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Abstract

The incidence of human papillomavirus (HPV)-positive head and neck squamous cell carcinoma
(HNSCC) has rapidly increased over the past 30 years prompting the suggestion that an epidemic
may be on the horizon. Therefore, there is a clinical need to develop alternate therapeutic
strategies to manage the growing number of HPV-positive HNSCC patients. High-risk HPV E6
inactivates p53 through two distinct mechanisms; association with E6AP to degrade p53 and
association with p300 to block p300-mediated p53 acetylation and activation. In this study, we
determined if targeting the E6-p300 interaction is an effective approach to reactivate p53 in HPV-
positive HNSCC. Ectopic expression of the CH1 domain of p300 in HPV-positive HNSCC blocks
the association between E6 and p300, increases total and acetylated p53 levels, and enhances p53
transcriptional activity. Moreover, expression of p21, miR-34a, and miR-200c are increased
demonstrating functional p53 reactivation. CH1 overexpression in HPV-positive HNSCC has a
global anti-cancer effect resulting in a decrease in cell proliferation and clonogenic survival and an
increase in apoptosis. The in vivo tumor initiating ability of HPV-positive HNSCC is severely
compromised with CH1 overexpression, in part through a reduction in the cancer initiating cell
population. A novel small molecule CH1 inhibitor, CH1iB, reactivates p53 and potentiates the
anti-cancer activity of cis-platinum in HPV-positive HNSCC cells. Our work shows that CH1
domain inhibitors represent a novel class of p53 reactivation therapeutics for managing HPV-
positive HNSCC patients.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer with
approximately 600,000 new cases worldwide (1). Human papillomavirus (HPV) infection is
recognized as a major risk factor for the development of a subset of HNSCC, oropharyngeal
SCC. HPV16 is the most prevalent subtype and accounts for ~90% of HPV-positive
HNSCC (2, 3). Epidemiological data indicate that the prevalence of HPV-positive HNSCC
has increased by ~3-fold in the past three decades in the United States and Europe (4-6).
Data obtained from the Swedish Cancer Registry showed a 2.8-fold increase in the incidence
of oropharyngeal SCC in the Stockholm area between 1970 and 2002. Interestingly, over the
same time period, the incidence of HPV-positive oropharyngeal SCC increased by ~3-fold
from 23% in the 1970s to 68% in the 2000s (7). Based on these alarming numbers, it has
been suggested that an epidemic of HPV-positive HNSCC will emerge in the near future (6,
7.

There is concrete clinical data that the HPV vaccine, Gardasil, protects against HPV-positive
cervical, vaginal, and vulvar carcinomas (8). It is assumed that the HPV vaccine will protect
against HPV-positive HNSCC; however, there is no clinical evidence to support this
expectation. The HPV vaccine uptake in females has been modest even though the Centers
for Disease Control and Prevention issued a recommendation to vaccinate females, between
the ages of 9 to 26, for high-risk HPV in 2006. A study using the 2010 National Health
Interview Survey showed that only about 30% and 15% of eligible females received one
dose and the full three-dose series of the HPV vaccine, respectively (9). Gardasil was
approved for males, 9 to 26 years old, in 2009; however, vaccine uptake was reported to be
extremely poor at 2% (10). It is clear that a significant number of age eligible females and
males are not vaccinated and may remain unprotected against HPV-positive carcinomas,
including HNSCC, over their lifetime.

Gardasil was shown to be highly effective to protect against cervical carcinoma for HPV-
infection naive individuals but provided much more limited benefit to individuals already
exposed to high-risk HPV, including HPV16 (11, 12). HPV vaccination is not recommended
for adults >26 years old since these individuals are likely to be exposed to high-risk HPV
already. Therefore, several generations of individuals already exposed to high-risk HPV or
are >26 years old will not be vaccinated routinely or even if vaccinated will have minimal
protection against HPV-positive carcinomas, including HNSCC. In light of these points,
there is a clinical need to develop alternative therapeutic strategies to manage an anticipated
growing number of HPV-positive HNSCC patients.

In contrast to HPV-negative HNSCC, p53 is predominantly wildtype in HPV-positive
HNSCC (13-15). However, high-risk HPV EG6 inactivates p53 through two distinct
mechanisms. E6 associates with EGAP to degrade p53 through the proteasome pathway and
associates with p300 to block p300-mediated p53 acetylation (16-21). Acetylation of p53
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enhances p53 stability, and transcriptional activity (19-23). Inactivation of p53 by E6 is
indispensible for HPVV-mediated tumorigenesis suggesting that reactivation of p53 may be a
strategy to ablate HPV-positive carcinoma cells. Several genetic and chemical strategies to
reactivate p53 have been demonstrated in HPV-positive cervical carcinomas. Most of these
approaches focused on targeting E6 levels, EGAP levels, or E6-E6AP association to increase
p53 stability and accumulation (24-29). In this study, we took a novel approach and
functionally reactivated p53 in HPV-positive HNSCC by blocking the interaction between
E6 and p300. Ectopic expression of the CH1 domain of p300 squelched E6 to disrupt E6-
p300 association resulting in an increase in p53 acetylation, accumulation, and activity.
Exogenous CH1 promoted a pleiotropic, anti-cancer effect in HPV-positive HNSCC partly
due to a reduction in the cancer initiating cell (CIC) population. A small molecule CH1
domain inhibitor, CH1iB, reactivated p53 and dramatically potentiated the efficacy of cis-
platinum in HPV-positive HNSCC. Taken together, our work revealed a novel druggable
approach to reactivate p53 in HPV-positive HNSCC that may translate to other HPV-
positive carcinomas.

Results

Exogenous CHL1 reactivates p53 by blocking the association between HPV16 E6 and p300

High-risk HPV E6 was reported to associate with p300 to inhibit p300-mediated p53
acetylation (19-21). Acetylation is a critical regulatory mechanism to control p53 stability
and transcriptional activity (19-23). Therefore, targeting the E6-p300 interaction may be a
novel approach to reactivate p53 in HPV-positive HNSCC. Published work showed that
high-risk HPV E6 binds to the CH1, CH3, and C-terminal domain of p300 (20). Thus, we
determined if targeting one of the contact sites, the CH1 domain, is a tractable approach to
block the association between E6 and p300 and reactivate p53. As shown in Figure 1a,
exogenous CH1 squelched E6 to reduce the association between E6 and p300 in UMSCC47
and UPCI:SCC090, two HPV16-positive HNSCC cell lines. An accumulation of total p53
and an increase in acetylated p53 was revealed in CH1-overexpressing UMSCC47
(UMSCC47/CH1) and UPCI:SCC090 (SCC090/CH1) cells (Figure 1b). p53 transcription
activity was elevated by 85% (P<0.01) and 50% (P<0.01) in UMSCC47/CH1 and
UPCI:SCC090/CHL1 cells, respectively (Figure 1c). Overexpression of CH1 had no effect on
p53 and p300 expression but enhanced the expression of three well-recognized p53 targets.
p21, miR-34a, and miR-200c expression were increased by 114%, 323%, and 80% in
UMSCC47/CHL1 cells (P<0.01) and 39%, 134%, and 49% in UPCI:SCCO090/CHL1 cells
(P<0.01), respectively (Figure 1e). These results demonstrate that blocking the E6-p300
interaction is an efficient approach to reactivate p53, through p53 accumulation and
acetylation, in HPV-positive HNSCC.

Exogenous CH1 has a pleiotropic anti-tumor effect in HPV16-positive HNSCC

We determined if reactivation of p53 is sufficient to promote an anti-tumor response in
HPV-positive HNSCC cells. Cell proliferation was reduced by 20% and 11% in
UMSCC47/CH1 and UPCI:SCCO090/CH1 cells at 72 hours, respectively (Figure 2a).
Overexpression of CH1 in UMSCCA47 and UPCI:SCC090 cells decreased clonogenic
survival and enhanced apoptosis (Figures 2b and 2c¢). A similar response in cell
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proliferation, clonogenic survival, and apoptosis was observed for empty vector-transfected
UMSCCA47 and UPCI:SCCO090 cells treated with single agent cis-platinum (10 uM).
UMSCC47/CH1 and UPCI:SCCO090/CH1 cells were dramatically more responsive to cis-
platinum (10 pM) than UMSCC47/empty and UPCI:SCCO090/empty cells. Overexpression
of CH1 enhanced the effect of cis-platinum on cell proliferation (72 hours, P<0.01),
clonogenic survival (P<0.01) and apoptosis (P<0.01). Our results indicate that reactivation
of p53 was sufficient to promote a broad anti-tumor response and furthermore, enhanced the
efficacy of cis-platinum in HPV-positive HNSCC cells.

Next, we determined if CH1 overexpression modulates the in vivo tumorigenicity of HPV-
positive HNSCC cells. Two different dilutions, 3x10° or 3x10%, of UMSCC47/empty and
UMSCC47/CH1 cells were implanted in the flanks of athymic nude mice (Figure 2d). At a
dilution of 3x10° cells, tumor incidence was the same between UMSCC47/empty and
UMSCCA47/CH1 cells however a difference (P<0.01, n=6) in tumor volume was observed.
Mean tumor volume was 142 mm3 for UMSCC47/empty and 67 mm3 for UMSCC47/CH1
(Figure 2e). Interestingly, at a dilution of 3x10* cells, tumor incidence was 50% (4/8) for
UMSCC47/empty but 0% (0/8) for UMSCC47/CH1 (P<0.02). This observation suggests
that the CIC population may be compromised in HPV16-positive HNSCC following p53
reactivation. CICs are a sub-set of cancer cells within the tumor with the exclusive capacity
to divide and expand the CIC pool or to differentiate into heterogeneous non-tumorigenic
cells that constitute the bulk of the tumor. CICs are postulated to be the unique cells
responsible for disease recurrence and/or metastasis. Therefore, elimination of CICs may be
essential to optimally manage cancer patients. ALDH and CD44 are two markers used to
identify the CIC population in HNSCC (30-32). As shown in Figure 2f, CH1 overexpression
reduced the ALDHN9" population by 46% (P<0.01) and CD44Ngh population by 31% in
UMSCCA47 cells (P<0.01). Moreover, FACS analysis showed that CD44 levels were reduced
by 33% in UMSCCA47/CHL1 cells compared to UMSCC47/empty cells. Tumorsphere
formation is an in vitro assay to assess the CIC population. Overexpression of CH1 in
UMSCCA47 cells inhibited tumorsphere formation efficiency by 42% (P<0.01) and reduced
tumorsphere diameter by 25% (P<0.01) (Figure 2g). To confirm the tumor initiating
potential of tumorspheres, NOD/SCID mice were implanted with a single tumorsphere
(mean diameter of 60—-80 um with ~100 cells) and monitored for tumor incidence over a 6
month period (Figure 2h). Mice implanted with a single tumorsphere had a tumor incidence
rate of 55% (6/11). In contrast, all the mice implanted with 1x103 UMSCCA47 cells failed to
develop tumors over a 6 month period. Our work demonstrate that reactivation of p53
suppress the in vivo tumorigenicity of HPV-positive HNSCC, in part through a reduction in
the CIC population.

Exogenous CH1 has a pleiotropic anti-tumor effect in HPV-negative HNSCC

There is evidence that p300 is indispensable for MDM2-mediated p53 degradation (33, 34).
MDM2 was shown to bind to the CH1 domain of p300 and overexpression of CH1 was
sufficient to enhance p53 stability in p53 wildtype U20S osteosarcoma cells (33, 34). In line
with these observations, ectopic expression of CH1 increased total and acetylated p53 in p53
wildtype, HPV-negative UMSCC74A HNSCC cells (Figure 3a). p53 transcription activity
was elevated by 68% (P<0.05) in UMSCC74A/CH1 compared to UMSCC74A/empty cells

Oncogene. Author manuscript; available in PMC 2014 August 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al.

Page 5

(Figure 3b). As shown in Figure 3c, the interaction between p300 and MDM2 in
UMSCCT74A cells was disrupted with the introduction of CH1. Overexpression of CH1
inhibited cell proliferation (72 hours, P<0.01), reduced clonogenic survival (P<0.01), and
increased apoptosis (P<0.05) in UMSCC74A cells. In addition, UMSCC74A/CH1 cells
were more responsive to the anti-tumor effects of cis-platinum (10 uM) than UMSCC74A/
empty cells. These results show that exogenous CH1 blocked p300-MDM?2 interaction,
enhanced p53 activity, and promoted a broad anti-tumor response in HPV-negative HNSCC
cells.

CH1iB, a small molecule CH1 inhibitor, preferentially reactivates p53 in HPV16-positive

HNSCC

Our data indicates that exogenous CH1 reactivated p53 in HPV-positive and HPV-negative
HNSCC. We determined if small molecule CH1 ligands can function as competitive
inhibitors to mask the E6 and MDM2 binding sites on p300 and enhance p53 activity.
HIF-1a recruits and binds to the CH1 domain of p300 to facilitate HIF-1a-mediated
transcription of target genes (35, 36). A stabilized a-helical mimic, constrained by the
hydrogen bond surrogate methodology (37), of HIF-1a (CH1iA) was reported to function as
a CH1 inhibitor and compete with endogenous HIF-1a for p300 resulting in a reduction in
HIF-1a-mediated transcription of vascular endothelial growth factor (38). The CH1 domain
of p300 features multiple binding sites for individual a-helices (35, 36) suggesting that
targeting a distinct CH1-binding partner may be a possibility. We tested the ability of
synthetic helices that target binding site A and site B in CH1 in HPV-negative and HPV-
positive HNSCC (Figure 4b). CH1iA and CH1iB did not modulate p53 activity and levels in
UMSCCT74A, a HPV-negative, p53 wildtype HNSCC cell line (Figures 4c and 4d).
Expression of p300, p53, and p53-regulated genes were unchanged following CHL1IA or
CH1iB treatment in UMSCC74A cells (Figure 4e). In HPV-positive UMSCCA47 cells,
CHLIA had no effect whereas CHL1iB enhanced p53 activity (71% increase, P<0.01),
accumulation, and acetylation. A modest but significant increase in p21, miR-34a, and
miR-200c expression was shown following CH1iB treatment (Figure 4e). Furthermore, the
association between E6 and p300 was reduced with CHZ1iB but not with CHZ1iA treatment in
HPV-positive HNSCC cells (Figure 4f). These results reveal that the critical binding
contacts between E6 and CHL1 are located within or in proximity to binding site B of the
CH1 domain. In Figure 4g, CH1iA was inactive but CH1iB inhibited the proliferation of
HPV-positive UMSCCA47 cells as single-agent and potentiated the anti-proliferative efficacy
of cis-platinum. CH1iA and CH1iB had no effect and did not augment the efficacy of cis-
platinum on the proliferation of HPV-negative UMSCC74A cells and human normal IMR90
fibroblasts. Taken together, our work demonstrates that targeting binding site B in CH1 with
CHLiB preferentially reactivates p53 in HPV-positive HNSCC cells by disrupting the
association between E6 and p300.

CHL1iB potentiates the efficacy of cis-platinum in HPV16-positive HNSCC

Our results showed that introduction of CH1 potentiated the effects of cis-platinum on cell
proliferation, clonogenic survival, and apoptosis in HPV-positive HNSCC. In addition,
CH1iB enhanced the anti-proliferative action of cis-platinum in UMSCCA47 cells. As shown
in Figures 5a—b, CH1iB potentiated the effect of cis-platinum on p53 accumulation,
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acetylation, and activity. Expression of p21, miR-34a, and miR-200c was dramatically
higher (P<0.01) with the combination treatment than with either single-agent treatment
(Figure 5c). Compared to vehicle-treated UMSCC47 cells, CH1iB reduced clonogenic
survival by 35% and tumorsphere formation by 20%, and enhanced apoptosis by 353%
(P<0.01). Furthermore, the combination regimen was highly active and almost completely
ablated the clonogenic survival (91% inhibition, P<0.01) of HPV16-positive HNSCC cells.
Apoptosis induced by the combination treatment was increased by 984% (P<0.01) and 443%
(P<0.01) compared to CH1iB and cis-platinum, respectively (Figure 5d). In addition,
tumorsphere formation was suppressed by a greater extent with the combination regimen
than single-agent CHLiB or cis-platinum (Figure 5f). CH1iB-mut, a designed specificity
control for CH1iB in which one energetically important leucine residue is mutated to
alanine, showed a minimal but significant increase (14% increase, P <0.05) in p53 activity
but, importantly, had no effect as single-agent or in combination with cis-platinum to inhibit
cell proliferation in UMSCCA47 cells (Figure S1). These results indicate that CH1iB, a CH1
inhibitor, potentiates the anti-tumor activity of cis-platinum in HPV-positive HNSCC.

Discussion

High-risk HPV is recognized as an etiological agent for the pathogenesis of anogenital and
head and neck squamous cell carcinomas. HPV EG6 inactivates p53 through two distinct and
independent pathways. It is well recognized that E6 complexes with E6AP to form an active
E3-ubiquitin ligase to target p53 for proteasome-dependent proteolysis (18). A second but
much more under-appreciated mechanism is that E6 associates with the p300-p53 complex
to block p300-mediated acetylation and activation of p53 (21). p300 acetylates p53 at
multiple lysine residues, including K370, 372, 381, and 382 (39). Acetylation was shown to
control p53 function through multiple mechanisms, including an increase in protein stability,
tetramerization, DNA binding, and co-activator recruitment (21, 23, 39).

Several groups reported that reactivation of p53 is achievable in HPV-positive cervical
carcinomas using different strategies to reduce E6 or E6AP levels (24-29). Treatment with
E6AP anti-sense oligonucleotides accumulated p53 but did not promote apoptosis (27).
These authors suggest that a threshold level of p53 levels may be required for p53-mediated
apoptosis. An alternate explanation is the ablation of EGAP may be inefficient to reactivate
p53 since EB6 is still available to suppress p300-mediated acetylation and activation of p53.
Co-delivery of a HPV16 E6 antibody and E6 siRNA enhanced p53 levels and decreased
clonogenic survival; however, an apoptotic response was not detected (26). An interesting
study showed that sSiRNA-mediated ablation of E6 results in a transient increase in p53
protein and activity despite a sustained E6 knockdown suggesting that a compensatory p53
degradation and/or inactivation mechanism is quickly triggered in HPV-positive cervical
carcinomas cells under these experimental conditions (28).

Disruption of E6-p300 association is an approach that has not be utilized to reactivate p53 in
HPV-positive carcinomas. Restoration of p300-mediated acetylation of p53 may be an ideal
strategy since acetylation controls p53 function through multiple mechanisms, including
stability and transcriptional activation. Our results with stable CH1 overexpressing HNSCC
cells indicate that targeting the E6-p300 interaction is sufficient to maintain elevated p53
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accumulation, acetylation, and activity ad infinitum. Exogenous CH1 inhibits cell
proliferation and clonogenic survival and enhances apoptosis in HPV-positive HNSCC.
Importantly, the in vivo tumorigenicity of UMSCC47/CH1 cells is severely compromised in
part through a reduction in the CIC population. Thus, our data showed that restoration of
p300-mediated p53 acetylation induces a sustained p53 reactivation and anti-tumor response
in HPV-positive HNSCC.

It was reported that p300 functions as a scaffold for MDM2 and p53 to facilitate MDM2-
mediated degradation of p53 (33). Overexpression of the CH1 domain of p300 enhanced
p53 accumulation in human U20S osteosarcoma cells presumably by blocking the physical
interaction between p300 and MDMZ2 (33). Also, binding of MDM2 to the p300-p53
complex blocked p300-mediated acetylation and activation of p53 (34). These results
indicate that the MDM2-p300-p53 complex is intimately involved in p53 turnover,
acetylation, and activation. In direct support, our results showed that exogenous CH1
disrupts MDM2-p300 association and increases p53 levels and activity in p53 wildtype,
HPV-negative UMSCC74A HNSCC cells. In addition, CH1 overexpression sensitized
UMSCCT74A cells to the anti-tumor efficacy of cis-platinum. These results demonstrate that
targeting the CH1 domain of p300 is a tractable approach to enhance p53 activity in HNSCC
cells with wildtype p53, regardless of HPV status, albeit through distinct mechanisms.
CHLiB, but not CH1iA, blocked E6-p300 association and reactivated p53 in HPV-positive
HNSCC indicating that binding site B in the CH1 domain contains the critical contacts for
E6 and p300 interaction. Interestingly, selective targeting of the CH1 domain with CH1iA
and CHL1iB did not enhance p53 accumulation and activity in UMSCC74A cells. The
preferential activity of CH1iB for HPV-positive HNSCC over HPV-negative HNSCC
suggests that the CH1-binding interface for E6 may be distinct from the CH1-binding
interface for MDMZ2. Another possibility is that MDM2 may have a tighter binding
association for p300 than E6 and thus, CH1iB and CH1iA were unable to successfully
compete against MDM2 for p300 binding. Ongoing efforts in our laboratory are to further
probe these possibilities by exploring structure-activity relationships of our synthetic CH1
domain ligands. In any event, our work reveals that CH1iB preferentially reactivates p53
activity in HPV-positive HNSCC cells providing initial evidence that discrete chemical
targeting of the CH1 domain of p300 can be realized.

The role of p53 in normal stem cell regulation is established and is beginning to emerge for
CICs. Inhibition of p53 dramatically enhanced the transformation efficiency of differentiated
cells into induced pluripotent stem cells (40-42). Loss of p53 favored self-renewal,
symmetric cell division, of mammary stem cells resulting in an expansion of the stem cell
population (43). Two p53 targets, miR-34a and p21, were shown to contribute to p53
repression of induced pluripotent stem cells (40, 41, 44). Additionally, miR-34a blocked
prostate CIC expansion (45). Loss of p53 in mammary epithelial cells led to reduced
miR-200c expression resulting in an increase in EMT-associated CIC population (46). Our
results are in line with these studies and further support the link between p53 and CICs. We
show that reactivation of p53 in HPV-positive HNSCC increase the expression of p21,
miR-34a, and miR-200c and reduce the CIC population. These observations suggest that the
p53-p21/miR-34a/miR-200c circuitry to limit normal stem cell expansion, either through
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reprogramming or self-renewal, can be triggered in HPV-positive HNSCC to block CIC
expansion through p53 reactivation. It is unclear at this time whether the reduction in the
CIC population is due to a shift in favor of asymmetric CIC division and/or differentiation of
CICs. Additional work will be necessary to address this question and to dissect the
contributions of p21, miR-34a, and miR-200c in controlling the CIC population.

High-dose cis-platinum-based therapy is the standard of care for definitive treatment of
HPV-positive but is associated with high toxicities and difficult for patients to tolerate (47).
Treatment-associated toxicities from high-dose cis-platinum-based therapy are a major
concern and have prompted considerable discussion whether alternate treatment or de-
intensification of treatment should be offered for the HPV-positive HNSCC population.
Considering there are limited clinical options for HPV-positive HNSCC at this time,
alternative treatment strategies are critically needed. We showed that CH1iB, a CH1
inhibitor, reactivates p53 in HPV-positive HNSCC. Single-agent CH1iB exhibits broad anti-
cancer activity to suppress cell proliferation and clonogenic survival and enhance apoptosis
in UMSCC47 and UPCI:SCCO090 cells. Interestingly, CH1iB potentiates cis-platinum-
mediated p53 activity and anti-tumor efficacy. HPV-positive HNSCC cells are almost
completely eliminated following treatment with the combination of CHL1iB and cis-platinum.
Based on these results, we speculate that fewer cycles or a tapered dose of cis-platinum may
be sufficient in the presence of a CH1 inhibitor to effectively manage HPV-positive HNSCC
patients with a better toxicity profile. Our data strongly supports further development of
CHL1 inhibitors as p53 reactivation therapeutics for HPV-positive HNSCC.

In conclusion, our results reveal that targeting the E6-p300 association is a novel approach
to reactivate p53 in HPV-positive HNSCC. CH1iB, a small molecule CH1 inhibitor,
reactivates p53 and potentiates the anti-tumor activity of cis-platinum in HPV-positive
HNSCC cells. Our work indicates that the CH1 domain inhibitor platform represents a novel
class of p53 reactivation therapeutics for HPV-positive HNSCC.

Materials and Methods

Cell lines

UMSCC47 and UMSCC74A were obtained from Dr. Thomas Carey at the University of
Michigan. UPCI:SCC090 was provided by Dr. Susanne Gollin at the University of
Pittsburgh (48). UMSCC47, UMSCC74A, and UPCI:SCCO090 cells were grown in DMEM
containing 10% FBS, 2 mM glutamine, 100 mg/mL streptomycin and 100 U/mL penicillin
and maintained in a humidified atmosphere of 5% CO- at 37°C.

Plasmid construction and transfection

The CH1 domain of p300 (nucleotides 332-417) was amplified by PCR (forward primer: 5'-
GGATCCATGCCAGAGAAGCGCAAGCTCATCCAGC-3; reverse primer: 5/-
CTCGAGATCACCAGCATTTTTGAGGGGGAGACAC-3') and inserted into pcDNA3.1
between the BamHI and Xhol restriction enzyme sites. UMSCC47, UMUPCI:SCC090, and
UMSCCT74A cells were transfected with pcDNA3.1/empty or pcDNA3.1/CH1 using
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Lipofectamine2000 (Invitrogen, Carlshad, CA). Stable polyclonal populations were selected
and maintained in the presence of G418 (Invitrogen).

Western blot

Whole cell lysates were mixed with Laemmli loading buffer, boiled, separated by SDS-
PAGE, and transferred to a nitrocellulose membrane. Subsequently, immunoblot analyses
were performed using antibodies specific to V5 (Invitrogen), p53 (sc-126, Santa Cruz
Biotechnology, Santa Cruz, CA), or acetylated[K382]-p53 (2525, Cell Signaling
Technology). The signal was developed using the SuperSignal Western Blotting Kit (Pierce,
Rockford, IL).

p53 transcriptional activity

Cells were transfected with 100 ng of Cignal p53 reporter (SABiosciences, Valencia, CA)
using Lipofectamine 2000. Cignal p53 reporter contains tandem repeats of the p53
consensus transcriptional response element. After 48 hours, cells were washed with cold
PBS, lysed in passive lysis buffer (Promega), and measured for Firefly/Renilla dual
luciferase activities in a luminometer using the Dual-Light System (Applied Biosystems,
Foster City, CA). Renilla luciferase activity was normalized to Firefly luciferase activity to
control for transfection efficiency. A modification to the protocol was used for compound
treatment. UMSCCA47 cells were transfected with 100 ng of Cignal p53 reporter. After 24
hours, cells were treated with vehicle, CH1iB (10 uM), cis-platinum (10 uM), or
combination of CH1iB (10 uM) and cis-platinum (10 pM) and measured for Firefly/Renilla
dual luciferase activities 24 hours post-treatment.

Quantitative real-time PCR

Cells were extracted for total RNA using the TRIzol® reagent (Invitrogen) or TagMan
PreAmp Cells-to-CT kit (Applied Biosystems). Expression of p300, p53, p21, miR-34a and
miR-200c were determined using the Applied Biosystems 7900HT Fast Real-Time PCR
System with validated TagMan gene expression assays (Applied Biosystems). p53, p300,
and p21 expression were normalized to GADPH and miR-34a and miR-200c expression
were normalized to RNU44 using the AACt method.

Immunoprecipitation

Cells were lysed with NP buffer [50 mM Tris (pH 8.0), 150 mM NaCl, 0.5% deoxycholate,
0.1% SDS, and 1.0% NP-40] containing 1x Protease Inhibitor Cocktail (Roche, Switzerland)
at 4°C with gentle rocking for 15 min. The supernatant was pre-cleared to block nonspecific
binding with 50 uL protein A/G Agarose beads (Pierce Biotechnology) that had been pre-
washed with NP buffer before use. Equal amounts of anti-E6 antibody (Abcam), anti-p300
antibody (Millipore), or 1gG antibody (Cell Signaling) were added to the respective samples.
After 4 hours incubation at 4°C, 50 uL pre-washed protein A/G-agarose beads were added to
each tube and immunoprecipitation was performed by rocking overnight at 4°C. The
immunoprecipitated complexes were washed with NP buffer and then eluted using 2XSDS
sample buffer. Eluted sample and 10% of input were resolved by SDS-PAGE for Western
blot analysis with anti-E6, anti-p300, or anti-V5 antibodies.
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Cell proliferation, clonogenic survival, and apoptosis

Cell proliferation was assessed using the MTT reagent (Roche Molecular Biochemicals,
Nutley, NJ) to detect metabolic active cells. Absorbance was measured at 570nm in the
Spectra Max 190 ELISA reader (Molecular Devices, Sunnyvale, CA) after overnight
incubation. For clonogenic survival, 200 cells per well were plated in complete growth
media and allowed to grow until visible colonies were formed (14 days). Cell colonies were
fixed with cold methanol, stained with 0.25% crystal violet in 25% methanol, washed, and
air dried. For apoptosis, cells were harvested, washed with cold PBS, and co-stained with
Annexin V and propidium iodide according to the manufacturer’s protocol (ApoAlert
Annexin V-FITC Apoptosis Kit; Clontech). Apoptotic cells were analyzed using BD FACS
Calibur (BD Biosciences Corporation, Franklin Lakes, NJ) at The Ohio State University
Comprehensive Cancer Center Analytical Cytometry Core.

Tumor incidence and growth in athymic nude mice

UMSCC47/empty and UMSCC47/CH1 cells were suspended in 50:50 DMEM:Matrigel and
implanted subcutaneously into the left and right flanks of 6-week old athymic nude mice (8

mice/group), respectively. After 3 weeks, tumors were measured once a week using a digital
caliper and tumor volumes were calculated using the formula d1 x d2 x d3 x 0.5236, where

“d” represents the three orthogonal diameters. Tumor growth and incidence were monitored
for 49 days following tumor cell implantation.

ALDH and CD44

Cells were assessed for ALDH activity using the ALDEFLUOR kit according to the
manufacturer’s protocol (Stem Cell Technologies, British Columbia, Canada). Cells were
suspended in ALDEFLUOR assay buffer containing ALDH substrate (bidipy-
aminoacetaldehyde, 1 uM per 1 x 106 cells) and incubated for 40 minutes at 37°C. For each
experiment, a sample of cells was incubated with 50 mM of diethylaminobenzaldehyde
(DEAB), a specific ALDH inhibitor, to serve as the negative control. For CD44 expression,
cells were harvested and resuspened in incubation buffer with PE-CD44 antibody (Abcam)
or mouse PE-1gG (Abcam) for 50 minutes on ice. Suspensions were centrifuged at 300x g
for 5 minutes at 4°C and resuspend in 0.5 mL of 1% paraformaldehyde solution for analysis.
Fluorescence activated cell sorting (FACS) analyses were performed using BD FACS
Calibur at The Ohio State University Comprehensive Cancer Center Analytical Cytometry
Core.

Tumorsphere formation

Cells were harvested and seeded in a serum-free defined medium consisting of KSF medium
supplemented with epidermal growth factor, basic fibroblast growth factor, insulin, and
hydrocortisone in low-attachment plates (Corning Incorporated, Corning, NY) for
tumorspheres. Tumorsphere formation efficiency was calculated as the number of
tumorspheres (= 50 um in diameter) formed in 7 days divided by the original number of
cells seeded. Tumorsphere diameter was measured using NIS-Elements software.
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Tumor incidence with a single tumorsphere

Tumorsphere derived from UMSCCA47 cells were generated and measured using NIS-
Elements software. A single tumorsphere (60-80 um in diameter) was suspended in 50:50
KSF:Matrigel and implanted subcutaneously into the flank of 6-week old NOD/SCID mice
(n=11). In a separate set of animals, parental UMSCC47 cells (1x103) were suspended in
50:50 DMEM:Matrigel and implanted subcutaneously into the flank of 6-week old NOD/
SCID mice (n=10). Tumor incidence was monitored for 180 days following tumorsphere or
tumor cell implantation.

Synthesis of inhibitors

Synthetic helices were synthesized as previously described (38, 49). Compounds were
purified by reverse-phase HPLC and characterized by ESI-MS.

Statistical analysis

Data were analyzed by two-tailed Student’s t-test. P-values < 0.05 were considered
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Exogenous CH1 reactivates p53 by blocking the association between HPV 16 E6 and
p300

Stable polyclonal UMSCC47/empty, UMSCC47/CH1, SCC90/empty, and SCC90/CH1 cells
were generated by transfection and antibiotic selection. a. HPV 16 E6-p300 association.
Cell lysates were extracted, immunoprecipitated with anti-E6 or anti-p300 antibody, and
immunoblotted with anti-V5, anti-E6, or anti-p300 antibody. Cell lysates were
immunoblotted with anti-V5, anti-E6, or anti-p300 antibody for input control. b. Total and
acetylated p53 levels. Cell lysates were immunoblotted with anti-p53 or anti-
acetylated[K382]-p53 antibody. c. p53 transcriptional activity. Cells were co-transfected
with a p53 Firefly luciferase reporter plasmid and a control Renilla luciferase plasmid.
Firefly luciferase activity was normalized to Renilla luciferase activity to control for
transfection efficiency. Data were normalized to empty vector cells and presented as mean +
SEM. *P<0.01, n=4. d. p300 and p53 expression. e. p21, miR-34a, and miR-200c
expression. mRNA expression was determined using gPCR with validated TagqMan assays.
Data were normalized to empty vector control cells and presented as mean + SEM. *P<0.01,
n=3.
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Figure 2. Exogenous CH1 hasa pleiotropic anti-tumor effect in HPV16-positive HNSCC cells
a. Cell praliferation. Cells were treated with control (vehicle) or cis-platinum (10 uM) for

24, 48, and 72 hours. Data were normalized to Day 0 and presented as mean + SEM.
*P<0.01, control vs. CH1, cis-platinum, or CH1 + cis-platinum, **P<0.01, CH1 or cis-
platinum vs. CH1 + cis-platinum, n=6. b. Clonogenic survival. Cells were treated with
control (vehicle) or cis-platinum (10 pM). Colonies were stained with crystal violet. Data
were normalized to empty/control cells and presented as mean + SEM. *P<0.01, control vs.
CHL1, cis-platinum, or CH1 + cis-platinum, **P<0.01, CH1 or cis-platinum vs. CH1 + cis-
platinum, n=3. c. Apoptosis. Cells were treated with control (vehicle) or cis-platinum (10
uM) for 24 hours. FACS was used to quantitate Annexin V-positive apoptotic cells. Data is
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presented as mean £ SEM. *P<0.01, control vs. CH1, cis-platinum, or CH1 + cis-platinum,
**P<0.01, CH1 or cis-platinum vs. CH1 + cis-platinum, n=3. d. In vivo tumor incidence.
Two different dilutions, 3x10° or 3x10%, of UMSCC47/empty and UMSCCA47/CH1 cells
were implanted in the flanks of NOD/SCID mice. Tumor incidence was monitored for 49
days following tumor cell implantation. *P<0.02, n=8. e. In vivo tumor growth. Tumors
were measured weekly using a digital caliper and tumor volumes were calculated. Data is
presented as mean + SEM. *P<0.01, n=6. f. ALDH and CD44. ALDH"9" cells were
quantitated using the ALDEFLUOR assay. Data is presented as mean + SEM. *P<0.01, n=3.
CD44 intensity was determined using FACS with an anti-PE-CD44 antibody and presented
as a histogram. g. Tumor spher e for mation efficiency and diameter. Tumorsphere
formation efficiency was calculated as the number of tumorspheres (= 50 um in diameter)
formed divided by the original number of cells seeded. Tumorsphere diameter was measured
using NIS-Elements software. Data is presented as mean £ SEM. *P<0.01, n=6. h. In vivo
tumor incidence of a single tumor sphere. NOD/SCID mice were implanted with a single
UMSCCA47 tumorsphere (mean diameter of 60-80 pm with ~100 cells) or 1x103 UMSCC47
cells. A representative UMSCCA47 tumorsphere and the resulting tumor grown in NOD/
SCID mice are shown. Tumor incidence was monitored over a 6 month period. *P<0.005,
n=11 for single UMSCC47 tumorsphere and n=10 for 1x103 UMSCCA47 cells.
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Figure 3. Exogenous CH1 has a pleiotr opic anti-tumor effect in HPV-negative HNSCC
Stable polyclonal UMSCC74A/empty and UMSCC74A/CHL cells were generated by

transfection and antibiotic selection. a. Total and acetylated p53 levels. Cell lysates were
immunoblotted with anti-V5, anti-p53, or anti-acetylated[K382]-p53 antibody. b. p53
transcriptional activity. Cells were co-transfected with a p53 Firefly luciferase reporter
plasmid and a control Renilla luciferase plasmid. Firefly luciferase activity was normalized
to Renilla luciferase activity to control for transfection efficiency. Data were normalized to
empty vector cells and presented as mean £ SEM. *P<0.01, n=4. c. MDM 2-p300
association. Cell lysates were extracted, immunoprecipitated with anti-p300 antibody, and
immunoblotted with anti-MDMZ2. Cell lysates were immunoblotted with anti-MDM2 or anti-
p300 antibody for input control. d. Cell proliferation. Cells were treated with control
(vehicle) or cis-platinum (10 pM) for 24 and 48 hours. Data were normalized to Day 0 and
presented as mean £ SEM. *P<0.01, control vs. CH1 or cis-platinum, **P<0.01, CH1 or cis-
platinum vs. CH1 + cis-platinum, n=4. e. Clonogenic survival. Cells were treated with
control (vehicle) or cis-platinum (10 uM). Colonies were stained with crystal violet. Data
were normalized to empty/control cells and presented as mean + SEM. *P<0.01, control vs.
CHL1, cis-platinum, or CH1 + cis-platinum, **P<0.01, CH1 or cis-platinum vs. CH1 + cis-
platinum. f. Apoptosis. Cells were treated with control (vehicle) or cis-platinum (10 uM) for
24 hours. FACS was used to quantitate Annexin V-positive apoptotic cells. Data is presented
as mean + SEM. *P<0.01, control vs. CH1, cis-platinum, or CH1 + cis-platinum, **P<0.01,
CHZ1 or cis-platinum vs. CH1 + cis-platinum.
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Figure 4. CH1iB preferentially reactivates p53in HPV 16-positive HNSCC
a. Targeting two distinct sitesin CH1. HIF1-a/p300 structures were used as guides to

design helix mimetics that target site A and site B on the CH1 domain of p300. b. Synthetic
helices. CH1iA and CH1iB were designed to mimic two helices from the C-terminal domain
of HIF-1a. The peptides were locked into the helical conformation by the hydrogen bond
surrogate method. c. p53 activity. UMSCC47 and UMSCC74A cells were co-transfected
with a p53 Firefly luciferase reporter plasmid and a control Renilla luciferase plasmid. After
24 hours, cells were treated with control (vehicle), CHLiA (10 uM), or CH1iB (10 uM) for
24 hours. Firefly luciferase activity was normalized to Renilla luciferase activity to control
for transfection efficiency. Data were normalized to control and presented as mean + SEM.
*P<0.05, n=3. d. Total and acetylated p53 levels. UMSCC47 and UMSCC74A cells were
treated with control (vehicle), CH1iA (10 uM), or CH1iB (10 uM) for 24 hours. Cell lysates
were immunoblotted with anti-p53 or anti-acetylated[K382]-p53 antibody. e. p300, p53,
p21, miR-34a, and miR-200c expression. UMSCC47 and UMSCC74A cells were treated
with control (vehicle), CH1iA (10 uM), or CH1iB (10 uM) for 24 hours. mRNA expression
was determined using qPCR with validated TagMan assays. Data were normalized to control
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cells and presented as mean = SEM. *P<0.01, control vs. CH1iB, n=3. f. HPV 16 E6-p300
association. UMSCCA47 cells were treated with control (vehicle), CH1iA (10 uM), or CH1iB
(10 uM) for 24 hours. Cell lysates were extracted, immunoprecipitated with anti-p300
antibody, and immunoblotted with anti-E6 antibody. Cell lysates were immunoblotted with
anti-E6 or anti-p300 antibody for input control. g. Cell proliferation. UMSCC47,
UMSCC74A, and IMR90 (human normal fibroblasts) cells were treated with control
(vehicle), CHL1IiA (10 uM), CH1iB (10 uM), cis-platinum (10 uM), CHLIA (10 uM) and cis-
platinum (10 pM), or CH1iB (10 uM) and cis-platinum (10 uM) for 24, 48, and 72 hours.
Data were normalized to Day 0 and presented as mean + SEM. *P<0.01, control vs. CH1iB
or cis-platinum, **P<0.01, CHL1iB or cis-platinum vs. CH1iB and cis-platinum, n=6.
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Figure 5. CH1iB potentiatesthe efficacy of cis-platinum in HPV16-positive HNSCC
a. Total and acetylated p53 levels. UMSCCA47 cells were treated with control (vehicle),

CH1iB (10 pM), cis-platinum (10 uM), or CH1iB (10 uM) and cis-platinum (10 pM) for 24
hours. Cell lysates were immunoblotted with anti-p53 or anti-acetylated[K382]-p53
antibody. b. p53 transcriptional activity. UMSCCA47 cells were co-transfected with a p53
Firefly luciferase reporter plasmid and a control Renilla luciferase plasmid. After 24 hours,
cells were treated with control (vehicle), CH1iB (10 uM), cis-platinum (10 uM), or CH1iB
(10 pM) and cis-platinum (10 pM) for 24 hours. Firefly luciferase activity was normalized to
Renilla luciferase activity to control for transfection efficiency. Data were normalized to
control and presented as mean £ SEM. *P<0.01, control vs. CH1iB, cis-platinum or CH1iB
+ cis-platinum, **P<0.01, CH1iB or cis-platinum vs. CH1iB + cis-platinum, n=5. c. p300,
p53, p21, miR-34a, and miR-200c expression. UMSCC47 cells were treated with control
(vehicle), CH1iB (10 pM), cis-platinum (10 uM), or CH1iB (10 uM) and cis-platinum (10
uM) for 24 hours. mMRNA expression was determined using gPCR with validated TagMan
assays. Data were normalized to control cells and presented as mean £ SEM. *P<0.01,
control vs. CH1iB, cis-platinum or CH1iB + cis-platinum, **P<0.01, CH1iB or cis-platinum
vs. CH1iB + cis-platinum, n=3. d. Apoptosis. UMSCCA47 cells were treated with control
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(vehicle), CH1iB (10 pM), cis-platinum (10 uM), or CH1iB (10 uM) and cis-platinum (10
uM) for 24 hours. FACS was used to quantitate Annexin V-positive apoptotic cells. Data is
presented as mean + SEM. *P<0.01, control vs. CH1iB, cis-platinum or CH1iB + cis-
platinum, **P<0.01, CH1iB or cis-platinum vs. CH1iB + cis-platinum, n=3. e. Clonogenic
survival. UMSCC47 cells were treated with control (vehicle), CH1iB (10 uM), cis-platinum
(10 uM), or CH1iB (10 uM) and cis-platinum (10 uM) at day 0 and colonies were stained
with crystal violet at 14 days. Data were normalized to control and presented as mean +
SEM. *P<0.01, control vs. CH1iB, cis-platinum or CH1iB + cis-platinum, **P<0.01, CH1iB
or cis-platinum vs. CH1iB + cis-platinum, n=3. f. Tumor sphere formation efficiency and
diameter. UMSCC47 cells were seeded on low-attachment plates and treated with control
(vehicle), CH1iB (10 uM), cis-platinum (3 uM), or CH1iB (10 pM) and cis-platinum (3
uM). Tumorsphere formation efficiency was calculated as the number of tumorspheres (= 50
pum in diameter) formed in 7 days divided by the original number of cells seeded.
Tumorsphere diameter was measured using NIS-Elements software. Data were normalized
to control and presented as mean + SEM. *P<0.01, control vs. CH1iB, cis-platinum or
CHLiB + cis-platinum, **P<0.01, CH1iB or cis-platinum vs. CH1iB + cis-platinum, n=8.
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