI and SKOV3-Pin1 KD cell lines also showed 
concordant results, with HOSE cell line with ectopic 

Figure 4: Tumor type-specific response of ovarian cancer cell lines to Pin1 and SRC inhibitors. Relative survival curves of 
(A) MCAS and (B) SKOV3 control cell lines and Pin1 knockdown cell lines to SRC inhibitor Dasatinib. (C) Relative survival curves and 
deduced IC50 values of wild-type ovarian cancer cell lines to Pin1 inhibitor Juglone. The mucinous ovarian cancer cell lines are shown in 
red-orange colors, whereas the serous and RMG1 cancer cell lines are shown in blue-green colors. Relative survival curves of (D) mucinous 
ovarian cancer cell lines and (E) serous ovarian cancer cell lines to Juglone in the presence (solid lines) or absence (broken lines) of 2 µM 
of Dasatinib. For all the graphs, cell survival is relative to that of the cancer cells without the indicated drug treatment. Significance levels: 
***P < 0.001; **P < 0.01; *P < 0.05.
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expression of Pin1 showing increased S and G2/M phases, 
whereas knockdown of Pin1 expression in SKOV3 cancer 
cells showed G1 arrest (Figure 1C).

Luminex phospho-tyrosine kinase screening of 
the HOSE and SKOV3 cell lines revealed significant 
variations of SRC phosphorylation in response to Pin1 
expression status, and the use of a SRC pTyr416 antibody 
in Western blot analysis of the cell lysates derived from 
the KI and KD cell lines, as well as in the Pin1 siRNA 
knockdown experiment also confirmed this novel 
relationship between Pin1 and SRC in cell cyle regulation 
(Figure 2). Hence, elevated expression of Pin1 in most of 
the normal and cancer cells led to SRC phosphorylation 
at Tyr416, which likely mediated cell cycle progression 
function downstream of Pin1. On the contrary, knockdown 
of Pin1 function led to dephosphorylation of SRC at 
Tyr416 and G1 arrest. Further investigation of the status 
of the cell cycle regulatory proteins such as CDC2 that 
is responsible for G2/M progression [28, 29], and pRB 
in G1 phase restriction [30, 31] was consistent with the 
cell cycle phenotypes demonstrated by the majority of 
cell lines after Pin1 knockdown. Mamidipudi et al. have 
reported that overexpression of RACK1 receptor in cells 
induced a partial G1 arrest by suppressing SRC activity 
at the G1 checkpoint [35]. There are also reports showing 
that iron depletion resulted in SRC inhibition and cell 
cycle arrest in G1 phase in neuroblastoma cells [36], and 
the use of pharmacologic inhibitor of SRC arrested cells in 
G1 phase [37]. Hence, SRC activity might be a universal 
focal point for signaling pathways to regualte G1 phase for 
most of the cell types. Indeed, partial knockdown of SRC 
expression in wild-type SKOV3 cancer cells in our SRC 
siRNA transfection experiment phenocopied Pin1 function 
in G1 arrest (Figure 3), further confirming that Pin1 acts 
through SRC in cell cycle regulation. This novel finding 
may have significant clinical value, as SRC-targeting 
therapies such as dasatanib [38, 39] may have better profile 
to treat ovarian cancer patients with Pin1-overexpression.

It is unlikely that SRC is a direct target of Pin1. 
However, Pin1 controls a plethora of proliferation 
regulating pathways including pRB/CDK/Cyclin D1, 
p53, WNT, NF-κB, and PI3K/AKT and growth factor 
pathways, which might have interactions with SRC. For 
example, EGFR dephosphorylation was also observed in 
SKOV3 and some other ovarian cancer cell lines with Pin1 
knockdown (Figure 2). There have been reports implicating 
the cross-talk between SRC and EGFR, in which SRC 
mediated phosphorylation of EGFR at Tyr845 [40, 41]. 
However, overt EGFR phosphorylation in response to 
Pin1 status was not observed in normal HOSE cells and 
mucinous ovarian cancer cells and hence the contribution 
of EGFR in Pin1-mediated cell cycle regulation may not be 
as significant as SRC. More studies are warranted to study 
the link between Pin1 function and SRC activity.

It is intriguing that the effects of Pin1 knockdown 
on SRC phosphorylation and cell cycle phenotype in 

mucinous ovarian cancer cell lines were opposite to most 
of the other cancer cell lines. We are aware that there are 
controversies about the tumor types some of the cancer 
cell lines represent. For example, studies to compare 
the genomic and expression profiles of cancer cell lines 
with clinical samples have suggested that SKOV3 is not 
a serous cancer cell line (neither is it a mucinous cancer 
cell line) [32, 42]; and OVCA429 developed tumor with 
clear cell morphology when it was growing as xenografts 
in nude mice [43]. However, these controversies did not 
affect the three mucinous cancer cell lines and the observed 
differences between mucinous cancer cells and cancer cells 
from other tumor types. Mucinous ovarian cancer cell lines 
also showed lower sensitivity to Pin1 inhibitor Juglone 
compared with other cancer cell types and required 
Dasatinib to promote cell death (Figure 4). The clinical 
characteristics of mucinous ovarian carcinomas are distinct 
from other ovarian tumor subtypes. While treatment of 
SRC inhibitor dasatinib arrested other cell types in G1 
phase [37], it was reported that treatment of dasatinib 
did not affect cell-cycle distribution in mucinous ovarian 
cancer cells [44]. In a study to examine the response of 
tyrosine kinases including SRC in different ovarian 
cancer cell lines to platelet-activating factor induction, 
the mucinous ovarian cancer cell lines also showed very 
subdued response when compared with ovarian cancer 
cell lines of other histologic subtypes [45]. One possible 
explanation for this subtype-specific difference might be 
the frequent dysregulation of the Ras pathway in mucinous 
ovarian cancers [46], as activated Ras pathway has been 
reported to interact with Pin1 in increasing cyclin D1 
expression [15]. In additon, there might be a different 
mechanism or pathway that is responsible for the observed 
suppression of cell growth in MCAS and a few cancer cell 
lines that did not show SRC dephosphorylation after Pin1 
knockdown and warrants further investigation.

In conclusion, this is the first report to identify 
SRC as the central effector to mediate Pin1 function in 
promoting ovarian cancer cell proliferation and tumor 
growth. Mucinous ovarian cancer cells, however, are 
distinct that targeting Pin1 function actually leads to 
increased SRC activity. Advanced stage mucinous ovarian 
carcinoma is drug-resistant and associated with shorter 
survival time after progression or recurrence of disease 
than with serous histology. SRC was found highly activated 
after chemotherapy among mucinous ovarian carcinomas 
[44, 47]. Hence, combination therapy employing both Pin1 
inhibitor and SRC inhibitor may be a promising therapeutic 
approach for patients with mucinous ovarian carcinoma.

MATERIALS AND METHODS

Clinical specimens and ovarian cell lines

All clinical specimens were collected and archived 
under protocols approved by the Human Subjects 
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Committee of the Brigham and Women’s Hospital, 
Boston, Massachusetts. Samples were collected as 
discarded materials from patients undergoing surgery for 
a diagnosis of ovarian cancer and confirmed histologically 
by pathologists. Cases were staged according to the 
International Federation of Gynecology and Obstetrics 
(FIGO) system. Control subjects underwent hysterectomy 
or oophorectomy for benign indications.

The normal human ovarian surface epithelial 
(HOSE) cells immortalized by an HPV E6/E7 gene 
introduction and ovarian cancer cell lines have been 
described previously [48]. All ovarian cell lines were 
maintained in a mixture of medium 199 and MCDB105 
medium (1:1) (Sigma, St. Louis, MO) supplemented with 
10% fetal calf serum (Invitrogen, Carlsbad, CA).

Immunohistochemistry

Standard immunohistochemistry (IHC) with 
microwave in 0.1M citrate buffer (pH 6.0) as the antigen 
retrieval method was performed on archived normal, 
benign, and malignant specimens using reagents from 
Vector Laboratories, Inc (Burlingame, CA, USA) as 
described previously [48]. The Pin1 antibody was 
from Cell Signaling Technology, Inc (Danvers, MA). 
The monoclonal anti-cyclinD1 antibody was from 
BD Biosciences (San Jose, CA). After incubation, the 
reaction was visualized using Vectastain Elite ABC Kit 
with diaminobenzidine chromogen as a substrate (Vector 
Laboratories, Burlingame, CA) and counterstained lightly 
with hematoxylin and mounted. Immunohistochemical 
results were evaluated semi-quantitatively by considering 
the percentage and intensity of the staining [48].

Establishment of HOSE cell lines with ectopic 
expression of Pin 1 and ovarian cancer cell 
lines with knockdown expression of Pin1, and 
subsequent functional assays

The enhanced green fluorescent protein-tagged 
wild-type Pin1 expression construct, pEGFP-C1-Pin1, has 
been described [49]. Mission™ lentiviral Pin1-targeting 
and non-target control shRNA constructs were purchased 
from Sigma-Aldrich (St. Louis, MO). The production of 
transduction particles and infection of ovarian cancer cells 
were performed according to manufacturer’s protocol. 
The TRC numbers for the knockdown of pin1 expression 
are TRCN0000001033 and TRCN0000001036. Since 
cell lines established using both knockdown constructs 
behaved similarly in cell growth study, only the cell lines 
established with TRCN0000001036 were included in the 
comparative studies.

Cell proliferation was determined by seeding  
3 × 104 cells to 35-mm culture dishes and allowed to grow 
to different time points. Every other day, the number of 
cells in three culture dishes were manually counted using a 

hemacytometer and averaged for each cell line. Real-time 
cell migration assay was performed using an xCELLigence 
system (Roche Applied Science, Indianapolis, IN, USA), 
which measured electrical impedance across interdigitated 
gold microelectrodes on the bottom of a Boyden chamber 
for quantitative kinetic data of cell migration. The culture 
plate was assembled on the RTCA DP analyzer, with cells 
resuspended in serum-free medium in the upper chamber 
and either serum-free medium or medium containing 10% 
fetal bovine serum was present in the lower chamber. Data 
were gathered at 5 minute intervals for 24 hours at 37 °C in 
5% CO2 chamber. The data obtained were analyzed using 
the RTCA software (Roche Applied Science, Indianapolis, 
IN). All the functional assays were performed in triplicates 
and repeated twice.

Western blot analysis

Total cell lysates were prepared from growing 
cells using RIPA buffer (50 mM Tris HCl pH 8, 150 mM 
NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% 
SDS) supplemented with PhosStop phosphatase inhibitor 
cocktail and Complete protease inhibitor cocktail (Roche 
Applied Science, Indianapolis, IN). 20 μg of total cell 
lysates of the cell lines were resolved by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to a polyvinylidene fluoride (PVDF) 
membrane using a SEMI-DRY Transfer cell (Bio-Rad 
Laboratories, Hercules, CA). Standard Western blot 
analysis was performed using primary antibodies from Cell 
Signaling Technology, Inc (Danvers, MA) and horseradish 
peroxidase chemiluminescence using Supersignal west 
pico kit (Pierce Biotechnology, Rockford, IL).

Microarray gene expression profiling and 
analysis

RNA was extracted from pelleted cells using 
TRIzol reagent (Invitrogen, Carlsbad, CA). The quality 
and quantity of the RNA were tested using Bioanalyzer 
(Agilent Technologies, Santa Clara, CA). 4.5 μg of RNA 
from each sample was used for target labeling by a two-
round amplification protocol and expression profiles 
were acquired using Affymetrix 1.1 Human Gene ST 
arrays (Santa Clara, CA) and processed on the Affymetrix 
GeneAtlas Fluidic station according to the manufacturer’s 
instructions. All Affymetrix control genes were removed 
from the expression data and the remaining Affymetrix 
probe clusters were imported into the Affymetrix Power 
Tools software (APT package). The data were processed 
using Robust Mutichip Average (RMA) preprocessing 
followed by “per chip” normalization across all samples. 
Differentially expressed genes were identified using 
significance analysis of microarrays (SAM) with the R 
package ‘samr’, based on false discovery rate (FDR)  < 
0.05 and fold change >2. Two-dimensional hierarchical 
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clusters were generated using TMeV 4.8 software. 
Differentially expressed genes between the control cell 
lines and the cell lines with changes of Pin1 were imported 
into the Ingenuity Systems Pathway Analysis (www.
ingenuity.com) to identify significant annotated pathways.

Phospho-tyrosine kinase profiling

The Luminex immunosandwich kinase profiling 
assay has been described previously [27]. Luminex 
xMAP microspheres were coupled separately to capture 
antibodies against individual kinases using Sulfo-NHS 
(Pierce Biotechnology, Rockford, IL). The antibody-
coupled beads were then incubated with 100 μg of cell 
lysates in individual wells of a 96-well microtiter plate 
(EMD Millipore, Bedford, MA). After washing twice with 
phosphate-buffered saline (PBS) plus 1% bovine serum 
albumin, biotin-conjugated anti-phosphotyrosine antibody 
4G10 (EMD Millipore, Bedford, MA) was added and 
incubated for 30 min while shaking. After washing, the 
mixture was incubated with 0.2 μg of R-phycoerythrin 
streptavidin conjugates (Invitrogen, Carlsbad, CA) for 10 
min. The samples were then washed and analyzed using a 
Luminex 100 instrument (Luminex, Austin, TX). Values 
were background-subtracted, normalized and analyzed 
similar to microarray data [27]. Heatmap was generated 
using TMeV 4.8 software.

Transient gene knockdown and cell cycle 
analysis

Ovarian cell lines were transfected with 20 pmol of 
siRNAs in Opti-MEM® reduced serum medium (Invitrogen, 
Carlsbad, CA) using Lipofectamine™ 2000 reagent 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s 
recommendation. Mission siRNA against human Pin1 
(SASI_Hs01_00180075 and SASI_Hs01_00180077) and 
SRC (SASI_Hs01_00112905 and SASI_Hs01_00112907) 
were purchased from Sigma-Aldrich (St. Louis, MO). For 
cell cycle analysis, single cells were resuspended in ice-
cold 70% ethanol, washed twice with 1× PBS and once 
with 1× PBS supplemented with 0.1% (v/v) TritonX-100 
(Sigma-Aldrich, St. Louis, MO) and resuspended in 50 
µg ml/L propidium iodide staining buffer in the presence 
of 300 µg ml/L RNase A for 30 min at room temperature. 
Samples were analyzed using an Accuri C6 flow cytometer 
(BD Biosciences, San Jose, CA).

Drug sensitivity assays

Pin1 inhibitor Juglone and SRC inhibitor Dasatinib 
were purchased respectively from EMD Millipore 
(Billerica, MA) and Selleckchem (Houston, TX) 
and dissolved in dimethyl sulfoxide according to the 
manufacturers’ recommendation. For the assays, 5000 
cells were seeded in each well of a 96-well microtiter 
plate and serial dilutions of drugs were added on the 

following day. Cell viability was determined after 48 hr 
of incubation, using a MTT cell proliferation assay kit 
(Sigma-Aldrich, St. Louis, MO). Data was analyzed using 
the Prism software from GraphPad, Inc (San Diego, CA).

Statistical analysis

All calculations were performed with MINITAB 
statistical software (Minitab, State College, PA) unless 
otherwise indicated. ANOVA with post hoc Tukey’s 
multiple comparisons test was used to determine any 
significant differences of immunohistochemistry scores 
between groups. For the functional assays, significance 
of differences was determined using 2-tailed T-Test, 
with P-value less than 0.05 was considered statistically 
significant.
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