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Abstract

Background: Head and neck squamous cell carcinoma (HNSCC) harbors few directly
targetable mutations, however several mutations in this malignancy may be sensitive to

synthetic cytotoxicity.

Methods: Whole exome sequencing in human HNSCC tumors (n=235) was analyzed for
effect on outcome. In vivo shRNA screening in HNSCC models was performed following

by in vitro and in vivo studies of tumor response and DNA damage repair.

Results: Mutation in either the histone acetyltransferases CREBBP and EP300 or
CASP8 were associated with poor outcome following radiation therapy in HNSCC. /n
vivo shRNA screening identified synthetic cytotoxicity in CREBBP/EP300 mutant tumors
by combining radiation and inhibition of histone acetyltransferase (HAT) function. This
effect appears to be due to increased DNA damage following ionizing radiation through

inhibition of homologous recombination and altered acetylation of histone marks.

Conclusion: CREBBP/EP300 mutation is associated with radiation resistance in HNSCC

and is targetable via synthetic cytotoxicity.


https://doi.org/10.1101/2020.04.10.028217

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.10.028217; this version posted April 11, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Background

Outcomes for head and neck squamous cell carcinoma (HNSCC) have remained
largely unchanged for the past two decades. Treatment for this malignancy generally
involves radiation, alone or in combination with resection and/or cytotoxic
chemotherapy. There are few biologically driven radiosensitizers and only one clinically
utilized biomarker in HNSCC, the presence of the human papillomavirus (HPV). In HPV
negative patients, several prognostic markers have been investigated by ourselves and

others (1-5), however validation of these markers is limited.

Tumor genomic alterations can lead to increased susceptibility to a targeted
therapy (synthetic lethality or synthetic cytotoxicity). The most common example of this
being increased sensitivity to PARP inhibition in BRCA1 altered tumors (6). However,
most large-scale screening approaches using cell lines with known genomic status have
not treated with radiation and have not identified tumor mutations or alterations that can
sensitize to radiation treatment (7). Genomically-driven radiosensitizers have the
potential of only affecting the mutated cancer cells and not normal cells which would be

a huge advantage.

Most anti-neoplastic agents tested in the pre-clinical setting ultimately fail to be
translated to the clinic due to multiple factors, including the artificial nature of in vitro
systems and unforeseen toxicity (8,9). Targets identified as radiosensitizers in an in
vitro model, may underperform in vivo due to complex interactions within the tumor
itself. Additionally, the same microenvironment interactions could be potential targets for

radiosensitization and may not be readily identified using in vitro screening techniques.
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In the current manuscript we coupled analysis of clinical HNSCC, identifying
mutations associated with poor outcomes following radiation, with in vivo screening data
to identify potential targets for synthetic cytotoxicity in tumors harboring these

mutations.
Methods
Clinical data

This study was approved via appropriate Institutional Review Board. The initial
patient cohort consisted of the HNSCC TCGA group which satisfied the following
criteria: i) whole exome sequencing data is available and ii) received radiation as part of
their initial therapy (Supplemental Table 1). Of the 523 patients in the TCGA cohort 276
patients met these criteria. Genes with mutations in 210% of tumors and significance on
MutSig (TP53, FAT1, CDKN2A, NOTCH1, PIK3CA, NSD1, CREBBP and EP300
(combined due to significant homology) and CASP8) were examined (10,11). A subset
(n=94) of patients from the TCGA HNSCC cohort treated with surgery and post-
operative radiation with known patterns of failure was also analyzed (Supplemental
Table 2). All tumors in this subset cohort were HPV/p16 negative as demonstrated by
immunohistochemistry (IHC) or In-situ hybridization (ISH). Additional information

available in the Supplemental methods.
Cell lines and cell culture

HNSCC cell lines (UMSCC47, UMSCC22a, UMSCC25, UMSCC1, HN31, HN30,
UMSCC17b, UPCI:SCC152 and HN5) used in this study were generously supplied by

Dr. Jeffrey Myers via The University of Texas MD Anderson Cancer Center Head and


https://doi.org/10.1101/2020.04.10.028217

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.10.028217; this version posted April 11, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Neck cell line repository. HEK-293T was purchased form American Type Culture
Collection (Manassas, VA). Cell lines were tested for mycoplasma and genotyped at the
MD Anderson Characterized Cell Line Core before experiments. UMSCC47 and
UMSCC25 were maintained in Dulbecco modified Eagle medium (Gibco, USA),
supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 1% sodium
pyruvate, 1% nonessential amino acids, and 2% vitamins. HEK-293T, HN5, HN30,
HN31, UMSCC1, UMSCC17b and UMSCC22a were maintained in DMEM/F-12 50/50
medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.
UPCI:SCC152 and FaDu were maintained in MEM medium supplemented with 10%
fetal bovine serum, 1% nonessential amino acids and 1% penicillin/streptomycin. All

cell lines were incubated at 37°C and 5% CO2 atmosphere.
Immunoblot analysis

Cells were washed in PBS and scraped and collected in sufficient amount of
RIPA lysis buffer (50mM Tris pH 7.5, 1mM EDTA pH 8, 1% NP-40, 150mM NaCl, 10mM
MgCI2, 1X protease inhibitor cocktail and 1X phosphatase inhibitor cocktail. This was
mixed by vortexing and sonicated for 2 minutes at 100 amplitude with QSonica Q700
sonicator (Newton, CT) This was then centrifuged at 14,000 rpm for 15 min at 4°C.
Supernatant was transferred to a fresh vial and total protein contents were estimated by
Bradford reagent (Sigma) and equal amounts of proteins (50 ug/lane) were resolved on
4-15% gradient (SDS)-polyacrylamide gel (Bio-Rad). The proteins were then electro-
transferred for 10 minutes onto polyvinylidene-difluoride (PVDF) membrane using
Transblot Turbo device (Bio-Rad). After blocking with 5% non-fat powdered milk in Tris-

buffered saline (TBS, 0.1 M, pH = 7.4), blots were incubated with primary antibody at
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4°C overnight. The following primary antibodies were used: p300 (NM11) from Santa
Cruz Biotechnology (Santa Cruz, CA), and CBP, H3K9, H3K18, H3K27, total Histone3
and B-actin from Cell Signaling Technology (Danvers, MA). After each step, blots were
washed three times with Tween (0.1%)-Tris-buffer saline (TTBS). Goat anti-mouse and
anti-rabbit secondary antibody conjugated to horseradish peroxidase ((GE Healthcare,
Chicago, lllinois) were used, and signal was generated with the ECL2 western blotting
substrate (Pierce Biotechnology, Rockford, IL) on HyBlot CL autoradiographic film
(Thomas Scientific, Swedesboro, NJ). Protein abundance of B-actin served as a control

for protein loading in each lane.
Plasmids and shRNA transfection

Cell lines were transfected with shRNAs specific for the CREBBP, EP300 gene
or control scrambled shRNA via lentiviral vectors containing the puromycin resistance
gene (GE Dharmacon). Lentiviral-containing shRNA CREBBP, EP300 and Control
were transfected. After two days cells were subjected for antibiotic selection. Pooled
knockdown cells and counterparts shControl cells were assessed for CREBBP protein

expression by immunoblotting. shRNA sequences are given as follow:

shRNA CREBBP  2# TRCN0000006486 GCTATCAGAATAGGTATCATT
3# TRCN0000006487 GCGTTTACATAAACAAGGCAT

shRNA EP300 #2 TRCNO0000039884 5-CCAGCCTCAAACTACAATAAA-3

#4 TRCN0000039886 5'-CCCGGTGAACTCTCCTATAAT-3

#5 TRCN0000039887 5'-CGAGTCTTCTTTCTGACTCAA-3

In vivo shRNA screening
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A loss-of-function (LOF) screen using two pooled shRNA libraries (targets in
Supplemental table 3). One library targeted genes associated with DNA damage repair
derived from Gene Ontology gene sets. The second library included shRNAs for genes
known to be targetable by agents currently in clinical or investigational use. Pilot studies
were performed to examine the frequency of tumor initiating cells (TIC) and determine
whether the cell line could maintain shRNA library complexity in vivo. Additionally, pilot
studies were performed to identify the fractionated (2 Gy/day) dose of radiation needed
to achieve approximately 20% tumor reduction for each model by the conclusion of the
experiment. For the experimental method itself, generally, the method of Carugo and
colleagues. was used, with the addition of fractionated radiation (12). Additional details

available in the Supplemental methods.
In Vitro TUNEL assay

Following experimental treatments, all cells were collected including floating cells
and TUNEL staining was performed using the APO-DIRECT Kit (BD Pharmingen)
according to the manufacturer’s protocol. Briefly, 1 million cells were fixed in 1%
paraformaldehyde on ice for 30min. Cells were then washed in PBS and fixed in 70%
ethanol overnight at -20C. Cells were washed twice with provided buffer then stained
with 50ul of DNA labeling solution at 37C for 45min. Cells were then rinsed twice with
provided buffer and resuspended in 300ul of rinse buffer. Cells were then analyzed by
flow cytometry using the BD Accuri C6 flow cytometer (BD Biosciences) with 488nm

laser, 533/30 filter and FL1 detector. 10,000 events were measured per sample.

Immunohistochemical studies
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Paraffin embedded sections (4um) of mouse tumor and control irradiated tissues
were collected on coated slides and was deparaffinized in xylene, hydrated along
different gradients of alcohol followed by heat induced antigen retrieval in 0.01M Citrate
buffer (pH 6.0). Sections were then incubated with 5% rabbit or goat serum for 60
minutes to block non-specific binding followed by incubation in rabbit polyclonal anti-
CREBBP antibody 0.5 pg/ul, LSB3360, LSBio, CA) (1:400 dilution) antibody in
humidified chamber overnight at 4°C. Next day after washing twice with Tris buffered
saline (TBS 0.1M, pH 7.4) the tissue sections were incubated with (0.3%) hydrogen
peroxide for 20 minutes to quench the endogenous peroxidase activity. The primary
antibody was detected using the universal VECTASTAIN Kit (Vectastain®, CA USA).
Slides were washed with Tris-buffered saline (TBS, 0.1 M, pH = 7.4), 4 times after every
step. Antigens were detected using 3, 3’-diaminobenzidine (Vectastain®, Burlingame,
CA) as chromogen. Finally tissue sections were counterstained with Mayer’s
hematoxylin, mounted with DPX and examined under the light microscope (Leica
microscope, NY, USA). Prostate cancer tissue sections were used as a positive control
for CREBBP expression as described earlier. In the negative control tissue sections,

isotype specific non-immune rabbit IgG replaced the primary antibody.
In vivo TUNEL assay

Paraffin embedded sections (4um) of UMSCC47 tumor xenografts were mounted
on coated slides and sent to HistoWiz Inc. (histowiz.com) for TUNEL staining and
quantification. TUNEL staining was performed using a Standard Operating Procedure
and fully automated workflow with Deadend colorimetric TUNEL system from Promega.

After staining, sections were dehydrated and film coverslipped using a TissueTek-
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Prisma and Coverslipper (Sakura). Whole slide scanning (40x) was performed on an
Aperio AT2 (Leica Biosystems). Images were analyzed using Halo (version
2.3.2089.34) image analysis software from Indica Labs (Albuquerque, NM). Regions of
interest were selected. TUNEL staining was segmented using the CytoNuclear
algorithm. Total cell counts were thresholded into low, medium, and high intensity

staining bins.
Histone Extraction

Histone proteins were extracted from treated or untreated cells using a histone
extraction kit (Abcam) according to the manufacturer’s protocol. Briefly, cells were
harvested, and pellet was obtained by centrifugation at 10,000 rpm for 5 minutes at 4°C.
The cells were re-suspended in 1X pre-lysis buffer and incubated at 4°C for 10 minutes
on a rotator and then centrifuged for one minute at 10,000 rpm at 4°C. The cell pellet
was re-suspended in lysis buffer at a concentration of 200 uL/107 cells and incubated on
ice for 30 minutes, then centrifuged at 12,000 rpm for 5 minutes at 4°C. The supernatant
was collected and 300uL balance buffer-DTT was added per 1mL supernatant. The
quantity of protein extracted was measured with a DC protein assay kit (Bio-Rad,
Hercules, CA, USA). 2-4 ug of protein were separated by western blot analysis as

described above.
Clonogenic Survival Assay

Clonogenic survival assays were performed in order to determine the response
to radiation (sensitivity or resistance). Calculated numbers of cells were plated in 6-well
plates for 12-14 hours. The next day cells were incubated with specified drugs before

irradiating at the indicated doses. The cells were allowed to form colonies over a 10- to


https://doi.org/10.1101/2020.04.10.028217

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.10.028217; this version posted April 11, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

14-day incubation period and then fixed in a 0.25% crystal violet in methanol solution.
Numbers of colonies containing more than 50 cells each were counted to determine

surviving fraction and surviving curves were generated using GraphPad Prism.
Immunofluorescence staining

Immunofluorescence was performed to measure quantitative differences in DNA
damage repair and response. Cells were cultivated on cover slips placed in 35-mm cell
culture dishes. At specified time points after exposure to radiation (2 Gy), cells were
fixed in 4% paraformaldehyde for 15 min at room temperature on shaker, briefly washed
in phosphate-buffered saline or PBS (Biorad) and placed in 70% ethanol at 4°C
overnight. These fixed cells were washed with PBS twice to remove ethanol and
permeabilized with 0.1% IGEPAL (octylphenoxypolyethoxyethanol) for 20 min at room
temperature on shaker, followed by blocking in 2% bovine serum albumin (Sigma) for
60 min, and then incubated with anti-yH2AX (1:400), 53BP1 (1:200) or anti-BRCA1
primary antibody (1:500) overnight at 4°C. Next day cells were washed three times with
PBS and incubated for 45 minutes in the dark in secondary anti-mouse antibody
conjugated to FITC to visualize yH2AX or Cy3 to visualize BRCA1. Secondary anti-
rabbit antibody conjugated to Cy3 was used to visualize 53BP1. DNA was stained with
4’, 6-diamidino-2-phenylindole (Sigma) at 1:1000 (1 microgram/ml). Immunoreactions
were visualized with a Leica Microsystems microscope (Wetzlar, Germany), and foci

were counted with Image J software (https://imagej.nih.gov/ij/).

Mouse xenograft model
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Male athymic nude mice (6-8 weeks old, ENVIGO/HARLAN, USA) were
randomly assigned to one of 6 groups of 10 mice each: untreated UMSCC47 shControl,
untreated UMSCC47 CREBBP#2 and CREBBP#3 knockdown, irradiated UMSCCA47-
shControl, UMSCC47 CREBBP#2 and CREBBP#3 knockdown. UMSCC47 tumor cells
(2 x 10% in 0.1 mL of serum-free medium) were injected subcutaneously in the right
dorsal flank of each mouse. After palpable tumors had developed, tumor diameters
were measured with digital calipers, and tumor volume was calculated as A x B2 x 0.5,
where A represents the largest diameter and B the smallest diameter. When the tumor
volumes reached approximately ~150 mm?3, tumors were irradiated with 16 Gy (2
Gy/day x 8 days) and tracked for approximately 4 weeks. At that time the experiment
was completed, and tumors harvested. Similar, experiment was performed using
UMSCC22A shControl, UMSCC22A shCREBBP#2, and UMSCC22A shCREBBP#3. To
compare tumor growth delay between groups, linear regression of the growth curve was
calculated for each group and the slope of each curve was compared between groups

using Graph Pad Prism (v8.0).
Results

Mutations in CASP8 or the CBP-p300 coactivator family (CREBBP and EP300) are

associated with outcome following radiation in HNSCC.

We examined the Head and Neck TCGA cohort for patients treated with radiation
(Supplemental table 1) for mutations associated with overall survival (Fig. 1A). The
genes CREBBP and EP300 were combined into a single category (CBP-p300
coactivator family) because of their high genetic and functional similarity. Only 3 genes

(TP53 (p=0.015), CASP8 (p=0.055) and CREBBP/EP300 (p=0.046) were associated
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with OS, as was the presence of HPV (p=0.002) (47 patients, 17.4%) (Figure 1A).
Neither tumor stage (p=0.69), nodal stage (p=0.61) nor tumor site (p=0.79) were
significantly associated with survival in this population, most likely due to the high
proportion of advanced stages. TP53 was also associated with OS in the unirradiated
patients (HR 1.52, p=0.053), while CASP8 (p=0.41) and CREBBP/EP300 (p=0.89)
were, not indicating that in these two groups relationship with survival may be

dependent upon radiation response.

Because the TCGA represents a heterogenously treated cohort of patients and
patterns of failure are not recorded, we examined patient outcomes in a subset of 94
patients with HPV negative HNSCC treated uniformly with surgery and post-operative
radiation with known patterns of failure (Supplemental table 1). In this analysis, TP53
(as a binary variable), was not associated with OS or LRR (Fig. 1B & C). Mutations in
both CASP8 and the CBP-p300 coactivator family were associated with significantly

higher rates of LRR in this patient population (Fig. 1A & B).

The presence of CDKN2A mutation was associated with decreased time to
distant metastasis (DM) it did not achieve statistical significance (p=0.08). No other

mutation examined was associated with time to distant metastasis (DM).

CREBBP, EP300 or dual specificity protein kinase (TTK) inhibition combined with

radiation in CREBBP/EP300 mutated tumors leads to synthetic cytotoxicity.

We wished to identify synthetic cytotoxicity associated with CASP8 or
CREBBP/EP300 mutation and performed in vivo shRNA library screens in tumors

generated from 5 HNSCC cell lines treated with radiation (Supplemental table 3). Two
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libraries were used, one of “druggable” targets and the other targeting the DNA-damage

repair pathway (Supplemental Table 4).

To determine a gene level summary estimate of the impact of knock-out of each
gene we performed redundant shRNA analysis (RSA) to generate log p-values for each
gene for both irradiated and unirradiated tumor (Figure 2A). In the current study, the
focus is primarily on the synthetic cytotoxicity in combination with radiation, thus targets
preferentially associated with increased response to radiation (below and to the left of
the blue dashed line in Fig. 2A) were selected for further study. The RSA log p-values
and fold change for each of these targets were compared between either CASP8 wild
type (wt) and mutant tumors (Fig. 2B) or CREBBP/EP300 wt and mutant tumors (Fig.
2C). While no differences were observed in the comparison of CASP8 wt and mutant
tumors, several targets seemed to preferentially increase sensitivity to radiation in
CREBBP/EP300 mutant tumors (Fig. 2C-E). Specifically, inhibition of the CREBBP and
EP300 genes themselves, as well as the dual specificity protein kinase (TTK) were
associated with increased in vivo sensitivity to radiation in the CREBBP/EP300 mutant

but not wt tumors in the screen.

Inhibition of CREBBP or EP300 expression leads to in vitro radiosensitization, but only

in the context of its cognate mutation.

We performed targeted knockdown (KD) of CREBBP or EP300 using shRNA in
HNSCC cell lines (Fig. 3 and Supplemental Fig. 1) of varying CREBBP/EP300 mutation
status (Supplemental table 3). These cell lines were then treated with radiation and
clonogenic survival was assayed (Fig. 2F). CREBBP or EP300 KD was associated with

increased sensitivity to radiation, but only in the context of a mutation in the cognate
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gene. For example, CREBBP KD, but not EP300, led to significant radiosensitization in
the CREBBP mutant cell line UM-SCC-22a, which is EP300 wt. Similarly, EP300 KD,
but not CREBBP, led to significant radiosensitization in the EP300 mutant cell line
UMSCC25 that is wt for CREBBP. This pattern was consistently observed over all cell

lines tested (Fig. 2F).

CREBBP inhibition leads to mutation specific apoptosis and decreased DNA damage

repair following radiation.

We next examined apoptosis in CREBBP KD cell lines (Fig. 3A & B). The
combination of CREBBP inhibition and radiation led to dramatically increased TUNEL
staining and caspase 3 cleavage in CREBBP mutant (but not wt) cell lines (Fig. 3A & B).
We also examined the DNA damage response via immunofluorescence staining of DNA
damage foci (Fig. 3C). Interestingly, the induction of y-H2AX was greater in CREBBP
inhibited cell lines that harbored CREBBP mutations, but not those harboring wt
CREBBP (Fig. 3C). Conversely, BRCA1 foci induction was significantly reduced
following radiation in CREBBP inhibited cell lines in all the CREBBP mutant cell lines
and HN30, which is both p53 and CREBBP wt (Fig. 3C). However, y-H2AX induction
was also less in HN30 following radiation in CREBBP KD. Irrespective of mutational
status, inhibition of CREBBP generally had little effect on 53BP1 foci formation following

radiation (Fig. 3C).
CREBBP inhibition leads to in vivo radiosensitization.

We further evaluated the therapeutic potential of targeting CREBBP using two
separate in vivo models of CREBBP mutant HNSCC. We initially used the CREBBP

mutant cell line UM-SCC-47 to generate tumors in the mouse flank and treated with 2


https://doi.org/10.1101/2020.04.10.028217

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.10.028217; this version posted April 11, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gy x 8 days. Radiation or CREBBP KD (using two distinct shRNA constructs) alone had
minimal to modest effect, however the combination led to a profound tumor growth
delay and improved survival (Fig. 4A & B). Indeed, at the conclusion of the tumor growth
delay experiment 5 tumors in the irradiated shCREBBP-2 group (45%) and 7 tumors in
the irradiated shCREBBP-3 group (64%) had regressed below the limits of detection. An
separate TUNEL staining study showed increased apoptosis in the shCREBBP +
radiation tumors compared to other groups (Fig. 4C). We performed a similar
experiment using tumors derived from CREBBP mutant UM-SCC-22a cells (Fig. 4D).
While inhibition of CREBBP alone had a significant effect in this model, we again
observed a profound radiosensitization, with nearly all the irradiated tumors in both

CREBBP knockdown groups regressing below the limits of detection.

The observed synthetic cytotoxicity is not solely CREBBP or EP300 expression level

dependent.

One potential explanation for the observed synthetic cytotoxicity is a dose-
dependency. Namely, if basal levels of CREBBP or EP300 are significantly diminished
in mutant cells, the observed effect may simply be due to a more complete inhibition of
the protein. To explore this hypothesis, we examined basal expression in HNSCC cell
lines and tumors in the context of various CREBBP and EP300 mutations. Interestingly,
basal CREBBP and EP300 gene expression in the cell lines used in this study were not
directly associated with underlying mutation (Supplemental Fig. 2A). Moreover, in a
panel of 82 HNSCC cell lines, neither CREBBP nor EP300 mutation was directly
associated with mRNA expression (Supplemental Fig. 2B). In the TCGA HNSCC cohort,

no significant difference in CREBBP or EP300 gene expression was observed in mutant
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tumors (Supplemental Fig. 2C). Similarly, neither CBP or p300 protein were associated
with mutation in the cell lines used in this study (Supplemental Fig. 2D & E). Moreover,
even in the context of nearly complete inhibition of CREBBP protein expression (Fig. 3
& Supplemental Fig. 1) neither HN31 nor HN30 (CREBBP wt cell lines) were sensitized
to radiation (Fig. 2). Conversely, incomplete inhibition of EP300 (in the case of EP300
mutants HN5 and HN30) led to significant radiosensitization (Fig. 2, Fig. 3 &

Supplemental Fig. 1).

Inhibition of CBP and p300 histone acetyltransferase (HAT), but not bromodomain

function, leads to synthetic cytotoxicity.

We next examined chemical inhibitors of CREBBP and/or EP300 function: 1)
ICG-001, a CBP specific inhibitor that is thought to inhibit the interaction between CBP
and B-catenin, although it is also known to have -catenin independent effects (note:
PRI-724 is an active enantiomer of ICG-001); 2) GNE-272, a bromodomain specific
inhibitor for both CREBBP and EP300; 3) A-485, a histone acetyltransferase inhibitor
specific for CREBBP and EP300 (A-486 is an inactive analog and used as a negative

control).

ICG-001 led to significant in vitro radiosensitization on clonogenic assay, but only
in those cell lines harboring a CREBBP mutation (Fig. 5A-D). This effect was largely
due to increased apoptosis following the addition of ICG-001 to radiation (Fig. 5E).
Although the enantiomer of ICG-001, PRI-724, is actively in clinical trial development,
neither of these agents target p300, and as predicted, we did not observe synthetic

cytotoxicity in a CREBBP wt or an EP300 mutant cell line (Fig 5C & D).
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To maximize the clinical impact of the observed synthetic cytotoxicity we utilized
additional inhibitors, currently in clinical development, that inhibit both CBP and p300
function. We initially tested GNE-272, a bromodomain inhibitor, however this agent had
no effects on sensitivity to radiation on clonogenic assay (Supplemental Fig. 3),
independent of CREBBP or EP300 status. However, the HAT inhibitor A-485, but not
inactive A-486 analog, led to radiosensitization in cell lines harboring a mutation in
either CREBBP or EP300 (Fig. 6A), but not in wt cell lines (Fig. 6B). The observed
radiosensitization was largely due to increased apoptosis following the combination of

A-485 and radiation (Fig. 6C & D).
Discussion

To identify mutations associated with poor response that can be utilized to
generate synthetic cytotoxicity, we have performed, to our knowledge, one of the largest
analyses of an irradiated head and neck patient population, examining all genes
mutated in the malignancy with sufficient frequency to be considered as potential
prognostic markers. Two analyses were performed, both in the larger group of patients
in the TCGA cohort who received radiation, as well as a subset analysis of patients with

known treatment and patterns of failure.

In the initial analysis, mutations in TP53 were associated with worse outcome in
this study. Our group and others have linked TP53 mutation with outcome in HNSCC in
a variety of contexts (1,13-15). However, in the more homogenous population this
association was lost, which is also consistent with our previous data which indicate that

TP53 must be stratified by function to be predictive (1).
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Three additional and unexpected genes emerged from this analysis, specifically
CASP8 and the CBP-p300 coactivator family (CREBBP and EP300), mutations in all of
which were associated with dramatically higher rates of treatment failure. This may not
be surprising in the case of CASP8, as this gene is intimately involved in apoptosis and
one might conclude that a simple blocking of apoptosis is the sole explanation of this
phenomenon. However, the response of most solid epithelial tumors to conventional
radiation is not classical apoptosis, but rather alternative modes of cell death, most
prominently mitotic catastrophe (16,17). Thus, deficient apoptosis in this setting may be

an insufficient explanation of this phenomenon and further study is necessary.

Mutations in the related histone acetyltransferases, CREBBP and EP300, were
also associated with treatment failure following radiation. The relationship between
mutation in CREBBP or EP300, inhibition of CREBBP or EP300, and treatment with
DNA damaging agents is understudied. CREBBP and EP300 are homologous
multifunctional bromodomain-containing acetyltransferases that can regulate many
proteins and pathways. They have significantly overlapping functions, and many
chemical inhibitors under development for clinical use target both with approximately
equal efficacy (8, 11). Taken together, CREBBP and EP300 are collectively mutated in
13% of HNSCC and 14% of all squamous cancers (5, 6), with similar frequencies in
both HPV positive and HPV negative disease. Missense mutations are clustered in the
acetyltransferase domain, and there is a reasonable frequency of truncating mutations
(~20%). We have observed a similar pattern of mutations in our panel of HNSCC cell
lines. Additionally, many of these mutations are heterozygous, indicating possible

haploinsufficiency, as has been seen for the chromatin modifying genes in the BAF
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complex (19). Although these genes are mutated in HNSCC they have not been
extensively studied in this tumor type and further study is necessary in regard to their

effect on tumorigenesis in HNSCC.

In this study we have linked clinical data with in vivo screening, informed by the
knowledge that significant context is lost utilizing in vitro screening analyses. Thus, we
performed in vivo shRNA screening focused upon DNA damage repair and targetable
proteins. Once completed, these screens were analyzed in the context of either CASP8
or CREBBP/EP300 mutations, searching for synthetically cytotoxic combinations with
radiation. Although we did not observe synthetically cytotoxic targets in CASP8 tumors,
we identified several in the CREBBP/EP300 mutant tumors, including the CREBBP and
EP300 genes themselves. Due to these observations, and the availability of agents
targeting CREBBP and EP300 already under clinical investigation, we selected them for

further validation.

Both in vitro and in vivo, we observed a similar phenomenon, namely that
inhibition of either gene individually led to a dramatic sensitization to radiation, but only
in the context of their cognate mutation. The effect was associated with both increased
induction of DNA damage following radiation as well as inhibition of homologous
recombination (HR), leading to increased early apoptosis. This latter effect is interesting
in that most HNSCC cell lines and tumors are relatively resistant to apoptosis following
DNA-damaging therapies, such as radiation or chemotherapy (1,17-20). Thus, this

phenotype represents an unexpected but important shift in response.

We further examined the therapeutic relevance of these findings by using

inhibitors of specific CREBBP or EP300 functions in combination with radiation. While
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bromodomain inhibitors exhibited no synthetic cytotoxicity, the use of HAT inhibitor
exhibited dramatic sensitization to radiation, but only in the context of a mutation in
either CREBBP or EP300. This points towards the histone acetylase function of either
protein to be critical for the observed phenomenon. Indeed, inhibition of key histone

marks was observed only in mutant cells that exhibited synthetic cytotoxicity.

We have seen that the combination of HAT inhibition and DNA damage leads to
a synthetic cytotoxicity in tumors harboring mutations in the CBP-p300 coactivator
family. The mechanism of this phenomenon is likely complex. The most well-
characterized functions for CBP and p300 are as protein acetyltransferases. The
primary targets of this acetylation are histone tails (H3K18, H3K27, H4K5/8/12/16)
where they function to open the chromatin structure and facilitate gene expression. The
dysfunction of either of these proteins leads to a loss of histone acetylation, a process
that can affect DNA damage repair. Firstly, inhibition of CBP and p300 can
transcriptionally repress BRCA1 via a lack of histone acetylation of that gene’s promoter
region and binding E2F1 (21). In that study, genes associated with non-homologous
end joining (NHEJ) were not associated with CBP/p300 modulation. We observed
similar results in our own model, with the predominant effect appearing to be on HR.
However, additional studies have linked CBP/p300 modulation of histone acetylation
directly to both alterations of NHEJ or HR depending upon the study and cellular context
(22—-24). Thus, effects on DDR may be largely context dependent, varying with genetic

background as well as with specific genetic insult.

As stated, the synthetic cytotoxicity observed in this study is dependent upon

mutations in the CBP-p300 coactivator family. The reasons for this are likely several-
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fold. Firstly, cell lines and tumors expressing mutations, particularly truncating
mutations, in these genes potentially lead to less protein product. Thus, the
phenomenon could be a simple dosing effect. However, we presented several lines of
evidence suggest that this may be an incomplete explanation. Firstly, basal expression
of either CREBBP or EP300 were not directly correlated with mutations in cell lines or
tumors. Moreover, degree of inhibition of either CREBBP or EP300 was overridden by
mutational status as a predictor of response. It has been proposed that CREBBP/EP300
mutations in some non-HNSCC cell lines confer a gain of function (25). These
mutations were described to truncate the protein after the HAT domain, although this
specific pattern of mutation is not common in HNSCC mutations. Further studies will
need to be performed to determine the exact relationship between mutation, expression

and synthetic cytotoxicity in this disease.

In conclusion, we have both identified novel prognostic markers of treatment
failure in HNSCC as well as explored a novel synthetic cytotoxicity involving one of
these biomarkers, mutated CREBBP/EP300. This synthetic cytotoxicity appears to
specifically involve effects on DNA damage repair, rendering HR deficient following
DNA damage and leading to increased apoptosis. Moreover, this effect can be created
using a HAT inhibitor which is currently being explored for clinical trial use, and thus

could be translated clinically to improve outcomes in this deadly disease.
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Figure Legend

Figure 1. Whole exome sequencing identifies CASP8 and CREBBP/EP300
mutation significantly associated with treatment failure in HNSCC. A) Forrest plot
of hazard ratios (HR) for Overall survival (OS) for TCGA patients known to have
received radiation therapy. B & C) Forrest plot of HR for OS (B) & loco-regional
recurrence (LRR) (C) in a subset of TCGA patients treated uniformly with surgery and
radiation and known patterns of failure. B & C) Kaplan-Meier curves for LRR in patients
with either CASP8 (D) or CREBBP/EP300 (E) mutations.

Figure 2. In vivo shRNA screening identifies synthetic cytotoxicity
CREBBP/EP300 mutated tumors. A) Plot of RSA log p-values from control or
irradiated tumors from the in vivo shRNA study. Targets below and to the left of the blue
dashed line were selected for further examination as potential targets for synthetic
cytotoxicity in combination with radiation. B & C) Ratio of CASP8 (B) or
CREBBP/EP300 (C) mutant vs. wt for target fold change (y-axis) and RSA log p-value
(x-axis) for targets selected from (A). D & E) Difference between CREBBP/EP300
mutant and wt tumors from the in vivo shRNA study in (C) as a function of target fold
change (D) and RSA log p-value (E). F) Clonogenic assays following irradiation of
HNSCC cell lines expressing control and either CREBBP or EP300 shRNA. InD & E,
comparisons were evaluated using ANOVA with post-hoc Tukey’s t-test. In F, each
point for each group was compared to control using Student’s t-test. For * - shCREBBP-
2 and # - shCREBBP-3, p<0.05. All p-values two sided.

Figure 3. CBP-p300 coactivator mediated synthetic cytotoxicity results in

impaired HR and increased apoptosis. A & B) Tunel staining (A) and caspase 3
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immunoblot (B) following irradiation in HNSCC cells expressing control or CREBBP
shRNA. (C) y-H2AX, 53BP1, and BRCA1 foci following irradiation in shControl or
shCREBBP HNSCC cells. Significance tested via students t-test. For A, * indicates a
two-sided p<0.05 compared to the Control XRT group. For B & C two sided p-values are
indicated.

Figure 4. CBP-p300 coactivator mediated synthetic cytotoxicity is observed in
multiple in vivo HNSCC models. A & B) Tumor growth delay (A) and survival (B) in a
UM-SCC-47 xenograft model expressing either control or two different CREBBP
shRNAs following irradiation at 2 Gy/day for 5 days. C) In vivo TUNEL staining from
UM-SCC-47 xenograft tumors collected 8h following the final dose of radiation in a
concurrent experiment with (A). C) A similar experiment performed in the UM-SCC-22a
xenograft model. For both models, the slope of the linear regression for both irradiated
CREBBP KD groups was significantly different from other groups with at least a two-
sided p<0.01. In B, log rank statistics comparing shCREBBP-2 XRT or sh-CREBBP-3
XRT groups compared to Control XRT showed a significant increase in survival (two-
sided p<0.05) in both groups.

Figure 5. ICG 001 produces synthetic cytotoxicity in CREBBP mutant HNSCC cell
lines. A-D) Clonogenic survival following irradiation and ICG-001 in CREBBP mutant (A
& B) and wt (C & D) cell lines. E) Tunel assay following the same combination (p-values
are two-sided and derived from Student’s t-test). Clonogenic survival curves analyzed
as in Figure 2.

Figure 6. The HAT inhibitor A485 exhibits synthetic cytotoxicity and inhibition of

several histone marks in HNSCC cells with mutations in the CBP-p300 co-
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activator family. A & B) Clonogenic survival following irradiation and either A485
(active) or A486 (inactive) in CREBBP/EP300 mutant (A) or wt (B) HNSCC cells.
Clonogenic survival curves analyzed as in Figure 2. C) TUNEL assay in UM-SCC-47
(CREBBP mut), HN5 (CREBBP/EP300 mut) and HN31 (CREBBP/EP300 wt) cells
treated with irradiation and either A485 (active) or A486 (inactive) (p-values are two-
sided and derived from Student’s t-test). D) Immunoblot for cleaved caspase 3 in the

indicated treatment groups.
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