Radio-sensitization by HDAC and hedgehog blockade

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 yM and GDC-0449 1 yM. *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 yL 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 mm?3. 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 |
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
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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 (Cl) 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 uM of SAHA in
combination with 1 yM of GDC-0449 signifi-
cantly enhanced suppression of cellular prolif-
eration (P < 0.01). For the cell lines FADU,
HN30, HN31, and H1299, 1 uM of SAHA in
combination with 1 yM 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 G /G, cell cycle
arrest after 24 h of exposure (Figure 2A). In the
SqCC/Y1 cell ling, neither 0.5 uM SAHA nor 5
UM GDC-0449 caused significant changes in
cell cycle distribution, but in combination, SAHA
and GDC-0449 induced a significant 10%
increase in G,/G, 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 uM SAHA caused
a significant 13% increase of cells in the G /G,
phase compared to control (P = 0.03) in the
H1299 cell line at 24 h, whereas 5 uM GDC-
0449 had no significant effect. However, in
H1299, when SAHA and GDC-0449 were com-
bined, there was a 32% increase in G /G, 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 G /G, 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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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.

with their effects on cellular proliferation, SAHA
and GDC-0449 similarly enhanced cell cycle
arrest in the G/G, 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 yM SAHA caused hyperacety-
lation of histone H3 alone or in combination
with 5 yM GDC-0449 (Figure 2C). Expression of
the cyclin-dependent kinase inhibitor p21+*, a
known regulator of the GO/G1 checkpoint, was
also evaluated in SqCC/Y1. Consistent with
enhanced G./G, cell cycle arrest [21], p21"f
was enhanced in response to the combination
of 0.5 yM SAHA and 5 yM GDC-0449 (Figure
2C). HH pathway activity was also analyzed in
response to SAHA and GDC-0449 (Figure 3).
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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-
Smo thway inhibition. This effect
was associated with coop-
erative up-regulation of the
cyclin-dependent  kinase
inhibitor p21¥e" by SAHA
and GDC-0449. Because
of this cooperative induc-
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 G,/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 yM SAHA, 1 uM 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
UM of SAHA enhanced the effect of 2 Gy, while
1 uM of GDC-0449 did not enhance the effect
of 2 Gy as a single agent. However, the most
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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-y-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-y-H2AX and 53BP1 with 2 Gy of ra-
diation. B. Immunofluorescence of representative cells with DNA damage foci phospho-y-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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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.

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 y-H2AX
expression in SqCC/Y1 (Figure 4B). SqCC/Y1
was treated for 24 h with control (DMSO), 0.5
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UM SAHA, 5 uM 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 y-H2AX was
visualized by immunoblot. Consistent with colo-
ny formation data, SAHA was associated with
up-regulation of y-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 uM SAHA and 50 uM
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 uM SAHA (P < 0.05), 1.2 fold by 50 uM
GDC-0449, and 3 fold by 1 uM SAHA + 50 uM
GDC-0449, which was significant compared to
SAHA alone (P < 0.05). A similar effect was
seen when high doses of 5 uM SAHA and 100
UM GDC-0449 were combined. As a single
agent, 5 yM SAHA reduced HR by 4.8 fold (P <
0.05), 100 uyM GDC-0449 reduced HR by 3.6
fold (P < 0.05), and the combination of 5 uM
SAHA and 100 uyM GDC-0449 reduced HR by
9.4 fold (P < 0.05). The effect of 5 uM SAHA
combined with 100 yM 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 y-H2AX
and 53BP1 foci formation in H1299 (Figure
5A). H1299 was treated with DMSO (control), 1
MM SAHA, 50 uM GDC-0449, and 1 uM SAHA
and 50 yM GDC-0449 for 24 h. Cells were then
irradiated with 2 Gy IR as indicated, and 4 h
post-IR, immunofluorescence was done for
y-H2AX and 53BP1. The combination of SAHA
and GDC-0449 without IR did not significantly
induce large foci formation of phospho-y-H2AX
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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.

(green fluorescence) or 53BP1 (red fluores-
cence). As a single modality, 2 Gy increased the
formation of large y-H2AX and 53BP1 foci (P <
0.05). However, when 1 yM SAHA, 50 uM GDC-
0449, and 2 Gy were combined, there was a
pronounced significant increase in both y-H2AX
and 53BP1 foci compared to 2 Gy alone (P <
0.05). Representative DAPI stained nuclei
showing large y-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 Radb51 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 O to 0.1 uM SAHA, there was no per-
ceptible change in Radb5l1 expression, but
doses of 0.5 to 1 yM caused dose dependent
down-regulation of Rad51. GDC-0449 caused
a dose dependent down-regulation of Radb51
from 50-200 uM. Importantly, although 0.5 uM
SAHA or 50 uyM GDC-0449 caused a slight
down-regulation of Rad51, the combination
caused a prominent and cooperative down-reg-
ulation of Rad51 (Figure 5D).
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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 y-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
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in SqQCC/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 p21*,
Induction of p21*2fin 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 p21* expression. Our findings are con-
sistent with previous data in pancreatic cancer
showing that SAHA and the Smo antagonist
SANT-1 synergistically induce p21*2fexpression
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 p21* 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-

1349

42]. The mechanistic basis for this interaction
in medulloblastoma, as reported by Canettieri
etal. [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 Radb5l1, 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 y-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 p21*a transcriptional regulation by HD-
ACs and the HH pathway. As the cooperative
induction of p21*# 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 | clinical trial [6]. A
phase | clinical trial will be needed to address
the safety profile of combined HDAC and Smo
inhibition in humans, with a separate phase |
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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