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Overexpression of ID1 promotes tumor progression
in penile squamous cell carcinoma
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Abstract. Penile squamous cell carcinoma (PSCC) occurs
more frequently in developing countries, and is commonly
diagnosed at an advanced stage with an unfavorable prognosis.
At present, few biomarkers for PSCC have been identified and
used in clinical practice. Aberrant expression of inhibitor of
DNA binding 1 (ID1) has been suggested as a potential regu-
lator of tumor progression in various types cancer. Herein, we
evaluated ID1 expression in PSCC and analyzed its association
with the clinicopathological parameters of PSCC. Our find-
ings indicated that ID1 overexpression is associated with
histological subtype and lymph node metastasis. Kaplan-Meier
survival analysis showed that the overexpression of ID1 is
associated with unfavorable cancer-specific survival. In Cox
proportional hazard models, ID1 overexpression was found
to be an independent predictor of cancer-specific survival.
Furthermore, we investigated the function of ID1 in PSCC
using a PSCC cell line Penll. Silencing of ID1 expression
retarded cell growth, inhibited clonogenesis, and attenuated
cell migration and invasion in Penll cells. ID1 may regulate
key oncogenic and metastasis-related molecules, as depletion
of ID1 expression affected the levels of p-AKT, p16, PTEN and
cleaved caspase-3, and reduced MMP2/9 secretion in Penll
cells. Nevertheless, the mRNA expression of pl6 and PTEN
increased following ID1 knockdown, suggesting that ID1 may
repress pl6 and PTEN expression in Penll cells. Therefore,
overexpression of IDI could serve as a potential prognostic
biomarker for the clinical management of PSCC. Strategies
targeting ID1-regulated signaling pathways may have thera-
peutic benefit in PSCC.
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Introduction

Penile cancer, a relatively rare cancer, arises from the squa-
mous epithelium of the glans, coronal sulcus or inner preputial
surface (1). Penile squamous cell carcinoma (PSCC) comprises
the majority of cases of penile cancer (2). Currently, surgical
operation is recommended as the major treatment for penile
cancer. In addition to the surgical approach, brachytherapy,
chemotherapy and targeted therapy have also been applied
in the clinical management of penile cancer (3). Clinical
outcomes of penile cancer are associated with tumor grade
and stage, with the presence of inguinal nodal metastases
being the most important prognostic factor for cancer-specific
survival (4). Despite considerable progress in clinical treat-
ment, the survival of the patients with PSCC has not improved
during the previous 20 years (5).

Biomarkers are increasingly used in cancer diagnosis
and clinical management. Improved understanding of the
molecular/genetic mechanisms related to the development
of penile cancer has allowed for the clinical use of novel
biomarkers (6). Some molecular markers have already been
studied in penile cancer, including Human papilloma virus
(HPV), p53, p16, SCC antigen, Ki-67 and Wnt/B-catenin (6-9).
These markers are not predictive of tumor progression/metas-
tasis. Inhibitor of DNA binding 1 (ID1) is a helix-loop-helix
(HLH) protein overexpressed in several cancer types including
prostate, breast and lung cancer (10,11). IDI exerts critical
functions in the regulation of cell proliferation, differentiation
and malignant transformation (12). Shuno et al showed that
ID1 knockdown inhibits the metastatic potential of pancreatic
cancer (13). Li et al demonstrated that ID1 promotes the tumor-
igenicity and metastasis of human esophageal cancer cells
through activation of the PI3K/AKT signaling pathway (14).
Overexpression of ID1 protein regulated angiogenesis in ovarian
cancer tumors (15). ID1 was also found to regulate head and
neck squamous cell carcinoma survival via the NF-kB/survivin
and phosphoinositide 3-kinase/Akt signaling pathways (16).
Recently, we showed that ID1 is a crucial factor regulating
tumor initiation and malignant progression in glioma (17,18).
However, the role of IDI in penile cancer warrants investiga-
tion. Herein, we sought to examine the expression of ID1 in
PSCC and to determine its association with clinicopathological
parameters. Our findings suggested that overexpression of ID1
is significantly correlated with lymph node metastasis in PSCC.
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Therefore, ID1 may be potentially useful as a novel biomarker
or therapeutic target for PSCC.

Materials and methods

Patient cohort. The patients enrolled in this study (n=64;
median age, 56 years old, range, 28-87 years old) were
diagnosed with PSCC and underwent penectomy (from
February 2011 to November 2015) at Xiangya Hospital
Central South University. Patients with known chemotherapy
or brachytherapy before surgery were excluded from the study.
Penile cancer tissues and matched adjacent non-cancerous
penile tissues were also collected (n=7; from March 2016 to
June 2016) for western blot analysis. The research protocols
were approved by the Institutional Research Ethics Committee
of Xiangya Hospital and informed consent was acquired from
all the patients (no. 201805847). The cases were reviewed by
2 genitourinary pathologists (YW and SW).

Representative paraffin-embedded archival blocks
were used for sectioning (4-ym thickness). All patients
were prescribed a follow-up regimen based on the National
Comprehensive Cancer Network guidelines (19), with physical
examination every 3-6 months depending on nodal stage.
Cancer and vital status were recorded by clinical follow-up
at the Department of Urology, Xiangya Hospital (median
follow-up, 22.5 months). TNM staging was assigned based on
the American Join Committee on Cancer, 7th edition (19).

Reagents and cell line. Antibodies against IDI
(cat.no. ab66495) and f-actin (cat. no. ab8227) were purchased
from Abcam (Cambridge, MA, USA); antibodies against
p-AKT (cat. no. 4060), AKT (cat. no. 9272), p53 (cat. no. 2524),
EGFR (cat. no. 4267), pl6 (cat. no. 80772) and cleaved
caspase-3 (cat. no. 9664) were all obtained from Cell Signaling
Technology, Inc. (Beverly, MA, USA). Human PSCC cell line
Penll was kindly provided by Professor Hui Han (Department
of Urology, Cancer Hospital, Sun Yat-Sen University,
Guangzhou, China) (20). Penll is routinely cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS; HyClone Laboratories,
South Logan, UT, USA), 4 mM glutamine, 100 U/ml penicillin
and 100 pg/ml streptomycin. Human epidermis keratinocyte
cell line HaCat (resource no. 3111C0001CCC000373) was
obtained from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). HaCat cells were
grown in Minimum Essential Medium (MEM; HyClone
Laboratories) supplemented with 15% FBS. Lentiviral plas-
mids expressing scramble or shID1 shRNAs were purchased
from GeneCopoeia, Inc. (Rockville, MD, USA). The sequences
for the shRNAs and control shRNA used in the present study
are listed as follows: ID1 shRNAs: sh-1, TTCCAACTTCGG
ATTCCGAGT and sh-2, AAGTCTCTGGTGACTAGTAGG;
scramble control, CCTAAGGTTAAGTCGCCCTCG. The
packaging procedure for lentiviral shRNAs was conducted
as previously described (20). After performing 2 consecutive
virus infections, Penll cells were selected with puromycin
(1 pg/ml) for 3 days.

Immunohistochemistry. Immunohistochemistry of tissue
sections were performed as previously described (21).
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Briefly, the sections were dewaxed in xylene, rehydrated
with graded alcohols and subjected to heat-induced epitope
retrieval. The sections were then incubated overnight at 4°C
with a rabbit polyclonal anti-ID1 antibody (dilution 1:200),
followed by incubation with a horseradish peroxidase conju-
gated goat anti-rabbit secondary antibody (dilution 1:200;
cat. no. P044801-2; Dako, Glostrup, Denmark) for 30 min at
room temperature. Immunochemical staining was visualized
by reaction with 3,3-diaminobenzidine and hydrogen peroxide
chromogen substrate (Dako). Slides were counterstained with
hematoxylin and mounted with a coverslip. The negative
controls were incubated with isotype rabbit IgG. IDI expres-
sion was scored by 2 clinical pathologists (YW and SW).
Immunostaining of ID1 was assessed using a scoring system
as previously described (22). Staining positivity (=30%) was
regarded as overexpression.

HPYV detection. HPV detection was conducted by SPF10 poly-
merase chain reaction and DEIA as previously described (23).
Briefly, total genomic DNA was extracted from FFPE tissue
material using Qiagen QIAamp DNA Micro kit (Qiagen, Inc.,
Valencia, CA, USA). Each DNA isolation run and PCR run
contained HPV-positive and -negative controls. Specimens
were tested for HPV DNA by PCR amplification/typing using
the HPV SPF10 PCR DEIA assay (Labo Biomedical Products,
Rijswijk, The Netherlands).

Clonogenic survival assay. Clonogenic survival assay was used
to measure the tumorigenic potential of the Penll cells (24).
Briefly, Penll cells (5x10%) were plated in 6-cm culture dishes,
and cultured for 12 days, and the number of surviving colonies
(defined as a colony with >50 cells) was stained with 0.5%
crystal violet and counted with an Olympus CKX41 micro-
scope (Olympus Corp., Tokyo, Japan) at x40 magnification.

Cell viability analysis. Cell viability was determined by
Cell Counting Kit-8 assay (CCK-8; Dojindo Laboratories,
Kumamoto, Japan) as previously described (25). Briefly, Penll
cells were seeded (2x10° cells/well) into 96-well plates. After
different time-points (day 1, 2, 3, 4, 5 and 6) in the culture,
10 pl of CCK-8 solution was added and incubation was carried
out for 1 h at 37°C. The optical density (OD) value (absor-
bance) was measured at 450 nm by Infinite F50 microplate
reader (Tecan Group, Ltd., Médnnedorf, Switzerland).

Western blot analysis. Western blot analysis was conducted
as previously described (26). Briefly, cells were lysed and
quantified using Bicinchoninic Acid Protein (BCA) Assay
kit (Beyotime Institute of Biotechnology, Shanghai, China).
Protein lysates (15 ug) were separated by 10% SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes
(EMD Millipore, Billerica, MA, USA). Blots were blocked
with 5% non-fat dry milk in Tris-buffered saline buffer for
2 h at room temperature and then incubated with diluted
antibodies (dilution 1:1,000) overnight at 4°C, followed by
incubation with horseradish peroxidase-conjugated secondary
antibody (dilution 1:5,000; cat. no. ab7090; Abcam) for 1 h at
room temperature. The blotting signal was visualized using
an enhanced chemiluminescence detection reagent (ECL;
Abcam). B-actin served as a loading control.
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Wound healing assay. Wound healing assay was used to
evaluate the cell migration ability as previously described (27).
Briefly, Penll cells (5x10°) were grown in 6-well plates for 48 h
until the cells achieved confluency. A sterile 200-ul pipette
tip was used to make a scratch wound in the center of the
well. After 24 h, the distance between the wound sides was
measured with an Olympus CKX41 microscope (unit: ym),
respectively.

Transwell invasion assay. Cell invasion assays were performed
using Transwell chamber with 8-ym pores (Corning Inc.,
Corning, NY, USA) as previously described (28,29). Briefly,
Penll cells (5x10° cells/well) were seeded in Transwell inserts
pre-coated with 50 ul Matrigel. The plates were incubated for
36 h at 37°C. The invaded cells on the bottom surface of the
membrane were fixed using dehydrated alcohol, and stained
by 0.2% crystal violet solution (Sigma-Aldrich; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). After being washed
with deionized water, Penll cells were photographed with an
Olympus BX43 light microscope (magnification, x100). The
crystal violet in stained cells were eluted by 20% glacial acetic
acid and were measured with a microplate reader (Tecan
Schweiz AB) at 570 nm.

ELISA assay for MMP2 and MMP9. Cell supernatant was
centrifuged at 12,000 x g for 15 min at 4°C. MMP2 ELISA and
MMP9 ELISA kits (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) were used to measure the levels of secreted MMP2
and MMP9 in Penl1 cells, respectively, according to the manu-
facturer's instructions and as previously described (30).

Real-time PCR. Real-time PCR was conducted as previ-
ously described (21). Briefly, total RNA was extracted from
Penll cells using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) and further purified using the RNeasy Mini
kit (Qiagen, Inc.). One microgram of total RNA was used to
generate cDNA, which was then used for the quantitative
PCR using SYBR-Green PCR expression assays (Invitrogen;
Thermo Fisher Scientific, Inc.). Relative gene expression was
determined based on the threshold cycles (Ct values) of the
genes (ID1, p16 and PTEN) and of the internal reference gene
(ACTB). PCR primers for ID1, PTEN, 3-actin and p16 genes are
listed as follows: ID1: forward, CTGCTCTACGACATGAAC
GG and reverse, GAAGGTCCCTGATGTAGTCGAT; P16:
forward, ATGGAGCCTTCGGCTGACT and reverse, GTA
ACTATTCGGTGCGTTGGG; PTEN: forward, TGGATT
CGACTTAGACTTGACCT and reverse, GGTGGGTTATGG
TCTTCAAAAGG; B-actin: forward, CATGTACGTTGCTAT
CCAGGC and reverse, CTCCTTAATGTCACGCACGAT.

Caspase-3 activity assay. Apoptosis of NPC cells after expo-
sure to irradiation was detected using Caspase-3 Colorimetric
Assay kit (Abcam) based on the cleavage of Asp-Glu-Val-Asp
(DEVD)-pNA. Briefly, NPC cells (5x10° cells) were lysed on
ice for 10 min and centrifuged at 10,000 x g for 1 min. Enzyme
reactions were carried out on the resulting supernatants in
96-well flat-bottom microplates, using 50 pul of cell lysate
(100-200 pg of total protein) for each reaction mixture. The
results are expressed as specific activities (UI/mg protein) of
caspase-3.
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Statistical analysis. The statistical software package SPSS 19.0
(IBM Corp., Armonk, NY, USA) was used in the present study.
Descriptive statistics was used to summarize the clinicopatho-
logical features. Survival analysis was performed using the
Kaplan-Meier method to determine the overall cancer-specific
survival. The log-rank test was used to compare the survival
curves. Significance between 2 groups was performed using
the Student's t-test. Significance between >2 groups was evalu-
ated by one way analysis of variance (ANOVA) followed by a
Newman-Keuls post hoc test. Two-sided P-values <0.05 were
considered to indicate a statistically significant result.

Results

ID1 is differentially expressed in non-cancerous penile tissues
and PSCC tissues. IDI1 expression in PSCC tissues (n=64) was
analyzed by immunohistochemistry. In non-cancerous penile
tissues, ID1 immunostaining was low or absent and confined
mostly in the basal cells of the epithelium (Fig. 1A). ID1
exhibited differential immunostaining in the PSCC samples
(case 1 and 2, ID1 overexpression; case 3 and 4, ID1 low
expression). Overall, 20 (31.3%) cases showed ID1 overexpres-
sion (staining positivity =30%). ID1 exhibited mostly nuclear
staining in PSCC tissues (Fig. 1A). Western blot analysis
showed that ID1 was higher in cancer tissues than that in the
adjacent non-cancerous tissues (Fig. 1B). The clinicopatho-
logical features of the study cohort are summarized in Table I.
Overexpression of ID1 was associated with histological
subtype (P=0.017) and lymph node metastasis (P=0.007).
Kaplan-Meier survival analysis showed that overexpres-
sion of IDI is associated with unfavorable cancer-specific
survival (CSS) (P<0.001; Fig. 2). In Cox proportional hazard
models (Table II), ID1 overexpression was found to be an
independent predictor of CSS [hazard ratio (HR)=3.76; 95%
confidence interval (CI) 1.33-10.65; P=0.013]. Consistent with
previous studies, we showed that the status of lymph node
metastasis could also serve as an independent predictor of CSS
(HR 3.42; 95% CI, 1.16-10.08, P=0.025). These results suggest
that ID1 may play a critical role in the tumor progression of
PSCC.

Knockdown of ID1 expression suppresses cell growth and
clonogenesis in Penll cells. Recently, Chen et al established
a cell line (Penll) derived from a lymph node metastasis of
PSCC (20). Therefore, we sought to further investigate the
oncogenic function of ID1 in PSCC using Penll1 as a cell model.
We showed that ID1 exhibited higher expression in Penll than
that in epidermis keratinocyte cells HaCat (Fig. 3A). Penll
cells were transduced with non-targeting scramble (Scr) or
2 shRNAs targeting ID1 (sh-1 and sh-2). As shown in Fig. 3B,
ID1 expression was significantly reduced in Penll cells
transduced with the 2 shID1 lentiviruses, whereas it was not
significantly affected by Scr shRNA. Consistently, the expres-
sion of ID1 mRNA was significantly decreased in the shID1
groups as compared to the Scr control (P<0.05; Fig. 3C). We
next examined the effect of ID1 expression on the cell growth of
Penll cells by CCK-8 assay, and the results showed that shID1
transduced-Penl1 cells grew slower than those transduced with
Scr shRNA (P<0.05; Fig. 3D). Furthermore, colony formation
of Penll cells in shID1 group was significantly decreased, as
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Figure 1. (A) Expression of ID1 in non-cancer penile tissues and PSCC. Scale bars: a, c, e, g, I and k, 100 um; b, d, f, h, j and 1, 20 pm. (B) Western blot analysis
of the protein expression of ID1 in matched penile cancer tissues and adjacent non-cancerous tissues. $-actin served as a loading control. ID1, inhibitor of DNA
binding 1; PSCC, penile squamous cell carcinoma; N, normal penile tissue, C, PSCC tissue.
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Figure 2. Overexpression of ID1 in PSCC is associated with unfavorable
cancer-specific survival (CSS). The log-rank test was used to compare
survival curves. ID1, inhibitor of DNA binding 1; PSCC, penile squamous
cell carcinoma.

compared with the Scr group, (P<0.05; Fig. 3E). Since both
ID1shRNAs showed similar effect, ID1 sh-1 shRNA was used
for the following experiments.

Depletion of IDI expression attenuates cell migration and
invasion in Penll cells. The metastatic process involves cell

scattering, motility, ECM degradation, migration and invasion
through basement membranes (30). Since overexpression of
ID1 is correlated with nodal disease and unfavorable overall
survival, we proposed that ID1 may regulate the migra-
tion/invasion phenotypes in PSCC cells. To examine the
effect of ID1 on cancer cell migration in vitro, we performed
a wound-healing assay. We observed a significantly slower
wound-healing rate in the cells expressing shID1 shRNA
compared to the Scr control (Fig. 4A). Transwell invasion
assay was also performed in order to examine the effects of
ID1 on cell invasion. As shown in Fig. 4B, knockdown of ID1
expression attenuated the invasion of Penll cells, as compared
with that noted in the Scr control. These results illustrated that
ID1 may be an important regulator of cell migration and inva-
sion in PSCC.

IDI regulates oncogenic and metastasis-related signaling
pathways in Penll cells. Currently, little is known concerning
the molecular mechanisms of the carcinogenesis of PSCC;
HPV infection, mutations in p53 and H-Ras, and dysregulated
pathways such as EGFR, PI3K/AKT/mTOR, pl6, p53/p21,
E-cadherin/WNT/B-catenin and MMP2/9 have been identi-
fied as potential cancer-related genes/pathways involved in
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Table I. Demographic and clinicopathological characteristics of the study population associated with ID1 expression.

Parameters ID1 low expression n (%) ID1 overexpression n (%) x> P-value
Age (years) 0.829 0.362
<56 23 (52.3) 8 (40.0)
>56 21 (47.7) 12 (60.0)
pT stage 0.524 0.469°
Ta/T1 5(11.4) 5250
T2 37 (84.1) 13 (65.0)
T3/T4 2 (4.5) 2 (10.0)
Grade 3.603 0.058*
Low 1(2.3) 4 (20.0)
Intermediate 6(13.6) 3(15.0)
High 37 (74.0) 13 (65.0)
Histological subtype 5.744 0.017¢
Usual 24 (54.5) 17 (85.0)
Papillary 1(2.3) 0(0.0)
Warty 7(159) 2 (10.0)
Verrucous 12 (27.3) 1(5.0)
Lymph node 7.166 0.007
Negative 31 (70.5) 7 (35.0)
Positive 13 (29.5) 13 (65.0)
HPYV status 0.051 0.822
Negative 32 (72.7) 14 (70.0)
Positive 12 (27.3) 6 (30.0)

“Non-parametric test. ID1, inhibitor of DNA binding 1; HPV, Human papilloma virus. P-value in bold print indicates a statistically significant

difference.

Table II. Cox proportional hazard model for death from disease by ID1 overexpression.

Univariate analysis

Multivariate analysis

Variables HR (95% CI) P-value HR (95% CI) P-value
Age (<56 vs. =56 years) 1.10 (0.45-2.70) 0.832

pT stage 1.02 (0.42 -2.45) 0.966

Grade 0.78 (0.42-1.42) 0414

Histological subtype 0.52 (0.29-091) 0.021

Lymph node 5.46 (1.98-15.05) 0.001 342 (1.16-10.08) 0.025
HPYV status 0.53 (0.18-1.58) 0.251

ID1 overexpression 5.99 (2.25-15.93) <0.001 3.76 (1.33-10.65) 0.013

HR, hazard ratio; CI, confidence interval; HPV, Human papilloma virus; ID1, inhibitor of DNA binding 1.

PSCC (6). As shown in Fig. 5A, knockdown of ID1 attenuated
p-AKT and increased levels of tumor suppressor pl6, PTEN
and apoptotic molecule cleaved caspase-3, suggesting that ID1
may exert its oncogenic function via both activating AKT and
downregulating pl6 and PTEN expression. Real-time PCR
analysis showed that mRNA expression of pl6 and PTEN
was increased in ID1-depleted Penll cells compared to that

noted in the Scr control (Fig. 5B). As cleaved caspase-3
antibody cannot detect full-length caspase-3 expression,
we next assessed the caspase-3 activity in Penll cells. As
shown in Fig. 5C, knockdown of ID1 considerably increased
caspase-3 activity compared to the Scr control. Furthermore,
ELISA assay revealed that depletion of ID1 reduced secre-
tion of 2 invasion/metastasis-related molecules MMP2 and
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MMP9, suggesting an involvement of the ID1-related pathway
in regulating MMP2/9-mediated cell invasion and metas-
tasis (Fig. 5D).

Discussion

The primary treatment for penile cancer is surgery (31).
Although surgery alone can cure most of the patients with
local disease, the clinical outcome for patients with advanced
penile cancer still remains poor (31). Regional lymph node
metastasis is the most important prognostic factor for
predicting cancer-related survival (32). Prognostic biomarkers
for the development of lymph node metastasis are being inten-
sively investigated. Squamous cell carcinoma antigen (SCC),
proliferating cell nuclear antigen (PCNA), cyclin DI, as well
as other markers have been studied with limited clinical
utility in penile cancer (6). However, none of them can
predict lymph node status or exhibit prognostic value (6).
Therefore, it is urgent to identify reliable biomarkers for the

early diagnosis of nodal metastasis of penile squamous cell
carcinoma (PSCC).

Several biomarkers have been under clinical investiga-
tion for their potential to predict lymph node metastasis.
Lopes et al showed that p53 expression could serve as a
new prognostic factor for lymph node metastasis in penile
carcinoma (33). Ferrandiz-Pulido et al recently unveiled the
mammalian target of rapamycin (mTOR) pathway in the
development of lymph node metastasis (34). Poetsch et al
indicated that loss of tumor-suppressor gene pl6 is associated
with aggressive behavior of penile carcinomas (35). In this
study, we evaluated the IDI1 expression in penile cancer and
analyzed its association with oncologic outcomes. We showed
that ID1 is differentially expressed in non-cancerous tissues
and PSCC; ID1 overexpression could serve as an independent
factor to predict cancer-specific survival. Several previous
studies have indicated that the histological subtype of penile
cancer is associated with more aggressive biological behavior
and predicts patient survival (36-38). Consistently, we showed
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that ID1 expression is associated with the histological subtype
of penile cancer. Therefore, ID1 may be a potential regulator of
cancer progression in various histological subtypes. However,
due to the limits of the small cohort (n=64) enrolled in the
present study, a larger PSCC cohort would be warranted in
order to further elucidate the usefulness of ID1 as a biomarker
for the prediction of prognosis in PSCC.

Tumor progression is mechanistically driven by altera-
tions in the regulatory mechanisms of proliferation and
migration/invasion. It has previously been shown that ID1 is
overexpressed in >20 types of malignancies, and has been
proposed as a key determinant of tumorigenesis and/or metas-
tasis in a wide range of cancer tissues (39). ID1 overexpression
is associated with proliferation/survival in cancer cells and is
required for tumor initiation during metastatic colonization
of the lung microenvironment (40). Consistently, we showed
that ID1 overexpression is associated with nodal metastasis
of penile cancer. However, the regulation and function of
ID1 in the malignant progression of PSCC remains unclear.
Recent genomic studies on penile cancer have not revealed
any alterations (copy number change or amplification/muta-
tion) in the ID1 gene (41-44). Aberrant epidermal growth
factor receptor (EGFR) signaling is a major characteristic of
many Human malignancies including penile cancer (45,46).
EGFR could serve as an adverse survival predictor in penile
cancer (45,46). In the present study, we showed that ID1 is
associated with tumor progression and predicts unfavorable
survival in penile cancer. As ID1 has been shown to be regu-
lated by EGFR signaling and could mediate EGFR signaling
to promote the growth and metastasis in lung and bladder
cancer (4748), it is likely that ID1 may serve as a downstream
mediator of EGFR signaling to promote tumor progression in
penile cancer. Currently, there is no chemical inhibitor for ID1.
Targeting the upstream regulatory pathway of ID1 may help
to inhibit ID1 function and cure ID1-overexpressing penile
cancer.

In a series of experiments in a PSCC cell line model, we
showed that depletion ofID1 led to downregulation of prolif-
eration, migration and/or invasion of Penll cells. Our findings
also revealed that knockdown of IDI attenuated p-AKT,
increased tumor suppressor pl6 and PTEN and reduced
MMP2/9 levels. As activation of the AKT pathway and pl16
status has already been demonstrated to be crucial for the
tumor progression of PSCC, it would be reasonable to propose
that the effects of ID1 may result from its function in regu-
lating the balance of oncogene/tumor-suppressor genes, thus
promoting the tumor progression of PSCC (49,50). IDI1 could
act as a transcriptional repressor to repress PTEN and pl6
expression in cancer cells (51-53). Consistently, we observed
that depletion of ID1 increased pl16 and PTEN mRNA expres-
sion in Penll cells. Therefore, ID1 may repress PTEN (thus
activate AKT) and pl6 expression, and thus promote tumor
progression in penile cancer. Nevertheless, we observed a
significant induction of caspase-3 activity in IDI1-depleted
cells, suggesting that ID1 may regulate apoptosis-related
pathways in penile cancer. Therefore, further technical
analysis such as the apoptosis pathway, apoptosis detection
and fluorescence activated cell sorting (FACS) would be
needed in order to further elucidate the anti-apoptotic role of
ID1 in penile cancer. Cumulatively, these results highlight the
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importance of ID1 in the regulation of cell proliferation and
spread of PSCC, and suggest that ID1 expression may serve
as a valuable prognostic biomarker and therapeutic target for
patients with penile cancers.
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