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Abstract: Standard combined modality therapies for aerodigestive tract malignancies have suboptimal outcomes, 
and targeting cancer-specific molecular pathways in combination with radiation could improve the therapeutic ratio. 
Dysregulation of epigenetic modulators such as histone deacetylases (HDACs), and developmental morphogens 
such as the hedgehog (HH) pathway have been implicated in aerodigestive tumor progression and metastasis. We 
hypothesized that simultaneous targeting of HDACs and the HH-pathway mediator Smoothened (Smo) represents 
an opportunity to overcome therapeutic resistance in these cancers. We evaluated the effects of the HDAC inhibitor 
SAHA and Smo inhibitor GDC-0449 with radiation in multiple aerodigestive cancer cell lines. Isobologram analyses 
showed that SAHA and GDC-0449 synergistically suppressed cancer cell proliferation in vitro. SAHA and GDC-0449 
cooperatively enhanced G0/G1 cell cycle arrest which was associated with up-regulation of p21waf. GDC-0449 pre-
vented SAHA-induced up-regulation of Gli-1 and Gli-2. Both Smo and Ptc-1 expression was cooperatively suppressed 
by SAHA and GDC-0449. The combination of SAHA and GDC-0449 induced radiation sensitization with 2 Gy as 
determined by colony formation assays and cytogenetic analyses, which correlated with higher residual γ-H2AX and 
53BP1 foci. In mouse tumor xenografts of the SqCC/Y1 cell line, SAHA and GDC-0449 delayed tumor growth longer 
and prolonged survival more than either agent alone. In summary, we have identified synergistic effect of HDAC and 
HH signaling for radiosensitization to improve therapeutic outcomes for aerodigestive malignancies.
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Introduction

Aerodigestive tract tumors are the leading 
cause of cancer morbidity and mortality world-
wide, with over 240,000 respiratory, 289,000 
digestive, and 42,000 oropharynx cancers 
expected to be diagnosed in the United States 
in 2014 [1]. For the majority of aerodigestive 
tumors in the locally-advanced, recurrent, or 
metastatic setting, oncologic outcomes remain 
poor due to resistance to conventional cytotox-
ic chemotherapeutics and radiation therapy. 
Despite the identification and production of an 
array of clinically available small molecular tar-
geted agents, few biologic agents have been 
identified that improve survival or confer radia-
tion sensitization in combined modality thera-

py. Thus, there is a need to apply targeted bio-
logic agents in a rational way to improve the 
efficacy of combined modality therapy in order 
to improve both local control and overall 
survival.

Epigenetic dysregulation of gene expression by 
histone deacetylases (HDACs) is an established 
phenomenon in a multiple cancers. HDACs 
remove acetyl groups from lysine amino acid 
residues of histone and non-histone proteins, 
thereby affecting signal transduction pathways 
and the expression of tumor suppressor genes 
such as p21waf. Inhibition of HDACs with clini-
cally available therapeutics such as valproic 
acid, suberoylanilide hydroxamic acid (SAHA), 
and LBH-589 have been shown to have anti-
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neoplastic effects in a variety of tumor histolo-
gies [2]. In normal cellular physiology, HDACs 
and histone acetyl transferases (HATs) dynami-
cally regulate the post-translational acetylation 
status of multiple proteins, and HDAC inhibitors 
allow unopposed HAT-induced hyperacetyla- 
tion. This in turn, leads to multiple pleiotropic 
cellular effects including cell cycle arrest, apop-
tosis, differentiation, and autophagy in cancer 
cells [2]. There is also substantial evidence that 
HDAC inhibitors such as SAHA induce radiation 
sensitization through regulation of free radical 
reactive oxygen species (ROS), suppression of 
homologous recombination, and chromatin 
remodeling [3-5]. These lines of pre-clinical evi-
dence have lead to multiple clinical trials evalu-
ating the effect of HDAC inhibition in combina-
tion with conventional chemotherapeutics and 
radiation therapy in clinical trials [6-10]. 

Pathways of embryologic development such as 
the hedgehog (HH) pathway have also been 
shown to be active in aerodigestive tract tu- 
mors, contributing to the initiation, progres-
sion, and metastasis of tumors [11, 12]. The 
HH pathway is involved in the patterning of the 
aerodigestive tract in development [13], and is 
recapitulated in the cancer state where it pro-
motes tumor growth, invasion, and metastasis. 
This signaling pathway involves the binding of 
the HH ligand to the Patched (Ptc) transmem-
brane protein, thereby relieving constitutive 
inhibition of Smoothened (Smo) signal trans-
duction. In response to HH binding to Ptc, Smo 
activates the Gli family of transcription factors 
which up-regulate multiple genes including Ptc-
1, Gli-1, cyclin D1, IGF-2, and c-myc [11]. Ab- 
errant HH signaling is well established as an 
oncogenic driver in multiple cancers such as 
basal cell carcinoma, medulloblastoma, and 
aerodigestive tract tumors [14-17]. Clinical 
inhibitors of Smo such as GDC-0449 (Vismo- 
degib), produce dramatic regression of HH 
addicted malignancies such as basal cell carci-
nomas [18]. However, HH pathway inhibition by 
GDC-0449 does not produce durable tumor 
control [19], suggesting other mechanisms of 
tumor resistance. Furthermore, results of clini-
cal trials using Smo inhibitors in combination 
with cytotoxic chemotherapeutic agents have 
been disappointing, underlining the need to 
develop rational target based combined modal-
ity strategies for HH pathway suppression.

An interaction between HDACs and the HH 
pathway has recently been identified that coop-

eratively regulates signal transduction and sur-
vival in multiple tumor types [20, 21]. Such 
interaction could represent an opportunity to 
overcome resistance to either HDAC or Smo 
inhibition in isolation. In pancreatic cancer cell 
lines, SAHA and the Smo antagonist SANT-1 
have been shown to cooperatively up-regulate 
p21waf and down-regulate the HH pathway, 
which in turn promotes cell cycle arrest and 
subsequent death [21, 22]. This interaction has 
also been evaluated in medulloblastoma, wh- 
ere removal of acetyl groups from the transcrip-
tion factor Gli by HDAC1 is a rate limiting step in 
HH pathway signal activation [20]. Moreover, as 
targeting of these pathways cooperatively in- 
duces cell cycle arrest [21], there is also a 
potential mechanism for radiation sensitization 
since homologous recombination (HR)-media- 
ted repair of DNA damage occurs primarily in 
the S and G2/M phases of the cell cycle. Th- 
erefore, combined targeting of HDACs and HH 
signaling may offer an opportunity to improve 
therapeutic responses when used with radio-
therapy for aerodigestive cancers.

Based on the aforesaid lines of evidence, we 
hypothesized that there is a cooperative inter-
action between HDACs and the HH pathway in 
aerodigestive tract tumors contributing to ther-
apeutic resistance that can be exploited for 
combined modality therapy with ionizing radia-
tion (IR). To test this hypothesis, we evaluated 
the effect of the HDAC inhibitor SAHA and Smo 
inhibitor GDC-0449 on tumor growth and radia-
tion responses in multiple aerodigestive tract 
cancer cell lines.

Materials and methods

Cell culture

The head and neck cancer (HNC) cell lines 
SqCC/Y1, HN30, and HN31 were obtained from 
Dr. Jeffrey Myers at the MD Anderson Com- 
prehensive Cancer Center (Houston, TX). The 
cell lines FaDu and H1299 were obtained from 
the American Type Culture Collection (ATCC). All 
cell lines were maintained in Dulbecco’s Mo- 
dified Eagle’s Medium (DMEM, Gibco), supple-
mented with 5% fetal bovine serum (FBS, Sig- 
ma-Aldrich), 1% non-essential amino acid (NE- 
AA), 1% sodium pyruvate (Sigma-Aldrich), 1% 
modified Eagle’s medium (MEM) vitamin (Gib- 
co), and 1% L-glutamine (Gibco), unless other-
wise specified. Cell culture and experiments 
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were carried out in the absence of antibiotics in 
standard cell culture conditions of 37°C with 
5% CO2.

Small molecules

SAHA and GDC-0449 were obtained from Sel- 
leck Chemicals. These agents were dissolved in 
dimethysulfoxide (DMSO) stock solution obt- 
ained from Sigma-Aldrich, and stored at -20°C. 
The DMSO vehicle was used alone as control to 
account for its potential effect on any experi-
mental variable.

Cellular proliferation

The effect of SAHA and GDC-0449 on cellular 
proliferation was quantified using the IN Cell 
Analyzer 2000 (General Electric). In 48 well 
plates (Costar), cells were seeded at a concen-
tration of 500-1000 cells per well. Cells were 
exposed to the indicated treatment for 72 
hours (h), and then fixed and permeabilized by 
freezing the cells in de-ionized water at -80°C 
for at least one hour. After thawing the cells at 
room temperature (RTP), the cells were stained 
with Hoechst 33342 dye (Sigma-Aldrich) for 1 
hour at RTP. The number of Hoechst 33342 
positive nuclei were counted in representative 
images from each well using the IN Cell Analyzer 
2000, and compared to appropriate controls. 
The concentration of SAHA and GDC-0449 to 
produce 50% effect of the maximum effect on 
cellular proliferation (IC50) was calculated 
based on a dose response curve, and an isobo-
logram analysis was done using the Chou-
Talalay Method with the Calcusyn (Biosoft) soft-
ware program as previously described [23]. All 
experiments were performed at least 3 times in 
quadruplicate.

Colony formation assay

Cells were seeded in 6-well tissue culture pla- 
tes (Costar) at a concentration of 100 cells per 
well. After being allowed to adhere to the wells, 
cells were treated with the indicated treatment 
for 24 h. The medium with the indicated treat-
ment was removed and replaced with fresh 
medium, and cells were immediately irradiated 
with the indicated radiation dose. Cells were 
then allowed to grow for 10 days. To visualize 
colonies, cells were stained with Crystal Violet 
(Sigma-Aldrich), and colonies were counted if 
they consisted of at least 50 cells using an 

inverted light microscope. The number of colo-
nies per well was compared to appropriate con-
trols. Experiments were repeated 3 times in 
triplicate.

Flow cytometric analysis of cell cycle 
distribution

SqCC/Y1 and H1299 were seeded in 6-well ti- 
ssue culture plates at a concentration of 
250,000 cells per well and allowed to attach for 
at least 12 hours. Next, they were serum 
starved for 24 h in DMEM without FBS. After 24 
h of serum starvation, DMEM supplemented 
with 5% FBS and treated with the indicated 
small molecule was added to the cells for 24 h. 
Cells were then trypsinized from the plate using 
0.05% trypsin solution (Sigma-Aldrich), and 
fixed in 100% ice cold ethanol for 1 h. Following 
fixation, cells were stained with a 50 µg/mL 
solution of propidium iodide (Roche) and 1% 
RNase A (Thermo Scientific). Prior to flow cyto-
metric analysis, cells were disaggregated by 
aspirating through a 0.4 x 13 mm hypodermic 
needle (Beckton Dickinson) with a syringe. 
Cellular DNA content was determined using a 
Beckman Coulter Flow Cytometer, and 10,000 
events were captured per histogram. Experi- 
ments were repeated at least 3 times with simi-
lar results each time.

Immunoblot analysis

Standard immunoblot analysis was done on 
whole cell extracts obtained from cells in 10 cm 
tissue culture dishes at 70-80% confluence. 
Briefly, radioimmunoprecipitation assay (RIPA) 
buffer with protease and phosphatase inhibi-
tors (Roche) was used to lyse cells and extract 
protein. Protein concentration was determined 
using the BCA protein Assay kit (BioRad) based 
upon a bovine serum albumin (BSA) standard 
curve. In each well, 20 µg of protein was added 
and run on a 10% Tris sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) 
gel. Next, protein was transferred to a polyvi-
nylidene difluoride membrane (Thermo Scie- 
ntific). The membrane was then blocked with 
4% skim milk for 1 h. Membranes were incu-
bated with primary antibody in 4% BSA at 4°C 
overnight at a concentration of 1:1000-
1:10,000. The primary antibodies rabbit anti-
acetyl H3, anti-total H3, anti-p21waf, and anti-γ-
H2AX were obtained from Cell Signaling Tech- 
nology, and the primary antibodies rabbit anti-



Radio-sensitization by HDAC and hedgehog blockade

1340 Am J Cancer Res 2015;5(4):1337-1352

ptc-1 and anti-Rad51, and mouse anti-GAPDH 
were obtained from Santa Cruz Biotechnology. 
Membranes were then incubated with the 
appropriate horseradish peroxidase (HRP)-con- 
jugated secondary antibodies against mouse 
or rabbit (Santa Cruz Biotechnology) for 1 h at 
RTP at a concentration of 1:1000-1:10,000 in 
4% skim milk. HRP signal to detect protein anti-
gens was activated using SuperSignal West 
Pico Chemiluminescent Substrate (Thermo Sci- 
entific), and visualized with UltraCruz autoradi-
ography film (Santa Cruz Biotechnology). The 
molecular weight of the detected protein was 
determined by comparing the band to an adja-
cent well loaded with the Precision Plus Protein 
Kaleidoscope (BioRad) as a size marker.

Reverse transcriptase-polymerase chain 
reaction (RT-PCR)

Total RNA was extracted using TRIzol reagent 
(Life technologies) according to the manufac-
turer’s protocol. First-strand cDNA was synthe-
sized with SuperScripIII cDNA Synthesis kit 
(Invitrogen) using about 2 μg total RNA as tem-
plate. For real-time PCR, we obtained TaqMan 
FAM-MGB probes for Gli-1, Gli-2, Smo, and 
GAPDH (Life technologies). PCR was performed 
in a total volume of 20 μl containing TaqMan 
Gene Expression Master Mix (Life technolo-
gies), each probes and cDNA using the CFX96 
real-time PCR detection system (BioRad). Gene 
expression levels were expressed relative to 
appropriate controls.

Immunofluorescence

The cell line H1299 was grown on sterile glass 
cover slips and treated as indicated. Cells were 
fixed with 4% paraformaldehyde (USB Corpo- 
ration) and permeabilized with 0.5% Triton-X 
(Sigma-Aldrich). Next, cells were blocked with a 
solution of 4% FBS. Cover slips were then incu-
bated at 4°C overnight in primary antibody 
solution of rabbit anti-γ-H2AX or anti-53BP1 
(Santa Cruz Biotechnology) at a concentration 
of 1:1000. After rinsing the cells with phos-
phate buffered saline (PBS), cells were incubat-
ed with an anti-rabbit secondary antibody con-
jugated to Alexa Fluor 594 (red) or Alexa Fluor 
488 (green) obtained from Invitrogen at a con-
centration of 1:1000 at RTP for 1 h. Cells were 
then counterstained with 4’, 6 diamino-2-phe-
nylindose (DAPI), and the coverslips were 
mounted on glass slides and sealed with nail 

polish. Nuclear foci were visualized using an 
AX10 (Zeiss) fluorescent microscope and imag-
es taken with AxioCam (Zeiss).

Homologous recombination reporter system

HR in the H1299 cell line was assessed using 
the green fluorescent protein (GFP) linked HR 
reporter system previously developed and de- 
scribed [24]. The 18-bp-I-Sce I site was insert-
ed within one copy of the GFP gene, inactivating 
GFP expression [25]. DNA double strand breaks 
(DSBs) induced by the I-Sce I endonuclease 
that occur during the S/G2 phase of the cell 
cycle are repaired by HR [24, 26], thereby allow-
ing a donor GFP gene fragment to restore GFP 
expression and fluorescence, which can be 
directly monitored as a measure of HR activity. 
Relative levels of HR in the presence of SAHA 
and GDC-0449 for 24 h was assessed by flow 
cytometric quantification of cells expressing 
GFP using restored GFP expression as a marker 
of HR activity after DSB induction by the I-Sce I 
endonuclease. Experiments were repeated at 
least 3 times, capturing 50,000 events per his- 
togram.

Metaphase chromosomal aberrations analysis

Chromosome aberration analyses were per-
formed by the previously described procedure 
[27, 28]. In brief, cells treated with drug and IR 
were analyzed for G2-type chromosome aberra-
tions. Cells were irradiated with 1 Gy and those 
in metaphase were collected 1.5 hour post-
treatment [29]. Chromosome spreads were 
prepared after hypotonic treatment of cells, 
fixed in acetic acid methanol, and stained with 
Giemsa [30]. G2-phase chromosomal aberra-
tions were measured by counting chromatid 
breaks and gaps per metaphase as previously 
described [29, 31]. Fifty metaphase sets were 
scored for each post irradiation time point and 
the results show are the mean of three 
experiments. 

Orthotopic xenograft model

An orthotopic HNC xenograft model was used 
to evaluate the efficacy of combined treat-
ments of SAHA, GDC-0449, and IR, as well as 
each agent alone. Head and neck tumors were 
generated by injecting 1 x 106 SqCC/Y1 cells 
into the left neck area of female severe com-
bined immunodeficiency-non-obese diabetic 
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Figure 1. Isobologram analysis showing syn-
ergistic suppression on cellular proliferation 
by combined targeting of HDACs and HH 
signaling. A. Characteristics of aerodiges-
tive tumor cell lines and dose responses to 
SAHA and GDC-0449. B. Proliferation with 
SAHA 1 µM and GDC-0449 1 µM. *P < 0.05.
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(SCID-NOD) mice weighing 20-25 grams (g) 
obtained from the UT Southwestern institution-
al breeding core. Tumor masses were mea-
sured twice per week and mice were stratified 
so that tumor volumes in each group (5 mice 
per group) were not statistically different prior 
to the experiment. SAHA and GDC-0449 were 
administered daily concurrently with radiation 
therapy at a dose of 25 mg/kg of SAHA, and 
12.5 mg/kg GDC-0449, dissolved in 50 µL of 
DMSO via intraperitoneal injection with a hypo-
dermic needle daily for 10 days. Mice were sac-
rificed when tumor burdens reached approxi-
mately 500 mm3. Survival and tumor volume 
data were graphed from two separate studies, 
with 10 mice per group. Tumor tissues were 
removed for histological examination. All ani-
mal studies were carried out under a University 
of Texas at Southwestern Medical Center In- 
stitutional Animal Care and Use Committee 
approved protocol and in accordance with the 
guidelines for ethical conduct in the care and 
use of animals in research. Experiments were 
repeated three times.

Irradiation technique

Cells in vitro were irradiated using the Mark I 
Irradiator (Shephard and Associates). Dose was 
calculated and delivered in units of Gray (Gy, 
joules per kilogram).

Statistical analysis

Groups of data were tested for statistical sig-
nificance using a two-sided student’s t-test. 
Log-rank tests were applied to Kaplan-Meier 
survival analyses censored for death for in vivo 
experiments. All in vivo statistical analyses 
were performed using Graph Pad Prism soft-
ware. Results were considered to be statisti-
cally significant for a P-value < 0.05.

Results

Suppression of cellular proliferation by HDAC 
and Smo blockade

The potential anti-proliferative effects of HDAC 
and HH pathway inhibition in aerodigestive 
tract cancers were evaluated by determining 
the effect of increasing doses of SAHA and 
GDC-0449 on cellular proliferation in the 
SqCC/Y1, FADU, HN30, HN31, and H1299 cell 

lines for 72 h. The absolute number of Hoechst 
33342 stained nuclei was counted using the IN 
Cell Analyzer 2000 at 72 h, and IC50 values 
were calculated with respect to cellular prolif-
eration (Figure 1A). Varying concentrations of 
SAHA and GDC-0449 were then evaluated in 
combination with respect to cellular prolifera-
tion at 72 h, and isobologram analysis was per-
formed using the Chou-Talalay method as previ-
ously described [23]. A syngergistic anti-prolif-
erative effect was observed in all cell lines, 
defined as a combination index (CI) less than 1. 
Moreover, at low concentrations of SAHA and 
GDC-0449, there was an enhanced anti-prolif-
erative effect seen in all cell lines (Figure 1B). 
In SqCC/Y1, the effect of 0.5 µM of SAHA in 
combination with 1 µM of GDC-0449 signifi-
cantly enhanced suppression of cellular prolif-
eration (P < 0.01). For the cell lines FADU, 
HN30, HN31, and H1299, 1 µM of SAHA in 
combination with 1 µM of GDC-0449 similarly 
enhanced suppression of cellular proliferation. 
Thus, in all cell lines, there was a statistically 
significant decrease in cellular proliferation 
when SAHA and GDC-0449 were combined.

To determine the basis for the suppression of 
cellular proliferation, cell cycle analysis was 
performed on the SqCC/Y1 and H1299 cell 
lines by staining the DNA content of cells with 
propidium iodide. Flow cytometric evaluation of 
DNA content revealed that the combination of 
SAHA and GDC-0449 enhanced G0/G1 cell cycle 
arrest after 24 h of exposure (Figure 2A). In the 
SqCC/Y1 cell line, neither 0.5 µM SAHA nor 5 
µM GDC-0449 caused significant changes in 
cell cycle distribution, but in combination, SAHA 
and GDC-0449 induced a significant 10% 
increase in G0/G1 cell cycle accumulation com-
pared to control (P = 0.0029), with a corre-
sponding reduction of cells in the S phase (P = 
0.0067). As a single agent, 1 µM SAHA caused 
a significant 13% increase of cells in the G0/G1 
phase compared to control (P = 0.03) in the 
H1299 cell line at 24 h, whereas 5 µM GDC-
0449 had no significant effect. However, in 
H1299, when SAHA and GDC-0449 were com-
bined, there was a 32% increase in G0/G1 cell 
cycle distribution (P = 0.0015), which was sta-
tistically significant compared to SAHA alone 
(Figure 2A, P < 0.05). Representative histo-
grams are provided showing the effect of SAHA 
and GDC-0449 on cell cycle distribution in the 
H1299 cell line (Figure 2B). Thus, consistent 
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Figure 2. Enhanced G0/G1 cell cycle arrest with SAHA and GDC-0449. A. Effect 
of SAHA and GDC-0449 on cell cycle distribution in SqCC/Y1 and H1299. 
B. Representative flow cytometry histograms of DNA content for H1299. C. 
Immunoblot analysis of histone H3 acetylation status and p21 expression.
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with their effects on cellular proliferation, SAHA 
and GDC-0449 similarly enhanced cell cycle 
arrest in the G0/G1 phase of the cell cycle in 
SqCC/Y1 and H1299.

To gain insight into the mechanistic basis for 
suppressed cellular proliferation and impaired 
cell cycle progression, immunoblot analysis 
was done on relevant signaling pathways. 
Exposure to 0.5 µM SAHA caused hyperacety-
lation of histone H3 alone or in combination 
with 5 µM GDC-0449 (Figure 2C). Expression of 
the cyclin-dependent kinase inhibitor p21waf , a 
known regulator of the G0/G1 checkpoint, was 
also evaluated in SqCC/Y1. Consistent with 
enhanced G0/G1 cell cycle arrest [21], p21waf 
was enhanced in response to the combination 
of 0.5 µM SAHA and 5 µM GDC-0449 (Figure 
2C). HH pathway activity was also analyzed in 
response to SAHA and GDC-0449 (Figure 3). 

tion of cell cycle arrest, we hypothesized that 
the combination of SAHA and GDC-0449 could 
confer a radiation sensitization effect through 
the suppression of HR-directed DNA repair, 
which occurs primarily in the S and G2/M phase 
of the cell cycle when a homologous chromo-
some is available as a DNA template [26, 33].

Radiation sensitization by combined targeting 
of HDACs and HH signaling

To assess the potential radiation sensitization 
effect of targeted inhibition of HDAC and Smo, 
the effects of 0.1 µM SAHA, 1 µM GDC-0449, 
and 2 Gy of IR were evaluated alone and in 
combination on SqCC/Y1 and H1299 by colony 
formation assay (Figure 4A). In SqCC/Y1, 0.1 
µM of SAHA enhanced the effect of 2 Gy, while 
1 µM of GDC-0449 did not enhance the effect 
of 2 Gy as a single agent. However, the most 

Figure 3. Hedgehog pathway modulation in response to HDAC and Smo inhibi-
tion. A. Immunoblot analysis of HH pathway gene Ptc-1 expression. B. Expres-
sion of HH pathway genes Gli-1, Gli-2, and Smo by RT-PCR. White bar, DMSO; 
dark grey bar, SAHA; black bar, GDC-0449; light grey bar, SAHA + GDC-0449.

Expression of the known 
product of the HH pathway 
marker Ptc-1 was deter-
mined to evaluate HH path-
way activity [11, 32]. In 
SqCC/Y1 and H1299 (Fi- 
gure 3A), SAHA and GDC-
0449 cooperatively sup-
pressed Ptc-1 expression. 
Using RT-PCR, expression 
of the HH pathway genes 
Gli-1, Gli-2, and Smo were 
analyzed (Figure 3B). Both 
Gli-1 and Gli-2 were found 
to be induced by SAHA, 
which was abrogated by 
GDC-0449. Consistent wi- 
th their effects on Ptc-1 
protein expression, SAHA 
and GDC-0449 also coop-
eratively down-regulated 
Smo expression.

Taken together, the cellular 
proliferation and cell cycle 
analyses demonstrated a 
synergistic suppression of 
cellular proliferation by co- 
mbined HDAC and HH pa- 
thway inhibition. This effect 
was associated with coop-
erative up-regulation of the 
cyclin-dependent kinase 
inhibitor p21waf by SAHA 
and GDC-0449. Because 
of this cooperative induc-
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Figure 4. Radiation sensitization by SAHA and GDC-0449. A. SAHA and GDC-0449 had a cooperative anti-proliferative effect and enhanced radiation responses in 
colony formation assays. B. Expression of the DNA damage marker phospho-γ-H2AX in response to 2 Gy with control, SAHA, GDC-0449, and SAHA + GDC-0449. C. 
SAHA and GDC-0449 cooperatively suppressed homologous recombination (HR) in combination in an HR reporter assay. *P < 0.05.
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Figure 5. Mechanisms of radiation sensitization by SAHA and GDC-0449. A. SAHA and GDC-0449 enhance formation of phospho-γ-H2AX and 53BP1 with 2 Gy of ra-
diation. B. Immunofluorescence of representative cells with DNA damage foci phospho-γ-H2AX and 53BP1. C. Expression of the HR recombinase Rad51 in response 
to a dose titration of SAHA or GDC-0449. D, the combination of SAHA and GDC-0449 cooperatively down-regulates Rad51 expression. *P < 0.05.
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significant suppression of colony formation in 
SqCC/Y1 occurred in the combination of SAHA, 
GDC-0449, and 2 Gy (P < 0.05), resulting in 
nearly a 10-fold reduction in colony formation 
with 13% of colonies compared to the control. 
In H1299, both SAHA and GDC-0449 enhanced 
radiation-induced suppression of colony forma-
tion as single agents. However, as seen for 
SqCC/Y1, the combination of SAHA and GDC-
0449 caused significantly more radiation sen-
sitization with 2 Gy (P < 0.05), compared to 
either SAHA or GDC-0449 alone with only 29% 
of colonies compared to controls.

Because of the radiation sensitization effect 
seen in colony formation assay, we evaluated 
SqCC/Y1 for evidence of inability to repair DNA 
double strand breaks (DSBs). Evidence for 
DSBs was determined by assessing γ-H2AX 
expression in SqCC/Y1 (Figure 4B). SqCC/Y1 
was treated for 24 h with control (DMSO), 0.5 

µM SAHA, 5 µM GDC-0449, and SAHA + GDC-
0449, and then exposed to 2 Gy of IR. At 4 h 
after exposure to 2 Gy, protein was extracted 
from SqCC/Y1, and expression of γ-H2AX was 
visualized by immunoblot. Consistent with colo-
ny formation data, SAHA was associated with 
up-regulation of γ-H2AX foci at 4 h post-IR, 
which was further enhanced by combining 
SAHA with GDC-0449, suggesting enhanced 
formation and prolongation of potently lethal 
DNA DSBs by through the combination of HDAC 
and HH pathway inhibition concurrently with 
clinical doses of IR.

Since the number of DNA DSBs is increased 
with combination therapy, we next evaluated 
the effect of SAHA and GDC-0449 on HR, which 
is a critical pathway of DNA DSB repair in mam-
malian cells [34]. A GFP-linked HR reporter sys-
tem in H1299 was used to assess HR activity 
after 24 h exposure to SAHA and GDC-0449 
(Figure 4C). Doses of 1 µM SAHA and 50 µM 
GDC-0449 caused suppression of HR as single 
agents, but this effect was significantly more 
pronounced when SAHA and GDC-0449 were 
combined (P < 0.05). HR was reduced by 2.2 
fold by 1 µM SAHA (P < 0.05), 1.2 fold by 50 µM 
GDC-0449, and 3 fold by 1 µM SAHA + 50 µM 
GDC-0449, which was significant compared to 
SAHA alone (P < 0.05). A similar effect was 
seen when high doses of 5 µM SAHA and 100 
µM GDC-0449 were combined. As a single 
agent, 5 µM SAHA reduced HR by 4.8 fold (P < 
0.05), 100 µM GDC-0449 reduced HR by 3.6 
fold (P < 0.05), and the combination of 5 µM 
SAHA and 100 µM GDC-0449 reduced HR by 
9.4 fold (P < 0.05). The effect of 5 µM SAHA 
combined with 100 µM GDC-0449 was also 
significant (P < 0.05) compared to either SAHA 
or GDC-0449 alone.

In order to further quantify the burden of DNA 
DSBs associated with the combination of 
SAHA, GDC-0449, and 2 Gy, immunofluores-
cence was done to detect evidence of γ-H2AX 
and 53BP1 foci formation in H1299 (Figure 
5A). H1299 was treated with DMSO (control), 1 
µM SAHA, 50 µM GDC-0449, and 1 µM SAHA 
and 50 µM GDC-0449 for 24 h. Cells were then 
irradiated with 2 Gy IR as indicated, and 4 h 
post-IR, immunofluorescence was done for 
γ-H2AX and 53BP1. The combination of SAHA 
and GDC-0449 without IR did not significantly 
induce large foci formation of phospho-γ-H2AX 

Figure 6. Enhanced formation of radiation induced 
chromosomal aberrations by SAHA and GDC-0449 
in H1299 cell line. A. Representative chromosome 
aberrations induced by combining SAHA, GDC-0449, 
and SAHA + GDC-0449 with 1 Gy IR. B. The combina-
tion of SAHA + GDC-0449 significantly increased for-
mation of chromosomal aberrations in comparison 
to all other treatment groups. Arrows, chromosomal 
aberrations. *P < 0.05.
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(green fluorescence) or 53BP1 (red fluores-
cence). As a single modality, 2 Gy increased the 
formation of large γ-H2AX and 53BP1 foci (P < 
0.05). However, when 1 µM SAHA, 50 µM GDC-
0449, and 2 Gy were combined, there was a 
pronounced significant increase in both γ-H2AX 
and 53BP1 foci compared to 2 Gy alone (P < 
0.05). Representative DAPI stained nuclei 
showing large γ-H2AX and 53BP1 foci forma-
tion is shown in Figure 5B.

To better understand the mechanism of HR 
suppression, we next evaluated expression lev-
els of the Rad51 protein which is recruited to 
DNA DSBs and is required for HR-directed 
repair [34]. A dose titration was done exposing 
H1299 to increasing concentrations of either 
SAHA or GDC-0449 for 24 h with respect to 
Rad51 protein expression (Figure 5C). Consi- 
stent with previous reports showing SAHA-
induced down-regulation of Rad51 [35], both 
SAHA and GDC-0449 caused a dose depen-
dent down-regulation of Rad51 in H1299. At 
doses of 0 to 0.1 µM SAHA, there was no per-
ceptible change in Rad51 expression, but 
doses of 0.5 to 1 µM caused dose dependent 
down-regulation of Rad51. GDC-0449 caused 
a dose dependent down-regulation of Rad51 
from 50-200 µM. Importantly, although 0.5 µM 
SAHA or 50 µM GDC-0449 caused a slight 
down-regulation of Rad51, the combination 
caused a prominent and cooperative down-reg-
ulation of Rad51 (Figure 5D).

Further evidence for enhanced DNA damage 
was then determined from metaphase chromo-
somal aberration analyses (Figure 6). Repre- 
sentative chromosomal aberrations are shown 
with H1299 cells treated with 1 Gy in combina-
tion with SAHA, GDC-0449, and SAHA + GDC-
0449 (Figure 6A). Consistent with the results 
of colony formation, DNA damage foci respons-
es, and homologous reporter assays, the com-
bination of SAHA + GDC-0449 with 1 Gy IR 
caused more significantly more chromosomal 
aberrations than any other treatment group 
(Figure 6B).

These radiation and HR assays taken together 
demonstrate that combined targeting of HDACs 
and HH signaling enhance radiation sensitiza-
tion in vitro. This was associated with coopera-
tive repression of HR and down-regulation of 
Rad51, which is essential for HR-mediated DNA 
repair. In addition, there was a corresponding 
increase of large γ-H2AX and 53BP1 foci, which 
are markers of increased DNA DSBs, when 
SAHA and GDC-0449 were combined with 2 Gy. 
This data provided us with an impetus to evalu-
ate the SAHA and GDC-0449 in vivo with 
respect to tumor growth delay.

Enhanced anti-tumor effect of SAHA and GDC-
0449 in mouse tumor xenografts

To assess potential clinical efficacy of com-
bined HDAC and HH pathway inhibition, the 
effects of SAHA and GDC-0449 were evaluated 

Figure 7. In vivo effect of SAHA and GDC-0449 on the SqCC/Y1 cell line. A. Tumor growth delay with SAHA, GDC-
0449, and SAHA + GDC-0449. B. Mouse survival associated with single and combined treatment of SAHA and 
GDC-0449.



Radio-sensitization by HDAC and hedgehog blockade

1349 Am J Cancer Res 2015;5(4):1337-1352

in SqCC/Y1 mouse tumor xenografts (Figure 6). 
As single agents, SAHA had modest growth 
delay while GDC-0449 had no impact on tumor 
growth in comparison to controls (Figure 7A). 
When SAHA and GDC-0449 combined, there 
was a more pronounced tumor growth delay 
than either agent alone. This in turn, resulted in 
prolonged survival of mice that received SAHA 
and GDC-0449 (Figure 7B).

Discussion

Advanced aerodigestive tract malignancies are 
classically resistant to chemotherapy and radi-
ation therapy, and we have presented transla-
tional data to support combined HDAC and HH 
pathway inhibition as a strategy to improve 
therapeutic responses for these cancers. We 
have found that combined targeting of HDACs 
with SAHA and Smo by GDC-0449 not only syn-
ergistically suppressed cellular proliferation in 
multiple aerodigestive cancer cell lines, but 
also enhanced suppression of HR. The purpose 
of this translational study is to provide rationale 
to evaluate the effect of combined HDAC and 
HH pathway inhibition in patients with advanced 
solid tumors.

A key finding in our study was that SAHA and 
GDC-0449 cooperatively suppressed cell cycle 
progression associated with the induction of 
the cyclin-dependant kinase inhibitor p21waf. 
Induction of p21waf in a p53-independent fash-
ion by HDAC inhibitors in cancer cells is a well-
established phenomenon [36], but our data 
suggests that the HH pathway represents a 
mechanism of resistance to HDAC inhibitor in- 
duced p21waf expression. Our findings are con-
sistent with previous data in pancreatic cancer 
showing that SAHA and the Smo antagonist 
SANT-1 synergistically induce p21waf expression 
in the pancreatic cancer cell lines Panc-1 and 
BxPC-3. It is notable that the phenomenon 
occurs in the cell lines SqCC/Y1, Panc-1, and 
BxPC-3, where p53 expression is absent [37, 
38]. Dysregulation of p53 expression is one of 
the most common findings in cancer [39], and 
we have shown that targeting HDACs and Smo 
can induce p21waf expression an cell cycle 
arrest in a cooperative manner independent of 
p53 signaling.

Our findings are also in line with emerging data 
showing epigenetic modulation by HDACs is a 
fundamental regulator of the HH pathway [40-

42]. The mechanistic basis for this interaction 
in medulloblastoma, as reported by Canettieri 
et al. [20], was shown to be mediated by HDAC1-
induced activation of Gli-1 and Gli-2 transcrip-
tional activity. Additionally, it was shown that 
the E3 ubiquitin ligase complex negatively regu-
lates the HH pathway by promoting degradation 
of HDAC1 [20]. Thus, our strategy to chemically 
inhibit HDACs with SAHA was hypothesized to 
have a similar suppressive effect on HH signal-
ing. Interestingly, we have shown that SAHA 
induced expression of Gli-1 and Gli-2, but that 
GDC-0449 could abrogate this up-regulation, 
providing insight into HH pathway up-regulation 
as a mechanism of resistance to HDAC inhibi-
tion. Moreover, we have shown a cooperative 
suppression of the Ptc-1 and Smo expression 
by SAHA and GDC-0449 showing that the com-
bination of HDAC and Smo inhibition may over-
come resistance to HH pathway activity. Further 
evaluation of the mechanistic basis for the 
interaction between HDACs and HH signaling 
may reveal more fundamental mechanisms of 
therapeutic resistance.

With respect to radiation sensitization in a com-
bined modality strategy, in addition to accumu-
lating cells in G1 by reducing cell population in 
radioresistant S/G2 phase, SAHA and GDC-
0449 cooperatively regulated Rad51 and HR. 
While SAHA has been established to have a 
radiation sensitization effect through the sup-
pression of Rad51 expression and HR [3, 35], 
the role of HH signaling in HR and DNA repair is 
not well understood. We present novel evi-
dence that inhibition of the HH pathway with 
GDC-0449 down-regulates Rad51 in a dose-
dependent fashion. Moreover, we have shown 
that SAHA and GDC-0449 cooperatively down-
regulate Rad51, suggesting non-redundant 
regulation of Rad51 by HDACs and HH signal-
ing. Since Rad51 is essential for recruitment of 
repair proteins to sites of DNA DSBs during HR 
[43], its cooperative down-regulation by SAHA 
and GDC-0449 provides a potential basis for 
the pronounced enhancement of DNA DSBs as 
evidenced by the induction of γ-H2AX and 
53BP1 foci formation when combined with IR.

There are a number of potential future direc-
tions of investigation identified in this study 
that warrant mention. The potential regulation 
of Rad51 signaling by the HH pathway is novel, 
and our ongoing work will aim to clarify the 
basis for this interaction. Additionally, while 
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there is a pronounced suppression of colony 
formation and radiation sensitization by the 
combination of SAHA, GDC-0449, and IR, un- 
derstanding the underlying mechanism of cell 
death may yield further insights into the thera-
peutic applications of this strategy. Another 
direction for future study would be further eval-
uation p21waf transcriptional regulation by HD- 
ACs and the HH pathway. As the cooperative 
induction of p21waf has now been observed in 
response to combined inhibition of HDACs and 
the HH pathway in multiple tumor cell lines, this 
mechanism of cell cycle arrest may represent 
an opportunity to improve tumor responses in 
many solid cancer histologies.

Clinical data already exists for combining radia-
tion therapy with SAHA for whole brain radio-
therapy, where the recommended dose of SAHA 
was 300 mg daily in phase I clinical trial [6]. A 
phase I clinical trial will be needed to address 
the safety profile of combined HDAC and Smo 
inhibition in humans, with a separate phase I 
trial to assess toxicity with the addition of con-
current radiation therapy. We anticipate that 
aerodigestive tract tumors will benefit from this 
combination, and we foresee locally recurrent 
HNC re-irradiation as an appropriate setting to 
test this concept since there are few good treat-
ment options for these patients. Given the 
activity of this combination in multiple tumor 
cell lines from a variety of primary tumor his-
tologies, we speculate that combined HDAC 
and Smo inhibition has the potential to expand 
the therapeutic application for agents such as 
SAHA and GDC-0449 to new disease sites.

In summary, we present pre-clinical data show-
ing that combined targeting of HDACs and HH 
pathway with SAHA and GDC-0449 respective-
ly, cooperatively suppress tumor grown and 
suppress HR in aerodigestive cancers.
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