
Vorinostat, an HDAC Inhibitor Attenuates Epidermoid Squamous
Cell Carcinoma Growth by Dampening mTOR Signaling Pathway
in a Human Xenograft Murine Model

Deepali Kurundkar1, Ritesh K. Srivastava1,#, Sandeep C. Chaudhary1, Mary E. Ballestas2,
Levy Kopelovich3, Craig A. Elmets1, and Mohammad Athar1,*

1Department of Dermatology and Skin Diseases Research Center, University of Alabama at
Birmingham, 1530 3rd Avenue South, VH 509, Birmingham, AL 35294-0019, USA
2Department of Pediatrics Infectious Disease, Children’s of Alabama, School of Medicine,
University of Alabama at Birmingham, AL, USA
3Division of Cancer Prevention, National Cancer Institute, 6130 Executive Blvd, Suite 2114,
Bethesda, MD 20892, USA

Abstract
Histone deacetylase (HDAC) inhibitors are potent anticancer agents and show efficacy against
various human neoplasms. Vorinostat is a potent HDAC inhibitor and has shown potential to
inhibit growth of human xenograft tumors. However, its effect on the growth of skin neoplasm
remains undefined. In this study, we show that vorinostat (2μM) reduced expression of HDAC1,
2, 3, and 7 in epidermoid carcinoma A431 cells. Consistently, it increased acetylation of histone
H3 and p53. Vorinostat (100mg/kg body weight, IP) treatment reduced human xenograft tumor
growth in highly immunosuppressed nu/nu mice. Histologically, the vorinostat-treated tumor
showed features of well-differentiation with large necrotic areas. Based on proliferating cell
nuclear antigen (PCNA) staining and expression of cyclins D1, D2, E, and A, vorinostat seems to
impair proliferation by down-regulating the expression of these proteins. However, it also induced
apoptosis. The mechanism by which vorinostat blocks proliferation and makes tumor cells prone
to apoptosis, involved inhibition of mTOR signaling which was accompanied by reduction in cell
survival AKT and extracellular-signal regulated kinase (ERK) signaling pathways. Our data
provide a novel mechanism-based therapeutic intervention for cutaneous squamous cell carcinoma
(SCC). Vorinostat may be utilized to cure skin neoplasms in organ transplant recipient (OTRs).
These patients have high morbidity and surgical removal of these lesions which frequently
develop in these patients, is difficult.
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Introduction
More than 2.5 million cases of non-melanoma skin cancer (NMSC) exist in the United
States of America as estimated by the American Cancer Society (Society AC, 2011). These
neoplasms include both basal cell carcinoma (BCC) and squamous cell carcinoma (SCC).
Exposure to ultraviolet light B (UVB) is a major etiologic factor for the pathogenesis of
these cancers (Diepgen and Mahler, 2002). Besides the high prevalence of these cancers in
normal caucasian populations with fair skin phenotype, individuals with impaired immune
function, for example, those receiving chronic immunosuppressive medication after organ
transplantation, are at a further increased risk and develop much aggressive and invasive
NMSCs (Aberg et al., 2011; Euvrard et al., 2003). Skin cancer is among the most frequent
OTRs cancer and its aggressiveness depends upon the level of immunosuppression (Alam et
al., 2011; Zwald and Brown, 2011). Cumulative risk for this and other cancers in OTRs also
increases with the duration of immunosuppression (Zwald et al., 2011). Carroll et al. (2003)
showed that the incidence of NMSC increases from 19% at fewer than 5 years to 47% after
more than 20 years of immunosuppressive therapy.

Currently, surgical excision of histological defined margins remains gold standard therapy
for the majority of cutaneous SCCs (Motley et al., 2002). However, considering the high
morbidity among OTRs, repetitive surgical procedures to remove these cancers is often
frustrating. Moreover, some of these lesions are also known to be metastasized in these
patients. Based on these notions, we tested whether vorinostat (suberoylanilidine
hydroxamic acid), the first HDAC inhibitor approved by the U.S. Food and Drug
Administration (USFDA) for cutaneous T cell lymphoma (CTCL) (Mann et al., 2007) is also
effective against cutaneous SCCs. Vorinostat has been extensively evaluated for its
effectiveness against various cancers such as prostate cancer, breast cancer, renal cell
carcinoma, mantle cell lymphoma, lung cancer, and melanoma (Butler et al., 2000; Facchetti
et al., 2004; Komatsu et al., 2006; Mahalingam et al., 2010; Xargay-Torrent et al., 2011;
Uehara et al., 2012). It is currently listed for various clinical trials as a single agent or in
combination therapy (Wagner et al., 2010; Ramaswamy et al., 2011).

In this study, we report that vorinostat suppresses proliferation of epidermoid carcinoma
A431 cells in vitro. Vorinostat administration also blocks growth of human xenograft
epidermoid SCCs in highly immunosuppressed nu/nu mice. Its mechanism of
chemotherapeutic effects has also been investigated here.

Materials and Methods
Preparation of Lent-virus

Constitutively active myr-flag-AKT (Addgene, Cambridge, MA) was PCR amplified and
subcloned into the EcoRI and BamHI site of pLVX-puro or pLVX-IRES-zsgreen vectors
(Clontech, Mountain View, CA). The primers used were Forward 5′-
GCTAGCGAATTCGCCGCCACCATGGGGTCTTCAAAATCTAAACCAAAG and
Reverse 5′-CTCGAGAGATCTTCAGGCCGTGCCGCTGGCCGAGTAG. Plasmids
containing the myr-flag-AKT insert or control pLVX plasmids without an insert were
cotransfected with packaging plasmids (Invitrogen Virapower Lentiviral Expression
Systems, Carlsbad, CA) using Polyfect transfection reagent (Qiagen, Valencia, CA).
Supernatants containing viral particles were harvested at 48 hrs and 72 hrs post-transfection.
Cells (A431) were plated in 6-well plates and allowed to adhere for 24 h before infection.
Cells were infected in the presence of polybrene (6 μg/ml) overnight and the following day
media was replaced. After 24 hrs, cells were selected by treating with media containing
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puromicin (1 μg/ml) for pLVX-myr-flag-AKT. No antibiotic selection was used for pLVX-
myr-flag-AKT-IRES-zsgreen.

Cells
Human epidermoid carcinoma cells A431 (CRL-1555) were obtained from American Type
Culture Corporation (Manassas VA). Cells were cultured in Dulbecco’s modified eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/ml of penicillin and
100 μg/ml of streptomycin at 37°C in a humidified atmosphere of 5% CO2.

Animals
Female mice (Athymic nu/nu, 3–5 weeks, 25–30 g) were purchase from NCI-Frederick
Animal Production Program (Frederick, MD, USA).

Ethics Statement
All experiments were approved by the University of Alabama at Birmingham Institutional
Animal Care and Use Committee (IACUC). This study was performed in accordance with
guidelines of IACUC. Animal protocol approval number is 08363.

Antibodies and reagents
Primary antibodies and dilutions used in this study are listed in table-1. Vorinostat was
purchased from LC laboratories (Woburn, MA, USA).

Tumor xenograft study
Female athymic nu/nu mice (3–5 weeks old) were injected subcutaneously with 2.5×106

A431 cells which were harvested and suspended in PBS for injection into both flanks. Mice
with palpable tumors were divided into two groups (five mice/group) for the study.
Vorinostat stock solution made in DMSO and cremophor and stored at −20°C. Group 1 mice
received an injection of vehicle (PBS) whereas group 2 received vorinostat (100 mg/Kg
body weight in 200 μl PBS; I.P.) daily for 3 weeks. Vorinostat treatment was started at day
3 following the tumor cell inoculation. These animals were monitored daily to assess
toxicity if any associated with the treatments. Tumor volume was monitored using electronic
caliper on every alternate day and tumor volume was calculated using following formula:

. The experiment was terminated at the end of 3
weeks, when the vehicle-treated animals had large tumors, requiring euthanasia. At this
time, all the animals were also sacrificed by isoflurane inhalation and cervical dislocation as
per IACUC guidelines. The subcutaneous tumor was removed and divided into two pieces,
one of which was snap frozen in liquid nitrogen, and the other was fixed in 10% buffered
formalin and embedded in paraffin. The control group used in this study is common to that
which we have published earlier (Chaudhary et al., 2012). In fact, two experiments
conducted simultaneously with various treatments incorporating single vehicle treated
positive control to avoid unnecessary escalation in the numbers of animals (Chaudhary et al.,
2012).

Hematoxylin and eosin (H&E) and Immunohistochemical (IHC) staining
Tumors tissues were fixed in 10% formalin and embedded in paraffin. Tumor tissues were
cut into sections (5 μm) using microtome (Thermo scientific HM 325). Sections were
deparaffinized in xylene and rehydrated. Tumor sections from each group were stained with
H&E and examined for tumor histology. For immunohistochemical staining, sections were
deparaffinized and rehydrated and then incubated in antigen unmasking solution according
to the manufacturer’s instructions (Vector laboratories, Burlingame, CA, USA). A blocking
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buffer of 2% BSA in PBS for 30 min at 37°C was used to avoid nonspecific binding of
antibodies and then incubated with primary antibodies specific to PCNA, HDAC1and
HDAC2. The sections were detected by a universal peroxidase-coupled secondary antibody
and visualized with peroxidase staining kit (Vector laboratories, Burlingame, CA, USA).
Sections were counterstained with hematoxylin and eosin (H&E), and mounted with cover
slips using paramount and visualized under 20X or 40X magnifications under Olympus
BX51TRF microscope attached to an Olympus DP71 digital camera (Tokyo, Japan).

Immunocytochemical analysis of Bax translocation
A431 cells (2×105) were cultured in four wells chambered slides (Nunc, Rochester, NY) and
exposed to vorinostat (2 μM) for 24 hrs. At the completion of exposure, cells were stained
with (250 nM) of MitoTracker Red (Invitrogen, Grand Island, NY) for 20 minute at 37°C
followed by two washes with PBS. Then cells were fixed in methanol for 30 min,
permeabilized with 0.1% Triton X-100 for 15 min and again washed with PBS. Cells were
blocked for 1 hr with 2% bovine serum albumin (BSA) and incubated with primary antibody
overnight at 4°C. Polyclonal Bax antibodies were used as the primary antibody. Cells were
then washed three times with PBS, followed by incubation with daylight 488 (Pierce,
Rockford, IL) fluorescence secondary goat-anti-rabbit antibody for 1 hr at room
temperature. After a second rinsing step with PBS, the cells were incubated with Hoechst
33342 (Invitrogen, Grand Island, NY) to counter stain cell nuclei for 5 min at room
temperature. Labeled cells were examined with fluorescence microscopy.

Terminal deoxyribonucleotide-transferase-mediated dUTP nick-end labeling (TUNEL)
assay

TUNEL assay of tumor sections was performed using a commercial apoptosis detection kit
(Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s instruction. Sections
were mounted with vectashield mounting substance containing DAPI (Vector laboratories,
Burlingame, CA) and visualized using an Olympus BX51TRF microscope with an Olympus
DP71 digital camera (Tokyo, Japan) under 20X magnification.

Cell cytotoxicity assay
A431 cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2-5- diphenyl tetrazolium
bromide (MTT) (LC laboratories, Woburn, MA, USA) assay. Briefly, 10,000 cells per well
were seeded into 96-well culture plates at 37°C with 5% CO2 and allowed to attach for 24
hrs. Cells were treated with designated concentration of vorinostat (1–5 μM) for 24 and 48
hrs. Cells were then incubated with MTT assay solution at a final concentration of 0.5 mg/
ml for 4 hrs before the completion of exposure time at 37°C. Formation of MTT to
formazon crystals by viable cells was assessed using 200 μl/well DMSO at room
temperature for 15 min. Optical density was measured at 490 nm using a 1420 multilable
counter VICTOR3 -V (Perkin Elmer, Shelton, CT, USA) The reduction in viability of cells
in each well was expressed as the percentage of control cells.

Clonogenic survival assay
A431 cells were seeded into 6-well plates at very low density of 800 cells per well and were
allowed to grow overnight. Cells were treated with vorinostat (2 μM) or vehicle for 48 hrs.
Drug or vehicle-treatment was replaced by fresh drug-free media and cells were incubated
for additional 10 days in humidified chamber at 37°C with 5% CO2. Cell colonies were
fixed with cold methanol, stained with crystal violet, washed and air-dried. Blue colonies
were scored and photographed. Each condition was replicated in triplicate. Data expressed
as percent survival relative to the control using the formula:

.

Kurundkar et al. Page 4

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 January 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Wound-healing assay
Briefly, A431 cells were allowed to grow in 6-well plates to 100% confluency as monolayer.
Following serum starvation for 24 hrs, cell monolayers were wounded with a sterile 200 μl
pipette tip perpendicular to the line drawn, washed with starvation medium to remove
detached cells from the plates. Cells were left either untreated or treated with vorinostat and
kept in incubator for 24 hrs. Medium was replaced with PBS. The wound gap was
photographed using an upright Olympus 1X70-58F2 microscope fitted with Olympus DP20
digital camera (Olympus optical company ltd., Japan).

Migration assay
The migration capacity of human epidermoid cancer cells was determined using Boyden
Chamber in which the two chambers were separated with Millipore membrane (6.5 mm
diameter filters, 8 μm pore size). Briefly, A431 cells (1.5×104 cells/200 μL of low serum
DMEM medium) were placed in the upper chamber of Boyden chamber. Vorinostat or
vehicle was added to the upper chamber and the lower chamber contained the medium alone
(150 μl). Chambers were placed in an incubator for 24 hrs. At the end of desired time-point,
cells from the upper surface of Millipore membranes were removed with gentle swabbing
and the migrant cells on the lower surface of membranes were fixed with methanol and
stained with crystal violet. Membranes were then washed and mounted onto glass slides.
The membranes were examined microscopically and cell migration was determined by
counting the number of stained cells in at least four to five randomly selected fields
visualized with Olympus BX51TRF microscope with an Olympus DP71 digital camera
(Tokyo, Japan). Data represented as percentage of mean number of the cells migrated. The
experiment was repeated three times.

Western blot analysis
Briefly, 40–100 μg of total protein from tumor tissue lysates was electrophoresed on 10%,
15% and 8% polyacrylamide gel (Bio-Rad, Hercules, CA, USA). The protein was
transferred, via electrotransfer, to a PVDF membrane. Non-specific binding sites were
blocked with 5% non-fat milk in tris-buffered saline with 0.1% tween (TBST) and then
membranes were incubated with primary antibody overnight at 4°C. After washing with
TBST, the membranes were incubated with appropriate horseradish peroxidase (HRP)–
conjugated secondary antibody for 1 hr. The immune-complex was detected with enhanced
chemiluminscent substrate (ECL) according to the manufacturer’s instructions (Amersham,
Piscataway, NJ) and was exposed to Hyblot CL autoradiography film (Denville Scientific
Incorporated, Metuchen, NJ, USA). For sequential antibody reprobing, blots were stripped
using Restore plus Western Blot Stripping Buffer (Pierce Biotechnology, Rockford, IL)
according to manufacturer’s instructions. These blots are presented in different figures and
identical β-actin loading controls represent stripping and reprobing with the same blot as
denoted by symbol ‘†’ in various figures. Band densities were measured using NIH Image J
software and results were normalized to corresponding β-actin band densities.

Immunofluorescence staining
A431 cells were grown on cover slips and allowed to attach overnight. Next day the cells
were treated with vorinostat for 24 hrs. Media containing vorinostat was removed and cells
were fixed by adding chilled methanol and blocked in 2% bovine serum albumin (BSA) for
1 hr followed by addition of primary antibody overnight at 4°C. The tumor, sections were
deparaffinized, rehydrated, blocked and probed with primary antibody as described in
immunohistochemical staining procedure. Tumor sections or cells were rinsed with PBS and
positive cells were detected by Alexa-fluor 594 (Invitrogen, Carlsbad, CA, USA), Daylight
488 (Pierce, Rockford, IL) fluorescence secondary antibody for 1 hr. Cells adhering to cover
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slips mounted with Vectashield mounting substance containing DAPI (Vector laboratories)
and visualized under fluorescence microscope using an upright Olympus BX51TRF
microscope with an Olympus DP71 digital camera (Tokyo, Japan).

Statistical analysis
All values are expressed as means ± SE. Statistical analysis was performed using Microsoft
Excel 2007. The significance between the two test groups was determined using Student’s t-
test. p<0.05 were considered significant (*) and p<0.005 described as highly significant
(**).

Results
Vorinostat reduces tumor growth, proliferation and induces apoptosis in A431 xenograft
tumors

We examined antiproliferative effect of vorinostat in a xenograft study. Xenograft tumors
were treated with either vehicle as control or vorinostat at 100 mg/kg dose intraperitoneally
(n=5). When mean tumor volume was plotted against the study duration, there was an arrest
in tumor growth (p=0.038 at day 21) starting from day 10 which continued till the end of
experiment as shown in fig 1A. H&E staining of tumor sections showed round nuclei and
abundant cytoplasm in vehicle-treated group (Fig 1B). In vorinostat-treated tumors, marked
coagulative necrosis, dark nuclei, and fragmented tumor cells with disruption of tissue
architecture was observed. Vorinostat decreased the in vivo proliferation of tumor cells as
shown by the decreased PCNA expression by IHC (Fig 1B) and western blot analysis (Fig
1C).

To further investigate whether vorinostat induces apoptosis in xenograft tumors, TUNEL
staining was performed. Enhanced numbers of TUNEL-positive cells were noticed in the
vorinostat-treated group (Fig 1B). The cysteine-aspartic acid protease (caspase) family of
proteins has a central role regulating apoptosis. Activation of caspase-3 by caspases-8 and-9
is the key process in the execution of apoptosis (Yan and Shi et al., 2005). Results showing
increased apoptosis in vorinostat-treated group by TUNEL assay were confirmed by western
blot analysis. Caspase-3 was cleaved following vorinostat treatment (*P=0.036) (Fig 1E &
F). Bcl2, an anti-apoptotic protein was reduced significantly (*p=0.027) whereas pro-
apoptotic Bax (also see Fig. 2b & C) was increased (*p=0.041). The ratio of Bax/Bcl2 which
is considered to be a more reliable indicator of apoptosis was shifted in favor of apoptosis
(*p=0.010) as shown in Fig 1G. To further confirm the role of Bax in vorinostat-induced
apoptosis, the translocation of Bax from cytosol to mitochondria was studied by
immunofluroscent localization in A431 cells. Vorinostat treatment to these cells induced
translocation of Bax to mitochondria as shown in Fig 2A.

Vorinostat inhibits expression of various HDACs and acetylated histone and non-histone
proteins

In a parallel set of experiments, we investigated whether the mechanism of vorinostat-
induced cytotoxicity on A431 cells was HDAC-dependent. In western blot analysis we
found that the expression of HDAC1 (**p=0.004), HDAC2 (*p=0.025), and HDAC3
(*p=0.016) were significantly reduced by vorinostat treatment as shown in Fig 3C & D. We
also observed a significant down-regulation of HDAC7 (*p=0.032). However, no effect was
found on HDAC6 expression (p=0.765) as shown in Fig 3C & D. Similar results were
observed in IHC analysis of vorinostat-treated tumor sections (Fig 3A). Subsequently, we
studied acetylation status of histone and non-histone proteins in A431 xenograft tumors. A
strong expression signal of acetylated histone H3 in vorinostat-treated tumors (**p<0.0001)
was detected (Fig 3E & F). Next, we assessed acetylation of p53 at both lysine 379 and
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lysine 386 sites (Fig 3E). We found an increased acetylation of p53 at both of these sites
(*p=0.020 and *p=0.065). Immunofluorescence analysis of A431 cells in vitro showed
similar results with enhanced acetylation in vorinostat-treated cells (Fig 3B).

Vorinostat inhibits cell cycle regulatory proteins and reduces phosphorylation of
extracellular-signal regulated kinase (ERK1/2)

Based on our findings where we found that vorinostat inhibits PCNA and induces apoptosis,
we decided to explore the possible effects of vorinostat on cell cycle regulatory proteins. As
demonstrated in Fig 4A & B, treatment with vorinostat resulted in the reduction of cyclin
expression (cyclins D1, D2, E and cyclin A). These effects were more pronounced for cyclin
A (**p=0.002) and cyclin E (*p=0.015) than for cyclin D1 (p= 0.069) and D2 (p=0.220).
The cell cycle inhibitory protein, p21cip1/waf1 is also known as CDK-interacting protein 1
(CIP1) was induced (*p=0.056) following vorinostat treatment (Fig 4A & B). Activation of
ERK is known to regulate proliferation (Karam et al., 2012). Therefore, we investigated
whether vorinostat reduced cell viability by altering cell survival pathway. We assessed the
expression of total and phosphorylated ERK proteins. Vorinostat reduced the
phosphorylation of ERK1/2 significantly (*p=0.014) as shown in Fig 4D & E.

Vorinostat effectively targets cell survival signaling pathways
To determine whether multiple proliferation pathways are inhibited by vorinostat, we also
assessed the effects of vorinostat on cell survival signaling pathway regulated by Akt and its
downstream target proteins. A reduced phosphorylation of Akt at both Thr308 (**p=0.004)
and Ser473 (**p=0.001) in vorinostat-treated tumors was observed while no significant
change in the total AKT expression (p=0.19) was noticed (Fig 5A & B). Similarly,
phosphorylation of the downstream target of AKT, mTOR was also found to be significantly
reduced both in vivo in vorinostat-treated xenograft tumor (Fig 5C & D) as well as in vitro
in A431 cells (Fig 5E & F). Phosphorylation of downstream targets of mTOR such as S6
ribosomal protein (**p=0.004), p70S6 kinase (**p=0.001) and 4E-BP1 (**p=0.003) were
significantly reduced in vorinostat-treated tumors as compared to vehicle-treated control
tumors (Fig 5G & H). These data indicate that vorinostat acts by inhibiting AKT/mTOR
signaling pathway axis.

Vorinostat inhibits cell growth, colony formation and migration of A431 cells
Vorinostat has been reported to inhibit proliferation of different carcinoma cell lines (Butler
et al., 2000; Komatsu et al., 2006; Wedel et al., 2011). A similar effect on proliferation was
noted in this investigation both in vitro and in vivo. In an MTT assay, vorinostat reduced
cell proliferation in concentration and time-dependent manner in A431 cells (Fig 6A).

For colony formation/clonogenic assay as shown in Fig 6B, vorinostat not only reduced the
number of colonies formed but also decreased the size of colonies. Calculation of percent
survival of number of colonies compared to control is shown in Fig 5C (*p=0.021).

We also confirmed these findings in constitutively active myr-FLAG-AKT in A431 cells
(Fig 6E & F). Transduced A431 cells significantly up-regulated cell survival in vorinostat
(1–5 μM)-treated cells as compared to control untreated A431 cells. Similarly, vorinostat
treatment of myr-FLAG-AKT infected A431 cells did not induce cleaved caspase-3 in
contrast to its effects on A431 cells expressing endogenous AKT levels where a significant
down-regulation of p-AKT1/2/3 thr308 (*P=0.042), p-AKT1/2/3 ser473 (*P=0.006) and a
concomitant up-regulation of cleaved caspase-3 (**P=0.004) were observed. Constitutively
active GFP tagged myr-FLAG-AKT green were confirmed under the fluorescent
microscopy (Supplementary figure S-1). In another set of experiments, A431 cells infected
with control pLVX, without myr-FLAG AKT, when treated with vorinostat (1–5 μM)

Kurundkar et al. Page 7

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 January 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



showed a significant reduction in cell viability similar to that observed in uninfected A431
cells (Supplementary figure S-2).

Inhibition in proliferation is often accompanied by changes in tumor cell phenotype.
Therefore, we determined whether treatment of A431 cell with vorinostat reduces cellular
migration. At a low concentration (0.5 μM), vorinostat was found to reduce the migration
capacity of A431 cells in scratch/wound healing assay (Fig 7A). Similarly, in Boyden
chamber assays, as seen by the crystal violet staining of membrane of untreated and
vorinostat-treated cells (Fig 7B), vorinostat treatment significantly reduced the invasion of
A431 cells. Fig 7C shows a graph plotted as percentage of mean number of cells migrated
following vehicle or vorinostat treatment (*p=0.010).

Vorinostat reverses epithelial-mesenchymal transition (EMT)
To understand the molecular mechanism of inhibition in migratory potential of A431 cells,
we assessed various epithelial and mesenchymal biomarkers. As assessed by western blot
analysis (Fig 8A & B), the expression of the epithelial biomarker, E-cadherin was increased
(*p=0.038) whereas mesenchymal biomarkers such as N-cadherin (*p=0.059) and
fibronectin (p=0.063) were decreased following vorinostat treatment. Similar results were
observed by immunofluorescence staining of A431 cells with N-cadherin and vimentin
antibodies (Fig 8C).

Discussion
The covalent modification of histones that associate with DNA influences chromatin
structure and gene expression. Aberrant epigenetic changes have been shown to play critical
roles in the development and progression of various cancer types (Dashwood and HO,
2007). HDACs are important targets for molecular cancer therapeutics. HDACs catalyze the
removal of acetyl groups from lysine residues in histone as well as non-histone proteins
(Dashwood and HO, 2007; Wagner et al., 2010; Carew et al., 2008). Studies have suggested
that HDACs play important roles in cell cycle progression, cell proliferation, and
differentiation (Mark et al., 2000; Bi and Jiang, 2006). The multiple isoforms of HDACs
(HDAC1 to HDAC11), which are classified as class I (HDAC1,2,3,8), class IIa
(HDAC4,5,7,9), class IIb (HDAC6,10) and Class IV (HDAC11) (Wagner et al., 2010;
Carew et al., 2008; Ellis and Pili, 2010) have both distinct and overlapping functions.
Interestingly variety of HDAC inhibitors have been shown effective agents against a variety
of aggressive SCCs (Lglesias-Linares et al., 2010; Giommarelli et al., 2010; Erlich et al.,
2012). However, their potential to block cutaneous SCCs as a single agent has not been
described.

Here we show that vorinostat acts as potent chemotherapeutic agent against cutaneous SSCs.
Vorinostat decreased levels of various cyclins (cyclins D1, D2, E and cyclin A). However,
the effect was more pronounced on G2-related cell cycle regulatory proteins. These data
suggest that vorinostat acts by dampening cell cycle progression by down-regulating the
expression of multiple proteins involved in this process. This is also consistent with our
observations that vorinostat up-regulates p21cip1/waf1, a cell cycle inhibitory protein. Thus
the major target of vorinostat is to block proliferation via inhibiting cell cycle regulatory
machinery. Vorinostat-treated residual tumors show reduced nuclear PCNA expression
further supports this notion.

Induction of apoptosis is considered as one of the mechanisms of action of chemotherapeutic
drugs and an important phenomenon in eliminating cancer cells by these drugs (Makin and
Hickman, 2000). Apoptosis is triggered by two important pathways: “extrinsic”/death
receptor pathway and the “intrinsic”/mitochondrial pathway (Yan and Shi, 2005). HDAC
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inhibitors-induced apoptosis have been shown to involve the activation of both of these
pathways (Rosato et al., 2003). In this study, vorinostat initiated caspase-3-mediated
apoptosis which involved down-regulation of Bcl2 and up-regulation of Bax, with a
concomitant translocation of Bax to the mitochondria, causing alterations in mitochondrial
membrane permeability and subsequent release of cytochrome C (Fig. 2).

Nagakawa et al. (2007) studied expression patterns of class-1 HDACs in various cancer cell
lines and primary tissue samples of colon, esophagus, prostate, lung, breast, thyroid, ovary
carcinoma. Moreover Chang et al. showed that HDAC2 protein is frequently over-expressed
in oral squamous cell carcinoma (OSCC) with advanced stage and showed its role in tumor
invasion and migration (Chang et al., 2011). HDACs have also been shown to be important
regulators of tumor suppressor p53 and p63 in skin (Ramsey et al., 2011). In refractory SCCs,
these deacetylases may play an important role (LeBoeuf et al., 2010). Our observations that
HDAC1, 2, 3, and 7 were down regulated following vorinostat treatment which was
accompanied the hyper-acetylation of histone H3 and p53 suggest that the primary
underlying target of action of vorinostat remains the HDACs inhibition. Although we have
data to show here that HDAC inhibition affects cell cycle progression, proliferation and
apoptosis, the exact demonstration, whether inhibition of multiple HDACs by this agent is
related to cell cycle inhibition and dictates a diminution of proliferation and enhancement of
apoptosis remained to be defined.

AKT/mTOR pathway is crucial for cell survival and growth (Hsu et al., 2011) cell growth is
controlled by the careful regulation of protein synthesis. In response to nutrients availability
and mitogenic growth factor stimuli, the mammalian target of rapamycin (mTOR) controls
cell growth by activating the ribosomal S6 and p70S6 kinase and inhibiting the elongation-
initiation factor 4E binding protein-1 (4E-BP1) that lead to protein translation (Fingar et al.,
2004). Recently, Einspahr et al. (2012) studies employed reverse phase protein microarray
analysis to identify cell signaling derangements in SCC. They found that numerous signaling
proteins are disrupted in SCCs. Among these mitogen-activated protein kinase (MAPK/
ERK) and mTOR signaling were aberrantly activated in these cancers. HDAC inhibition in
human colorectal cancer cells exhibits reduced epidermal growth factor receptor (EGFR)
expression and disturbed ERK and AKT phosphorylation (Chou et al., 2011). Our study
showed that inhibition of cellular proliferation, migration and induction of apoptosis by
vorinostat was accompanied by a down-regulation of ERK and AKT/mTOR signaling
pathway axis suggesting that vorinostat by inhibiting HDACs in cutaneous SSCs targets
multiple proliferation and growth regulatory pathways. Our AKT overexpression studies
confirmed the role of cell survival signaling pathways in the toxicity of vorinostat to cancer
cells.

Epithelial–mesenchymal transition (EMT), a process by which cells undergo a transition
from a polarized epithelial to a motile mesenchymal phenotype by losing their cell–cell
adhesion properties, is considered important in achieving an invasive tumor phenotype
(Thiery, 2002). Cadherins are among the important mediators of EMT. Earlier, we found
that NO-exisulind treatment decreases the expression of mesenchymal markers, Fibronectin,
N-cadherin, SNAIL, Slug and Twist and enhances the epithelial marker E-cadherin during
the pathogenesis of UVB-induced skin tumors (Singh et al., 2012). Similarly, in this study
we found that vorinostat treatment effectively up-regulates the expression of E-cadherin and
down-regulates the expression of N-cadherin in A431 xenogarft tumors. Our results
confirmed the previously published study in which the HDAC inhibitor vorinostat enhances
the antitumor effect of gefitinib in squamous cell carcinoma of head and neck by modulating
ErbB receptor expression and reverting EMT (Bruzzese et al., 2011).
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In summary, our results show that, vorinostat can block pathogenesis of aggressive
cutaneous SCCs and can be used as potential chemotherapeutic agent to intercept the growth
of cutaneous SCCs particularly in high risk OTRs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Vorinostat reduces SCCs growth in a xenograft murine model.

• Vorinostat dampens proliferation and induces apoptosis in tumor cells.

• Diminution in mTOR, Akt and ERK signaling underlies inhibition in
proliferation.

• Vorinostat by inhibiting HDACs inhibits epithelial-mesenchymal transition.
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Figure 1. Vorinostat inhibits on tumor growth, proliferation and apoptosis
(A) Graph showing mean tumor volume plotted against the study duration. Treatment was
started day 3 of tumor cell inoculation. Significant reduction of average tumor volume in nu/
nu mice treated with vehicle (n=5) or vorinostat (n=5) (*p=0.038). (B) Representative
photographs of H&E (20X magnification), IHC (PCNA) expression (40X magnification)
and TUNEL staining (20X magnification). (C) Western blot (WB) analysis of PCNA
(**p=0.001) in control and vorinostat-treated tumors. (D) Relative densitometry analysis of
PCNA WB. (E) Western blot analysis of Bax, Bcl2 and Cleaved caspase-3 protein isolated
from excised xenograft tumor tissue. (F&G) Relative densitometry analysis of Bax
(*p=0.041), Bcl2 (*p=0.027), Bax/Bcl2 ratio (*P=0.010) and Cleaved caspase-3 (*p=0.036).
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Values in parenthesis represent the level of statistical significance when compared with
vehicle-treated controls. Results normalized to corresponding β-actin band densities.
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Figure 2. Vorinostat persuaded apoptosis by influencing translocation of Bax protein to
mitochondria
(A) Vorinostat treated and untreated A431 cells were stain with MitoTracker (Red) and Bax
(green). Arrows in the representative photograph showed the translocation of Bax protein
from cytosol to mitochondria in vorinostat (2 μM) treated A431 cells. (B) Western blot of
Bax and Cleaved caspase-3 protein is significantly up-regulated in vorinostat (2 μM) treated
A431 cell line. (C) Relative densitometry analysis of Bax (A431 *P=0.007) and Cleaved
caspase-3 (A431 **P=0.001) in vorinostat (2 μM) treated cells.
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Figure 3. Vorinostat reduces expression of various HDACs and enhances acetylated histone and
non-histone proteins
(A) IHC analysis of HDAC1 and 2 in vehicle-treated control and vorinostat-treated tumors
sections (40X magnification). (B) A431 cells were treated with vorinostat (2 μM) for 24 hrs
and subjected to Immunofluorescence analysis (20X and 40X magnifications) with indicated
antibodies. (C) WB analysis of HDACs (1, 2, 3, 6 and 7) of protein isolated from excised
xenograft tumor tissue. (D) Relative densitometry analysis of HDAC1 (**p=0.004), HDAC2
(*p=0.025), HDAC3 (*p=0.016), HDAC7 (*p=0.032), HDAC6 (p= 0.768). (E&F) WB and
relative densitometry analysis p53 (acetyl K386) (p=0.065), Acetyl-p53 (Lys379)
(*p=0.020) and for Ac-Histone H3 (**p<0.0001).
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Figure 4. Vorinostat blocks cell cycle progression and activation of ERK1/2
(A) WB analysis for cell cycle regulatory proteins in vehicle-treated control and vorinostat-
treated group. Cyclin D1 (p=0.069), Cyclin D2 (p=0.220), Cyclin A (**p=0.002), Cyclin E
(*p=0.015) and p21cip1/waf1 (*p=0.057). (B) Image J analysis of cell cycle regulatory
proteins. Results normalized to corresponding β-actin band densities. (C) WB analysis of
ERK1/2 signaling proteins: p-44/42 (p=0.379) and p-p44/42 (*p= 0.014). (D) Image J
analysis for ERK1/2 proteins.
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Figure 5. Vorinostat dampens cell survival signaling pathway
(A & B) WB and relative densitometry analysis for AKT/mTOR signaling markers. p-
AKT1/2/3 Thr308 (*p=0.004), p-AKT1/2/3 ser473 (*p=0.001), AKT1/2/3 (*p=0.19)
significantly reduced in vorinostat treatment group of mice. (C&D) WB and densitometry
analysis of p-mTOR (*P=0.04) and total m-TOR (P=0.15) in vorinostat treated group
represent significant reduction of p-mTOR level. (E&F) WB and densitometry analysis of p-
mTOR (*P=0.027) and total mTOR (*P=0.009) levels in vorinostat (2μM) treated A431
cells. (G&H) WB and relative densitometry analysis mTOR signaling proteins, p-p70S6
kinase (**P=0.001), p70S6 kinase (P=0.976), p-S6 ribosomal protein (**P=0.004), S6
ribosomal protein (**P=0.005), p-4E-BP1 (**p=0.003) and 4E-BP1 (*p=0.033).
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Figure 6. Vorinostat inhibits cell proliferation and colony formation in A431 cells
(A) MTT assay to check proliferation shown at 24 and 48 hrs following treatment with
vorinostat at various concentrations in A431 cells. Data expressed as the percentage
compared to untreated control cells. (B) Photograph for A431 cells treated with vorinostat (2
μM) for clonogenic/colony formation assay. (C) Graphical representation for colony
formation assay. Results expressed as percentage survival relative to control ±SE
(*p=0.021). (D) Over expression of myr-Flag-AKT in transduced A431 cells significantly
restores the cell viability in vorinostat (1–5 μM) exposed cells at both 24 and 48 hrs
treatment in comparison to normal A431 cells. (E) WB analysis of normal A431 and
overexpressed myr-Flag-AKT transduced A431 cells. (F) Relative densitometry analysis
showed Vorinostat (2 μM) significantly diminished the level of p-AKT1/2/3 thr 308
(*P=0.042) and p-AKT1/2/3 ser 473 (*P=0.006) and up-regulate the level of cleaved
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caspase-3 (**P=0.004) in normal A431 cells while myr-Flag-AKT over expressing cells do
not show increased caspase 3 cleavage in the presence of vorinostat.
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Figure 7. Vorinostat abrogates invasive tumor phenotype in A431 cells
(A) Photographs showing scratch/wound healing assay after treatment with or without
vorinostat (0.5 μM). Photographs are shown at 0 and 24 hrs. (B) Cell migration was checked
by Boyden chamber assay with (0.5 μM) of vorinostat (10Xmagnification). (C) Graph for
migration assay. Results expressed as percentage of migratory cells compared to control
(±SE) per microscopic field (*p=0.010).
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Figure 8. Vorinostat enhances cell polarity and reduces mesenchyme character
(A) WB analysis for E-cadherin (*p=0.038), N-cadherin (*p=0.059) and fibronectin
(p=0.074). (B) Image J analysis for EMT markers. (C) Immunofluorescence staining for
EMT biomarkers in A431 cells following vorinostat treatment (2 μM) for 24 hrs (40 X
magnifications).
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Figure 9. Flow diagram depicting mechanism by which vorinostat blocked growth of cutaneous
SCCs
Vorinostat reduces the expressions level of HDAC1&2. Additionally, HDAC3 and HDAC7
protein levels were also diminished in this study. This decrease in HDAC expression leads
to enhanced acetylation of histone-H3 and non-histone proteins like p53. Vorinostat
treatment reduced cell survival signaling pathways invoked by AKT phosphorylation at
Ser473 and Thr308. Concomitant with this, a reduction in mTOR and ERK signaling
pathways occur that together blocked growth of invasive cutaneous SCCs.
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Table 1

Antibody information

Antibody Company Purpose Dilution

Ac-Histone H3 Santa Cruz Western Blot 400

Ac-p53 K379 Cell signaling Western Blot, IF 1000

Ac-p53 K386 Abcam Western Blot, IF 1000

Akt 1/2/3 H-136 Santa Cruz Western Blot 400

Bax Cell Signaling Western Blot 1000

Bcl2 Cell signaling Western Blot 1000

Cleaved caspase-3 Cell signaling Western Blot 1000

Cyclin D1 Santa Cruz Western Blot 500

Cyclin D2 Santa Cruz Western Blot 500

Cyclin A Santa Cruz Western Blot 500

Cyclin E Santa Cruz Western Blot 500

E-cadherin Santa cruz Western Blot 500

Fibronectin Abcam Western Blot 1000

HDAC-1 Santa Cruz Western Blot, IHC 500

HDAC-2 Santa Cruz Western Blot, IHC 500

HDAC-3 Santa Cruz Western Blot 500

HDAC4/5/7 Santa Cruz Western Blot 500

HDAC-6 Santa Cruz Western Blot 400

N-cadherin Santa Cruz Western Blot, IF 500

PCNA Santa Cruz, Western Blot 500

PCNA Abcam IHC 500

Phospho Akt1/2/3 thr-308 Santa Cruz Western Blot 200

Phospho Akt1/2/3 ser-473 Santa Cruz Western Blot 200

Phospho- P-S6 Ribosomal protein Ser-235/236 Cell Signaling Western Blot 1000

phospho-P70 S6 kinase Thr-389 Cell Signaling Western Blot 1000

Phospho-4E-BP1 Ser-6 Cell Signaling Western Blot 1000

Phospho 44/42 MAPK Cell Signaling Western Blot 1000

P-44/42 MAPK (ERK ½) Cell Signaling Western Blot 1000

S6 ribosomal protein Cell Signaling Western Blot 1000

p70 S6 kinase Cell Signaling Western Blot 1000

4E-BP1 Cell Signaling Western Blot 1000

p21 cip1/waf1 Cell Signaling Western Blot 1000

Vimentin Santa Cruz IF 100

goat anti-rabbit Pierce 3000

goat anti-mouse Pierce 3000

mouse anti-goat Pierce 3000

Bax Santa Cruz IF 100
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IHC- Immunohistochemistry; IF- Immunofluorescence
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