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Abstract

Tumor Necrosis Factor-a (TNFa) is a key mediator of immune and radiation-induced cytotoxicity,
but many cancers, including head and neck squamous cell carcinomas (HNSCC), display TNF
resistance due to activation of the canonical IKK-NF-xB/RELA pro-survival pathway. However,
toxicities associated with direct targeting of the canonical pathway point to the need to identify
mechanism(s) contributing to TNFa resistance and synthetic lethal targets to overcome such
resistance in cancer cells. Here, RNAI screening for modulators of TNFa-NF-xB reporter activity
and cell survival unexpectedly implicated the WEE1 and CDC2 G2/M checkpoint kinases. The
IKKa/B-RELA and WEE1-CDC2 signaling pathways are activated by TNFa and form a complex
in cell lines derived from both Human Papilloma Virus (=) and (+) subtypes of HNSCC. WEE1
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inhibitor AZD1775 reduced IKK/RELA phosphorylation and the expression of NF-xB-dependent
pro-survival proteins Cyclin D1 and BCL2. Combination of TNFa and AZD1775 enhanced
caspase-mediated apoptosis /77 vitro, and combination treatment with radiation and AZD1775
potentiated inhibition of HNSCC tumor xenograft growth /n vivo, which could be significantly
attenuated by TNFa depletion. These data offer new insight into the interplay between NF-xB
signaling and WEE1-mediated regulation of the G2/M cell cycle checkpoint in HNSCC.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer
worldwide, with over 600,000 cases and around 300,000 deaths per year (1), with

the primary causes including alcohol consumption and smoking or infection with
Human Papillomavirus (HPV). The current standard therapeutic options include surgery,
radiotherapy, and chemotherapies, with the more recent approval of immune targeted
therapies with anti-programmed cell death protein (PD-1) therapy (pembrolizumab) in
advanced stage, recurrent, and/or metastatic HNSCC (1). The survival rate for HNSCC
can be stratified based on HPV status of the tumor. HPV+ HNSCC has a 3-year overall
survival (OS) rate of around 80%, whilst for HPVV= HNSCC it is around 55% (1). Thus,
despite advances and differences in response to standard treatment, there is still a need for
investigation and development of better and less toxic therapeutics in both HPV- and +
HNSCC.

Tumor necrosis factor-a (TNFa) is an important mediator of inflammatory, immune,
and radiation-induced cytotoxic therapies in cancer (2,3,4). TNFa can induce cell death
extrinsically via the TNF Receptor (TNFR), or intrinsically via induction of reactive
oxygen species (ROS) and genotoxic DNA damage (5,6). However, the cytotoxic effects
of TNFa and genotoxic therapies are often attenuated via activation of the Inhibitor-
kappaB kinase a/p/y complex (IKK), which promotes phosphorylation and degradation
of inhibitor kappaB (I1xB), and activation of the heterodimeric transcription factor NF-
xB1/RELA. RELA phosphorylation at serine 536 (S536) by IKK induces NF-xB1/RELA-
dependent transcription, including the expression of the G1 cell cyclin CCND1 and anti-
apoptosis protein BCL2, that can enhance cell proliferation and resistance to caspase and
mitochondrial-dependent cell death, respectively (6).

We and others have shown that the canonical IKK-NF-xB/RELA pathway is often aberrantly
activated in head and neck squamous cell carcinomas (HNSCC) and promotes resistance

to the effects of TNFa, immune mediated, and radiation-induced cytotoxicity (7). As

part of the The Cancer Genome Atlas (TCGA), we found that HNSCC subsets harbor
genomic alterations in components that mediate signaling between TNF receptor family
complexes and the NF-xB and cell death pathways, and that the components affected

differ between human papillomavirus (HPV) negative and positive cancers (8). Further,
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HPVEG can induce NF-xB activation in cervical squamous cell carcinomas, contributing to
proliferation and survival (9). However, the mechanism(s) orchestrating NF-xB activation
and TNFa resistance in HNSCC and other cancers are incompletely understood.

The genotoxic effects of immune or other DNA damaging therapies may also be opposed

by DNA repair mechanisms during the cell cycle checkpoints at GO/G1 or G2/M (10). In
HNSCC and other cancers, the GO/G1 checkpoint is often disabled by mutation or HPV
E6-mediated inactivation of the tumor suppressor protein TP53 (11). In cells with defective
TP53, the DNA repair process relies on activation of the G2/M cell cycle checkpoint.
WEEL is a key kinase controlling the G2/M checkpoint via phosphorylation and inactivation
of the cyclin-dependent kinase CDC2 (CDK1) at tyrosine 15 (Y15) (12,13). Activation

of WEEL and CDC2 (Y15) phosphorylation has been reported in many cancer types,
including HNSCC (12-14). The WEE1/CDC2 axis promotes a G2/M checkpoint pause,
enabling repair of DNA double strand breaks before entering mitosis. AZD1775 is a
pyrazole-pyrimidine derivative and is a first-in-class, potent adenosine triphosphate (ATP)-
competitive small-molecule inhibitor of WEE1/2 (12,14). AZD1775 has demonstrated anti-
tumor effects in HNSCC and other cancers as a single agent and/or in combination with
DNA-damaging agents in clinical trials (12-14). In preclinical studies, we found that
immune-mediated cytotoxicity was enhanced by AZD1775, and this could be partially
rescued by inhibition of TNFa and other death ligands, or by excess nucleotides, potentially
implicating both TNFa signaling and G2/M DNA repair mechanisms (15). However, how
TNFa-induced activation of the IKK/NF-xB pathway and WEE1/CDC2 G2/M checkpoint
signalling are mechanistically linked is unclear.

In an RNAI screen using an HPV(-) HNSCC cell line expressing NF-xB promoter response
elements linked to a p-lactamase reporter gene (16), we unexpectedly found that SIRNAs
targeting WEEL, CDC2, and other G2/M cell cycle components inhibited TNFa induced
NF-xB activity and cell density. Here, we demonstrate that WEE1/CDC2 G2/M checkpoint
and IKK/NF-xB signaling mechanistically interact and that WEE1 inhibition sensitizes
both HPV(-) and (+) HNSCC cells to TNFa—induced cell death /n vitro and the TNFa-
related anti-tumor effects of radiation in HNSCC xenografts /n vivo. Analysis of TCGA
HNSCC data indicate that increased WEEL is associated with worse prognosis in HPV-
and better prognosis in HPV+ tumor subsets, enriched for distinct genomic signatures
linked to inflammation and NF-xB. As we previously found that WEE1 inhibition can more
selectively sensitize tumor cells than immune cells to cytotoxicity (15), WEEL inhibition
could potentially enhance the effects of therapies mediated by TNFa with less systemic
immune suppression and toxicity than observed with direct interruption of IKK-NF-xB/
RELA signaling (6).

Materials and Methods

HNSCC cell lines

A panel of HNSCC cell lines from the University of Michigan squamous cell carcinoma
(UMSCC) series were obtained from Dr. T.E. Carey. These UMSCC cell lines were
authenticated by genotyping with 9 markers as described previously (17). UMSCC cell
lines were cultured in minimal essential medium (MEM) supplemented with 10% fetal
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calf serum, penicillin and streptomycin (100 ug/mL), and MEM non-essential amino

acids (NEAA). Human primary oral keratinocytes (HOK) from oral gingival mucosa were
purchased from Science Cell Research laboratories and used as a control cell line. The cells
were cultured in serum-free Oral Keratinocyte Medium with supplements (Science Cell) for
less than four passages.

Genome-wide RNAI screening using an NF-xB reporter line

A stable reporter line was established by transfecting UMSCCL cells with a pLenti-based
vector containing 6 repeated xB binding sites upstream of a b-lactamase reporter gene
(pLenti-bsd-NFxB-bla; created using pLenti6/V5-DEST™ Gateway ™ vector (V49610; Life
Technologies) and the following NF-xB response element sequence

5’ CGCGGGGACTTTCCGCTTGGGGACTTTCCGCTGGGGACTTTCCGCTGGGGACTT
TCCGCTGGGGACTTTCCGCGGAGACTCTAGAGGGTATATAATGGAAGCTCGAATTC
CAGCTTGGCATTCCGGTACTGTTGGTAAAAGA’3) and a blasticidin resistance gene for
selection (16). The p-lactamase reporter enzyme can cleave a fluorescent FRET substrate
(LiveBLAzer™ FRET-B/G Loading Kit with CCF4-AM; Life Technologies, cat. #K1095),
which disrupts FRET and results in blue fluorescence (Supplementary Figure 1A-C). The
blue:green fluorescence ratio indicates the activity of the NF-xB reporter: cell viability.
Following stimulation with TNFa, the most stimulated and responsive cells exhibiting blue
FRET activity were isolated by fluorescence-activated cell sorting (FACS) (Supplementary
Figure 1D-F). Using this stable cell line, UMSCC1*8B, a large-scale RNAI screening of the
kinome, and druggable genome was conducted to identify potential targets that modulate
NF-kB activity by the RNAI screening facility, National Center for Advancing Translational
Sciences (NCATS), NIH. Each siRNA library containing three distinct siRNAs targeted to
the different regions of the same mMRNA were transfected individually into UM-SCC-1 kB
cells in wells of 384-well plates for 56 hr followed by a 16 hour treatment with TNFa
(20ng/ml). Relative NF-xB activity (blue/green, fluorescent ratio) and viability (green FRET
activity) was then observed via p-lactamase FRET assay, and effects on viability were
independently determined by Cell Titer-Glo (CTG; Promega) assay for cytotoxic SiRNAS.
Replicate screens were performed to validate the assay and ensure reproducibility. Kinome
SiRNA libraries each contains siRNAs targeting 709 kinase mRNAs and Druggable Genome
targeting 9031 mRNAs (Ambion Silencer Select libraries V4, ThermoFisher Scientific,
Waltham, Massachusetts, USA. For the RNAI screen, Redundant siRNA Activity (RSA)
analysis method was used to integrate the results of multiple siRNAs tested for the same
gene (18).

Co-immunoprecipitation assay (Co-IP)

Co-IP experiments were performed using Pierce™ Crosslink Magnetic IP/Co-IP Kit
(Thermo Fisher Scientific, USA) following the manufacturer’s protocol, except whole-cell
lysates were collected using lysis buffer (1% Triton X-100, 0.5% deoxycholate, 1% NP-40,
50 mM Tris, 100 mM NaCl, 2 mM MgClI2, 10% glycerol). For each IP, 50 ug protein was
incubated with 5 pL antibody: WEE1 (1:500; sc-5285, Santa Cruz Biotechnology (SCBT)),
CDC2 (9116, CST), IKKa (11930, CST), IKKp (8943, CST), IKK+y (2685, CST), RELA
(3039, CST), RELB (1:500; 4922, CST) . For input lysates, 20 ug protein was loaded and
the input and immunoprecipitated proteins were then analyzed by SDS-PAGE and Western
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blot. Western blot was performed as described in the supplementary methods. Non-immune
rabbit 1gG or mouse 1gG was included as the negative control.

In vivo tumor studies—All /n vivo experiments were approved by the NIDCD/NIH
Animal Care and Use Committee under protocol #1322, in compliance with the Guide for
the Care and Use of Laboratory Animal Resource National Research Council. Fifty-five 4 to
6-week-old female athymic nu/nu mice were obtained from Jackson laboratory and housed
in a pathogen-free NIH animal facility. Two HPV- (UMSCC1 and UMSCC46) cell lines
and one HPV+ cell line (UPCI:SCC090) were harvested and mixed with Matrigel (R & D
systems) in a 70% cells:30% Matrigel solution. Each mouse was injected subcutaneously

in the right thigh with 5x108 UMSCC46 cells. Tumor volumes were measured thrice
weekly and mice were randomized into the respective groups when tumor volumes reached
~0.25 cm3. AZD1775 was given by oral gavage to mice as a suspension in 0.5% methyl
cellulose. For UMSCC46 tumor xenografts, mice were divided into four groups; Control
(0.5% Methylcellulose), AZD1775 (120 mg/kg), radiation (20 Gy total; 10 x 2 Gy) and
combination (AZD1775 (120mg/kg) plus radiation (10 x 2 Gy)). For UPCI:SCC090 and
UMSCCL tumor xenografts, a lower dose of 60mg/kg AZD1775 was used in the drug alone
and combination groups, based on additional activity and toxicity data and recommendations
of the manufacturer. The treatments were conducted for 2 weeks in a 5-days-on, 2-days-off,
5-days-on schedule. For UMSCC1 tumor xenografts, an additional group of mice were
intraperitoneally injected with mouse anti-TNFa antibody (200 pg per mouse) for 7 times.
The injection was started 2 days before treatment, and then injected 3 time per week for the
following 2 weeks with drug and radiation treatment. Mouse body weight, body condition,
and tumor size was recorded two or three times a week for the indicated days. The tumor
volume was calculated with the formula V=Y L*W?2, and tumor growth was reported as the
mean tumor volume +/- standard error. Kaplan-Meier survival analysis was performed using
the GraphPad PRISM software (v6.05). pvalues for tumor growth were calculated using the
Student’s t test. Survival statistics were performed using the Gehan-Breslow-Wilcoxon test.

Analyses of publicly available datasets

Analysis of gene and protein expression in HNSCC cases was performed using publicly
available data from the following resources: TCGA (https://portal.gdc.cancer.gov/repository)
(8,19), Clinical Proteomic Tumor Analysis Consortium (NCI/NIH) (CPTAC, https://cptac-
data-portal.georgetown.edu) (20,21), DepMap Public 20Q2 release (https://depmap.org/
portal/) (22), Project Achilles (23,24), and the Gene Expression Omnibus (GEO; GSE40774
(25) and GSE117973). Further analysis details are in the supplementary methods.

Statistical Analysis

Cell viability was analyzed by multiple linear regression of TNF« addition and log-
transformed concentration of AZD1775 to determine statistical significance. Multiple
regression permits the simultaneous handling of many variables to isolate the effect of
each factor adjusted for the presence of the remainder. The analyses and data visualization
were conducted in R. The Bliss synergy analysis and synergy score was calculated using
SynergyFinder (26). Kaplan-Meier survival curves comparing PFS and OS for patients
based on high versus low expression of the genes from the WEE1 and NFxB axis. The
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patients were dichotomized into high and low expression groups for each of these genes.
The survminer R package was used to find the optimal cut-point that corresponds to the
most significant relation with survival. Patient overall survival data were downloaded from
Firehose at the Broad Institute (https://confluence.broadinstitute.org/display/GDAC/Home/).
Patient progression-free survival data were downloaded from Supplement Information of a
pan-cancer clinical study (27). The clinical survival endpoints for patients were progression-
free survival (PFS), and overall survival (OS). PFS is the time from the date of diagnosis
until tumor progression or death, whichever occurs first. OS is the period from the date

of diagnosis until the date of death from any cause. The PFS and OS curves were

obtained using Kaplan-Meier method and were compared using the log-rank test. The Cox
proportional hazards model was used to estimate Hazard Ratios (HRs) with 95% Confidence
Intervals (Cls).

For differential gene expression analysis between normal and tumor tissue, and HPV- and
HPV+ tumor tissue, Wilcoxon sum rank test was used to assess statistical significance.
All graphs were prepared using the GraphPad Prism (GraphPad, USA) or R software (28)
version 4.0.2. Error bars represent mean + the standard error. Statistical significance was
determined as follows: A/S = not significant, *p<0.05, **p<0.01, ***p<0.001.

Additional methods for Western blot, siRNA experiments, cell cycle analysis, Annexin V
assay, impedance assay, XTT viability assay and colony formation assay are presented in the
Supplemental Materials and Methods.

RNAI screening identifies G2/M checkpoint kinases as modulators of TNFa-induced NF-xB
activity and survival in HNSCC.

HPV(-) HNSCC have poorer prognosis, and we have previously shown that HPV(-)
HNSCC cell line resistance to TNFa is promoted by IKK-NF-xB (29). In order

to investigate the mechanism(s) driving TNFa-dependent NF-xB signaling and TNFa
resistance in HNSCC, we established UMSCC1¥B, which is an HPV— HNSCC cell line
(UMSCC1) stably expressing an NF-xB response element-f-lactamase reporter gene, to
enable detection of NF-xB activity normalized for cell viability by flow cytometry or
spectrophotometry (Supplementary Figure 1). Using this cell line, we performed an RNA.
screen using libraries targeting the human kinome and druggable genome, to identify
potential regulators of the NF-xB pathway and cell survival (16). Supporting the veracity
of this assay, the top hits identified included components of the IKK/NF-xB pathway (e.g.
CHUK (IKKa), IKBKB (IKKp) and RELA; Figure 1A and B). Unexpectedly, we also
found that depletion of key regulators of the G2/M checkpoint, namely WEE1 and CDC2,
also significantly inhibited NF-xB activity and cell viability (Figure 1A and B). Similar
effects were observed with depletion of the same components queried in replicate kinome
and the druggable genome screens.

To broadly examine the dependence of HNSCC on these components for cell survival, we
utilized the DepMap portal, which contains CRISPR and RNAI screening data in 33 head
and neck cancer cell lines (32 HPV- and 1 HPV+; Supplementary Table 1). The effect of the
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depletion of a gene on cell viability is given a CERES dependency score; a lower CERES
score indicates a higher likelihood that the gene of interest is essential in a given cell line,
with a score of —1 comparable to the median of all pan-essential genes (30). We used this
database to assess the dependance of a large panel of head and neck cancer cell lines on

the expression of WEE1, CDC2, CHUK/IKKa, IKBKB/IKKp and RELA (hereafter referred
to as ‘genes from the WEE1 and NFxB axis’). The data demonstrates that both WEE1 and
CDC2 are essential genes in these cancers, while inhibition of the NF-xB genes alone, for
which there are functionally redundant IKK and NF-xB/REL subunits, have a more variable
effect when inhibited in the absence of TNFa (Figure 1C).

WEET1 inhibition attenuates TNFa-induced WEE1/CDC2 and IKK/RELA activation in
multiple HNSCC lines.

To explore whether WEE1/CDC2 G2/M checkpoint and IKK/NF-xB protein expression and
signaling could be linked, we initially compared the protein expression level of various
components of the two signaling pathways in normal human oral keratinocytes (HOK) and a
panel of 7 HPV(-) HNSCC cell lines (Figure 2A). We observed increased protein expression
of WEEL1, phosphorylated CDC?2 at tyrosine 15 (Y15), a canonical WEE1 substrate site, and
CDC2 total protein in UMSCC1, UMSCC11A, UMSCC38 and UMSCC46 when compared
to normal HOK, or UMSCCY9, 22A or 74A (Figure 2A). Interestingly, phosphorylated
IKKa/p, total IKKa/B, phosphorylated RELA and total RELA were also expressed at
higher in cell lines expressing high WEE1/CDC2 protein (e.g. UMSCC1, 11A and 46),

and lower levels in cell lines expressing low WEE1/CDC2 protein (HOK, UMSCC9 and
UMSCC22A). This variation was not related to deficient or overexpressed mutant TP53
protein (31). These observations suggest that the WEE1/CDC2 and IKK/NF-xB signalling
pathways could be linked in a subset of HPV(=) HNSCC cell lines. HNSCC can broadly

be classified into HPVV- and HPV+ subtypes, and these subtypes can differ substantially

in terms of clinical response to standard and targeted therapies. We therefore examined
expression of these proteins in two HPV- (UMSCC1 and UMSCC22A) and two HPV+
(UMSCC47 and UPCI:SCC090) HNSCC cell lines (Figure 2B (31). A similar trend in
aberrant increases in WEE1/CDC2 and IKK-RELA protein and/or signal phosphorylation
was observed in UMSCC1 and the two HPV+ lines relative to HOK. Next, to assess

if these two pathways may functionally interact, we looked at the activation of WEE1/
CDC2 and IKK/RELA signaling after TNFa treatment, an inducer of the IKK-RELA

signal phosphorylation. As expected, TNFa treatment induced activation of the classical
IKK/NF-xB pathway, as evidenced by increased phosphorylation of IKKa/p (S176/180)
and RELA (S536). Strikingly, TNFa. also induced the phosphorylation of CDC2 (Y15),

a WEEL1 substrate, in all cell lines tested (Figure 2C; lane 2 in each panel). These data
suggest a potential for signal cross talk between these two signaling pathways. To assess
this further, we looked at the impact of WEEL inhibition on TNFa—induced CDC2, IKK
and RELA phosphorylation. AZD1775, a well characterized and potent WEEL inhibitor
(12-15), ablated basal and TNFa-inducible CDC2 (Y15) phosphorylation. Interestingly,
AZD1775 also inhibited TNFa induced IKKa/p phosphorylation and partially inhibited
RELA phosphorylation, in both HPV- and HPV+ cell lines (Figure 2C; lane 3 and 4 in each
panel)). The reduction of TNFa-induced phosphorylation after AZD1775 treatment was also
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observed but delayed (evident at 12 hours vs 6 hours) in an additional cell line UMSCC46,,
which exhibits high basal CDC2 and RELA phosphorylation (Supplementary Figure 2).

To confirm these data were not due to potential off target effects of AZD1775, we knocked
down the expression of WEE1 with two distinct WEE1-specific SiRNAs in both HPV-
UMSCC1 and HPV+ UPCI:SCCO090 cells. Both siRNAs reduced WEE1 expression by at
least 50% in each cell line (Figure 2D). In line with the inhibitor data, WEE1 knockdown
drastically reduced both basal and TNF-induced CDC2, as well as IKK phosphorylation,
while partially inhibiting RELA phosphorylation (Figure 2D). Taken together, these data
demonstrate that TNFa can activate the WEE1/CDC?2 signaling pathway in addition to

the classical IKK/NF-xB pathway, and that inhibition of WEE1 reciprocally reduces TNFa—
induced IKK-NF-xB RELA subunit phosphorylation, in cell lines of either HPV status.

WEE1/CDC2 physically interact with the IKK/RELA complex in a WEE1 kinase dependent

manner.

To investigate if WEE1/CDC2 and IKK/RELA physically interact, reciprocal co-
immunoprecipitations (Co-I1Ps) were performed. Our Co-IP data demonstrated that WEE1,
CDC2, and canonical pathway components IKKa, IKKB, IKKy and RELA can all form
complexes in both HPV- (UMSCC1 and UMSCC22A) and HPV+ (UPCI:SCC090) cells,
while immunoprecipitation with control 1gG or the RELB and IB with NF-xB2 p100

or RELB subunits from the alternative IKKa-NF-xB2/RELB pathway could not (Figure
3A). Next, we wanted to see if treatment with TNFa could alter the formation of these
complexes. Treatment with TNFa did not alter the basal complex formation between WEEL1,
CDC2, IKKa, IKKp and RELA after immunoprecipitation with WEE1 or IKKp (Figure
3B). Interestingly, however, addition of AZD1775 reduced complex formation between
WEEL, IKKa, IKKB and RELA, additionally, AZD1775 inhibited the interaction between
CDC2 and IKKB, but not WEEL1 (Figure 3B). Together, these data demonstrate that WEE1/
CDC2 physically interacts with the IKK/RELA complex and this may be disrupted by
inhibition of WEE1 kinase activity.

IKK activity is required for TNFa-inducible CDC2 phosphorylation.

Our data thus far suggest a functional interaction between WEE1/CDC2 and the IKK/RELA
complex. Based on these observations, we hypothesized that IKKa/p may also play a role

in the TNFa-induced WEE1-CDC2 (Y15) phosphorylation. To test this, we stimulated
UMSCC1, UMSCC22A and UPCI:SCC090 cells with TNFa with or without pre-treatment
with 1IKK16, a small molecule inhibitor that inhibits IKKB>a activity (32). Compared to
basal and TNFa stimulated cells, IKK16 inhibited TNFa-induced phosphorylation of CDC2
(Y15) and IKK-dependent RELA (S536) in a dose dependent manner (Figure 3C). This
suggests that IKKa/ is involved in TNFa-induced CDC2 (Y15) phosphorylation and thus
may be involved in regulating the G2/M checkpoint in these cells.

AZD1775 inhibits TNFa—induced expression of NF-xB dependent cyclin and pro-survival
proteins and cell proliferation.

We have previously shown that NF-xB activity promotes the proliferation and survival
of HNSCC (7). We therefore examined the impact of WEE1 inhibition on the expression
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of TNFa and NF-xB inducible proteins Cyclin D1 (CCND1) and BCL2, which can
promote cell proliferation, survival and resistance to TNFa—induced cell death. TNFa.
induced Cyclin D1 and BCL2 expression between 12-24 hours in both HPV- UMSCC1
and HPV+ UPCI:SCCO090 cells. The addition of AZD1775 inhibited the induction of these
proteins by 24 hours (Supplementary Figure 3A). Since the induction of BCL2 may inhibit
TNFa-induced cell death, we examined if BCL2 siRNA knockdown affects cell growth

in combination with TNFa.. In HPV— UMSCC1 cells, BCL2 depletion alone resulted in
~40% reduction is cell growth (Supplementary Figure 3B and C). TNFa treatment alone
resulted in a ~25% increase in cell growth; however, TNFa treatment in BCL2 depleted
cells resulted in a further reduction in cell growth compared to BCL2 depletion alone (~75%
decrease), suggesting that TNFa—dependent BCL2 expression contributes to resistance to
TNFa—-induced cell death (Supplementary Figure 3C). Similar results were observed in
HPV+ UPCI:SCCO090 cells (Supplementary Figure 3D-E). To examine the effects of WEE1
on cell growth, we performed similar experiments after AZD1775 treatment or WEE1
depletion (Supplementary Figure 3F-K). Inhibition or depletion of WEEZ1 significantly
impaired cell growth, and this was exacerbated after the addition of TNFa. To further
assess effect of AZD1775 on cell growth, we performed XTT cell viability experiments.
Multiple linear regression analysis demonstrated that, in each cell line, AZD1775 and TNFa
significantly reduced cell viability (Supplementary Table 2), with 1C50 values ranging from
471 nM (HPV- UMSCC1) to 207 nM (HPV+ UPCI:SCC090) (Supplementary Figure 4A).
To address the combinatorial effect of AZD1775 and TNFa, we treated cells with increasing
dose of AZD1775 with or without 2 different doses of TNFa and performed Bliss synergy
analysis as in our previous work (33). The addition of TNFa reduced the IC50 of AZD1775
in each cell in a dose dependent manner; Bliss synergy analysis demonstrated that in each
cell line, the effects of TNFa on AZD1775 function was moderately synergistic (defined

as a Bliss synergy score >0; Supplementary Figure 4B). Furthermore, colony formation in
HNSCC cells was reduced after WEE1 inhibition and this was significantly enhanced in
combination with TNFa (Supplementary Figure 4C—F). Similar results were observed after
WEEL1 depletion (Supplementary Figure 5A and B). Together, these data demonstrate that
AZD1775 inhibits the TNFa—inducible expression of the NF-xB inducible proteins Cyclin
D1 and BCL2 that contribute to proliferation, survival, and TNFa resistance in HPV- and
HPV+ HNSCC cells.

Inhibition of WEE1 sensitizes HNSCC cells to TNFa in vitro.

Our above data suggests that WEE1 may play a role in the expression of TNFa— and NF-xB
inducible targets involved in proliferation, survival and TNFa resistance; we therefore
assessed the effect of WEEL inhibition on cell cycle progression and cell death in the
presence of TNFa. In HPVV- UMSCC1 and HPV+ UMSCCA47 cells, TNFa alone had
minimal impact on cell cycle progression, whereas in HPV- UMSCC22A cells TNFa
treatment resulted in a reduction of cells in S phase (Figure 4A and Supplementary Figure
6A). In contrast, HPVV+ UPCI:SCC090 cells were more sensitive to TNFa alone, which
induced significant accumulation of sub-G1 DNA particularly at later timepoints. AZD1775
treatment resulted in an increased proportion in S or G2/M phase in each cell line. At

later time points, WEEZ1 inhibition increased cells with sub-G1 DNA, consistent with the
induction of cell death and DNA fragmentation. Combination treatment of AZD1775 and
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TNFa reduced the accumulation of cells in S and G2 phase after AZD1775 treatment

and significantly increased cells in sub-G1 DNA at later time points in all cell lines,
particularly HPV- UMSCC22A and HPV+ UPCI:SCC090. When compared, UMSCC22A
and UPCI:SCC090 were more sensitive to WEE1 inhibition than HPV- UMSCC1 and
HPV+ UMSCCA47 cells, but in all cell lines AZD1775 treatment significantly sensitized cells
to TNFa (observed as an increase in sub-G1 DNA).

Consistent with the above data, TNFa alone did not induce significant levels of apoptosis
in HPV- UMSCCL1 cells in an Annexin V apoptosis assay but did induce significant
apoptosis in HPV+ UPCI:SCCO090 at later time points (Figure 4B). AZD1775 induced
significant levels of apoptosis in all cell lines, and this was further enhanced in combination
with TNFa (Figure 4B and Supplementary Figure 6B). To investigate the mechanism

of cell death, western blot analysis was used to look for caspase activation. AZD1775
treatment induced the cleavage of caspase 3 and its substrate PARP1, and this was enhanced
when combined with TNFa (Supplementary Figure 7A and 8A). Treatment with the pan-
caspase inhibitor Z-VAD-FMK and/or the RIP kinase inhibitor Necrostatin-1 confirmed
that AZD1775 alone, and in combination with TNFa, primarily induced caspase-dependent
apoptosis (Supplementary Figure 7B).

As a critical regulator of the intra-S and G2/M checkpoints, WEE1 activation prevents

cells from undergoing unscheduled DNA replication or allowing cells with DNA damage
from entering mitosis (10). Therefore, inhibition of WEEZ1 results in unscheduled DNA
replication, activation of the DNA damage response (DDR) and DNA damage in mitotic
cells. To confirm if the addition of TNFa to AZD1775 modulated the number of mitotic
cells or the induction of DNA damage, we looked at the expression of phospho-Histone H3
(Ser 10, a marker of mitosis; (34)), phospho-RPA32 (a marker of replication stress; (35)) and
YH2AX (a marker of dsDNA breaks; (36)). As expected, treatment with AZD1775 induced
phospho-Histone H3 (Ser 10), phospho-RPA32 (indicated by the arrows as slower migrating
bands) and yH2AX expression, indicating the an increase in mitotic cells and the induction
of DNA damage (Supplementary Figure 7A and 8A). Co-treatment of AZD1775 and TNFa,
however, did not significantly alter the induction of mitosis or the DDR when compared

to AZD1775 treatment alone. This was confirmed using flow cytometry to identify the
percentage of mitotic cells (Supplementary Figure 7C and 8B) and the percentage of mitotic
cells containing DNA damage (a marker of mitotic catastrophe; Supplementary Figure 7D
and 8C). These data suggest that the addition of TNFa did not further exacerbate mitotic
induction and DNA damage induced by WEEZ1 inhibition alone, as no significant increase

in the induction of mitosis or DNA damage markers was observed. In corroboration with
the WEEL inhibitor data, WEE1 depletion resulted in a significant increase in sub-G1 DNA
48h post-treatment and the addition of TNFa for 24 hours increased this further, particularly
in HPVV+ UPCI:SCCO090 cells (Supplementary Figure 9A). Also, depletion of WEE1 with
SiRNA led to similar results for PARP1, Caspase 3 and pHistoneH3, although the effect

of TNF was more muted, likely due to significant effect of WEE1 depletion alone on the
induction of apoptosis in these cells (Supplementary Figure 9B and C). Representative flow
cytometry histograms for pharmacologic and siRNA inhibition are shown in Supplementary
Figure 10.
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Next, we wanted to investigate if the effects of WEE1 inhibition on proliferation and
apoptosis were TNF-dependent. Pre-treatment of cells with a neutralizing TNFa antibody
partially restored colony formation after AZD1775 treatment (Supplementary Figure 11).
Furthermore, the neutralizing TNFa antibody also reduced AZD1775-induced apoptosis,
without altering the induction of mitosis or the DDR (Figure 4C-F, Supplementary Figure
6C—F). Together, these data suggest that WEEL1 inhibition or depletion sensitizes both
HPV- and HPV+ HNSCC cells to TNFa—induced, caspase-dependent cell death, without
impacting the induction of mitosis or the DDR. Furthermore, the effects of WEEL inhibition
on cell proliferation and apoptosis appear to be partially TNF-dependent.

AZD1775 plus radiation delays the growth of xenograft tumors, which can be reduced by
TNFa depletion.

Radiation induces TNFa as well as direct DNA damage that mediate the cytotoxic and
antitumor effects in SCC and other cancers (4). We examined the activity of AZD1775 alone
and in combination with radiation, in athymic nude mice bearing the relatively radiation-
sensitive HPV- UMSCC46 cells, HPVV+ UPCI:SCCO090 cells, and radiation-resistant HP\V-
UMSCC1 xenograft models (Supplemental Figure 12) (37,38). UMSCC46 tumors grew
rapidly in both the control group and the AZD1775 monotherapy group (Figure 5A).
Although radiation delayed tumor growth (p <0.05), this was further delayed (Figure 5A;

p </=0.0001) and survival was prolonged (Figure 5B, p= 0.0069) when AZD1775 and
radiation were combined. Nude mice bearing UPCI:SCC090 xenografts also showed tumor
growth delay in response to radiation alone and prolongation in combination with AZD1775
(Figure 5C, p </=0.036), but more than half of tumor bearing mice in the combination
group were cured, demonstrating durable responses and survival more than 100d (Figure
5D, p=0.029). Thus, AZD1775, when given in combination with radiation, significantly
suppresses growth of the HPVV— UMSCC46 and HPV+ UPCI:SCC090 derived tumors and
can eliminate the HPV+ UPCI:SCCO090 cell line derived tumors in ~50% mice, enhancing
survival, consistent with the relatively greater TNFa sensitivity of the latter cell line.

Since we hypothesized that the action of AZD1775 in combination with radiation treatment
could be via TNFa-mediated mechanisms; we therefore examined the effects of the
combination without or with depletion of endogenous mouse TNFa in the HPV- UMSCC1
xenograft mouse model (Figure 5E-F). Murine anti-TNFa antibody was administered
through seven intraperitoneal injections (over three weeks) to one group of mice that
received the combination treatment. Consistent with the results from previous models,
significant although reduced anti-tumor effects were observed in the combination group

vs control (Figure 5E; p </=0.0027). However, TNFa depletion significantly abrogated

this anti-tumor effect (Figure 5F; p=0.004) and survival benefit (Fig; p= 0.0002) of

the combination therapy. These data support the hypothesis that the anti-tumor effect of
combination therapy of AZD1775 with radiation is at least partially TNFa dependent.
Therefore, our /n vivo data suggest that WEEL inhibition enhances radiation effects upon
tumor growth in both HPV- and HPV+ xenografts.
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WEE1, CDC2 and IKK-RELA expression in HNSCC tumors.

To investigate the possible clinical correlatives of our data, we examined the mMRNA
expression of the genes from the WEE1 and NFxB axis in the HNSCC TCGA database

(19). Whilst WEE1 and CHUK/IKKa expression was significantly lower in HNSCC tumors,
CDC2 expression was significantly higher (Figure 6A). We then analyzed the expression

of the genes from the WEE1 and NFxB axis by HPV status (Figure 6B). Interestingly,
although WEE1 expression was lower in HNSCC cases combined, mean WEE1 expression
was significantly higher in HPV+ HNSCC compared to HPVV— HNSCC (but not compared
to normal tissue). CDC2 expression was higher with either HPV status, but highest in

HPV+ HNSCC cases. Additionally, the expression of IKBKB/IKKf was also higher in
HPV+ HNSCC, whereas CHUK/IKKa. and RELA expression were comparable to normal
tissue. Overall, variation in MRNA expression of the genes from the WEE1 and NFxB axis
significantly correlated with copy number (Figure 6C). These data were further confirmed
using two separate databases from the GEO repository (Supplementary Figure 13A and B).
We next analyzed the protein expression of these genes in HNSCC from CPTAC (20), which
includes data from HPVV- HNSCC. In corroboration with the gene expression analysis, we
observed decreased WEE1 expression and significantly increased CDC2 protein expression
in HNSCC tumors (Figure 6D).

Genomic and survival analysis reveals distinct prognosis and associated inflammatory
and NF-xB signatures associated with WEE1 expression and HPV status in HNSCC

patients.

To investigate the prognostic relevance of the genes from the WEE1 and NFxB axis, we
performed survival analysis using the HNSCC TCGA dataset. Interestingly, we observed
that the expression of these genes had a differential relationship to survival depending on
HPV status. For WEE1, CDC2 and CHUK/IKKa., high expression is significantly associated
with worse progression-free and overall survival in HPV- HNSCC, but better progression-
free and overall survival in HPV+ HNSCC (Figure 7A and Supplementary Figure 14).

We investigated this further using individual patient data, stratified by WEEL expression
and HPV status, and examined potential associations with previously identified genomic
signatures associated with SCC in the pan-squamous TCGA study (Figure 7B and C) (19).
HPV~- tumors that display low WEE1 expression and better prognosis are significantly
associated with an expression profile enriched for NF-xB-related inflammatory, immune
checkpoint, and Myeloid Derived Suppressor Cell signatures (MDSC-INF, Cluster C1 and 2;
p=6.2E-04, Fisher’s exact test), and the expression of EMT markers (ZEB1, p= 9.7E-04;
ZEB2, p=2.4E-05 and VIM, p=0.0038; mRNA C6. p=1.7E-06, Fisher’s exact test). In
HPV+ tumors with better prognosis, high WEE1 expression is significantly associated with
copy number loss/deletion and/or mutations in TNF-NF-xB pathway components 7TRAF3
and CYLD (p=0.030, Fisher’s exact test), previously identified to be associated with
greater survival and NF-xB pathway activation in HPV+ tumors (39,40). These data suggest
that the expression of WEEL has a differential relationship with survival dependent on HPV
status and subtypes with distinct genomic signatures related to NF-xB, inflammation, and
cell survival.
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Discussion

Current treatment options for HNSCC include radio- chemo- and immune checkpoint
therapy, which are critical inducers of the DNA damage response (DDR) and innate and
adaptive immune T cell responses that can produce cytotoxic TNF-family death ligands.
DNA damage and genotoxic stress can induce activation of ataxia-telangiectasia-related
(ATR) protein kinase or ataxia-telangiectasia mutated (ATM) protein kinase (12,41,42). ATR
is the upstream kinase responsible for the phosphorylation and activation of checkpoint
kinase 1 (Chk1), which phosphorylates WEE1 and Cdc25C. WEEL then phosphorylates
CDC2 at tyrosine 15, inactivating it and releasing Cyclin B (CCNB), resulting in cell

cycle arrest at G2. This allows the repair of DNA, preventing cells with extensively
damaged chromosomal DNA from undergoing mitosis. Additionally, DNA damage-induced
ATM (43,44) and TNFa-induced kinase TAK1 can activate the canonical IKKa/p kinases
and NF-xB1/RELA (45,46), to promote expression of several target pro-survival proteins
that contribute to proliferation and resistance to cytotoxicity (6,46). Here, we performed

an RNA. screen to identify new modulators of TNFa-induced NF-xB activity and cell
cytotoxicity, which unexpectedly led to the discovery of a relationship and interaction
between TNFa-induced activation of IKKa/B and RELA in the core canonical NF-xB
pathway, and the key G2/M checkpoint kinases WEE1 and CDC2.

Pharmacologic or genetic WEEL1 inhibition partially attenuated the signaling effects of
TNFa, and we showed that the effects on WEE1-mediated CDC2 phosphorylation were
greater than those upon phosphorylation of IKK and RELA, and subsequent functional
activity of NF-xB. That siRNA depletion and CRISPR knockout of WEE1 and CDC2 in

the reporter and DEPMAP panel demonstrated greater dependency with TNFa or alone than
depletion of individual IKKs or RELA, may reflect the fact that there are multiple IKK,
NF-xB and REL subunits with functional overlap, and co-activating pathways, that may
limit effective cytotoxicity of specific inhibitors (7). Consistent with this, our mechanistic
data demonstrated an interaction between WEE1/CDC2 and the canonical IKK/RELA, but
not non-canonical RELB and p100 subunits, which was at least partially dependent on
WEEZ1 kinase activity. Notably, WEE1 inhibitor AZD1775 partially decreased the TNFa.-
inducible phosphorylation of canonical TAK1 kinase phospho-acceptor sites on IKKa./p and
phosphorylation of IKK-dependent S536 site on RELA (6,45,46), and also disrupted the
WEE1-CDC2/IKKa/B/RELA complex. Together, these observations suggest that AZD1775
disrupts signaling within and between these pathways, and the stability of the interaction
between the components of the complex. Of additional interest, we note that in each

cell line, TNFa treatment resulted in a small, but reproducible increase in WEEL1 protein
expression, while IKK inhibitor negated this effect. We are currently investigating if the
effect on WEE1 expression could be due to the transcriptional effects of TNF-induced
NF-xB signalling, or via protein stabilization of WEEZ1 via the interaction with the IKK/
RELA complex or other proteins activated via the TNFR complex (46).

Consistent with the latter possibility, our data also demonstrated that the TNFa-induced
CDC2 phosphorylation is at least partially dependent on IKK activity, suggesting that

crosstalk between WEE1 and IKK kinase activity may be bidirectional. Intriguingly, we
have previously observed that antagonists of Inhibitors of Apoptosis (IAP)s, involved in
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forming ubiquitin scaffolds between the TNFR and canonical IKK-NF-xB pathway, can
also modulate TNFa resistance, cell cycle, and survival in HNSCC (37,38). Together, these
observations are consistent with established mechanisms by which TNFa and the TNFR
recruits and stabilizes complexes containing IKKa/p and RELA with other kinases that
converge to interact with the canonical IKK/NF-xB pathway. Further studies may reveal
how processes downstream of the TNFa/TNFR1 receptor mediate the recruitment and
signaling between these complexes.

There is evidence for broader clinical relevance of cross talk between IKK/NF-xB, WEE1/
CDC2, and other G2/M checkpoint kinases in therapeutic resistance to TNF family death
ligands or genotoxic therapies in HNSCC and other cancers. We previously reported

that resistance of murine oral carcinomas to immune checkpoint therapy and cytotoxic

T lymphocytes (CTL) could be overcome by AZD1775, and this sensitization could be
abrogated by neutralization of death ligands TNFa, TRAIL or FASL, or provision of

excess nucleotides, known to promote DNA repair (15). Importantly, WEEL inhibition by
AZD1775 potently sensitized these HNSCC to immune checkpoint therapy /n vivoand
CTL in vitro, without significant immunosuppression, CTL or hepatotoxicity that has been
observed with IKK, proteasome, or other inhibitors of the NF-xB pathway (6,46). Consistent
with this, the interaction with WEE1/CDC2 appears to be specific to the canonical IKKa/p/
RELA complex important in cell survival, and not the alternative IKKa/RELB pathway
implicated in immunity, as the complex included IKKa/p and RELA, but not RELB (Figure
3A). Thus, WEEL1 inhibitors merit investigation for their potential to enhance therapies
mediated by TNFa without the systemic immune suppression and hepatotoxicity previously
observed with direct interruption of IKK-NF-xB/RELA signaling (6,46).

Analogous to the interaction and role of WEE1/CDC2 in modulating TNFa-induced
IKK/NF-xB pro-survival signaling, a previous study demonstrated that Aurora A and B,
that are also involved in the regulation of mitosis, can form a complex with IKKa./p (47).

In that study, the authors show that inhibition of Aurora kinases inhibits pro-survival NF-
xB signaling induced by TRAIL, resembling our observations between WEE1 and TNFa-
induced, pro-survival NF-xB signaling. Concurrently, our lead author and collaborators
have recently extended the findings in the current study, demonstrating that the DNA
damaging agent cisplatin can also co-activate WEE1/CDC2 as well as RELA/BCL2
activation in osteosarcoma cells (48). Cisplatin- induced CDC2 and RELA phosphorylation
and resistance in osteosarcomas could also be attenuated by AZD1775. Together, these
studies highlight the combinatorial potential for inhibitors of G2/M checkpoint and their
interactions with the IKK/NF-xB axis to overcome resistance to immune and genotoxic
therapies. Furthermore, our data suggests that the cell cycle and IKK/NF-xB signalling may
be functionally linked, and this may have consequences for cancer therapy. Indeed, several
studies have demonstrated that NF-xB signalling may be differentially regulated at different
stages of the cell cycle (49,50). Further studies are required to investigate if this occurs in
HNSCC cells and if other cell cycle regulators may also be involved in NF-xB in these
cancers.

Our data suggests that the inhibition of WEEL1 is detrimental to both HPVV- and HPV+
HNSCC cells at least in part by reducing NF-xB activity and sensitizing cells to TNF-
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induced cell death. AZD1775 treatment alone had a modest impact on tumor growth /n vivo
in each cell model tested. However, combination treatment of AZD1775 with radiation,

a critical inducer of TNFa (4), significantly suppressed tumor growth and prolonged
survival /n vivo in three HNSCC xenograft mouse models, including HPV- and HPV+
xenografts. Interestingly, both our /n vitroand in vivo data demonstrate that the inhibition
of proliferation and induction of apoptosis upon WEEL1 inhibition was at least partially
dependent on TNFa., as depletion of TNFa with a neutralizing antibody significantly
reduced the cytotoxic effects of AZD1775. This is similar to a recent study that reported
that both Chk1 and WEEL inhibition resulted in TNF-dependent apoptosis in acute myeloid
leukemia (AML; (51)), suggesting that inhibition of WEE1 may induce its cytotoxic effects
in a TNF-dependent manner in diverse cancer types.

Several previous studies have investigated the impact of HPV status on the sensitivity to
AZD1775 (13,52-55). Early studies demonstrated that the sensitivity of HPV— HNSCC

to AZD1775 appears to be dependent on TP53 mutation — treatment of HNSCC cells
expressing high-risk TP53 mutations with AZD1775 sensitized them to cisplatin treatment,
promoting mitotic arrest and senescence (13,52). Subsequent studies demonstrated that
HPV+ HNSCC are also highly sensitive to AZD1775, which was also sensitive to radiation
and the combinatory treatments /7 vivoin our study (55,56). The combination treatment
exhibited durable anti-tumor effects, with more than half of the tumor bearing mice cured by
the combination therapy. Interestingly, we found that although the UPCI:SCC090 cell line
was highly sensitive to AZD1775 in vitro, the UPCI:SCC090 tumor model was less sensitive
to single agent treatment /in vivo. A recent study demonstrated that expression of HPV16

E6 and E7 in the wild type TP53 cell line UMSCC74A sensitized them to AZD1775 by
inducing a FOXM1-CDK signaling axis, driving aberrant mitosis and DNA damage (56).
This study, and another recent study (57), have also demonstrated higher expression of
WEEL expression in HPV+ HNSCC, in accordance with our data in HNSCC cell lines and
from the TCGA.

We observed potentially interesting relationships between expression of WEE1 and other
previously defined immune and NF-xB gene signatures that co-clustered in subsets of HPV-
and + tumors, with prognosis of patients from the TCGA dataset, who were treated primarily
with standard surgery, radiation and chemotherapy. Intriguingly, increased expression of
WEE1 was associated with worse survival in HPV- but better survival in HPV+ HNSCC.

In HPV- tumors, the larger subset with worse survival and increased WEEL expression

is associated with previously defined clusters lacking immune signatures, which have
previously been associated with a lack of response to immune checkpoint blockade (ICB).

In contrast, a smaller subset associated with better survival and lower WEE1 expression

was significantly enriched for expression of previously defined NF-xB/immune inflamed/
checkpoint and MDSC mRNA signatures, that overlapped with a smaller cluster enriched for
MRNAs and microRNAs associated with EMT (19). Conversely, in HPV+ tumors, TCGA
data showed that high WEE1 expression in HPV+ HNSCC is linked to better survival and
CNA/mutations in TRAF3 and/or CYLD, which are suppressors of NF-xB activation, and
whose loss was previously associated with increased NF-xB-related inflammatory signatures
and better prognosis (39,40).
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While the therapeutic implications for WEEL as a target may or may not be extrapolated
from the relationship of WEEL expression to prognosis, these relationships suggest that
combinations of WEEL1 inhibitors with TNFa induction by radiation or ICB merits
investigation. The poorer prognosis HPV- subset with higher WEEL expression and
immune deficient signatures could warrant examining combination of WEEL inhibition
with radiation, to enhance induction of genotoxic and TNFa-mediated cytotoxicity. Further
studies would be needed to determine if the subset associated with lower expression of
WEEL1 and immune activated and checkpoint signatures would be more sensitive or resistant
to a combination of WEEL1 inhibitor with TNFa induced by ICB, which we observed in a
syngeneic Murine Oral Cancer model (15). The HPV+ tumors that express high levels of
WEEL1 and inflammatory signatures, may merit investigation of WEEL1 inhibitors and ICB,
while the non-inflamed tumors may be responsive to a combination with radiation. Overall,
HPV+ HNSCC, will likely respond better to WEEL inhibition (56) and therefore may
enable reduction in the intensity of chemo-radiotherapy, or offer ICB as a possible substitute
for the more toxic chemotherapies currently used. Taken together, our experimental and
bioinformatic analyses suggest that expression of WEE1/CDC2 G2/M checkpoint and
related NF-xB pro-survival and inflammatory signatures could provide additional candidate
biomarkers and targets to help elucidate and investigate combination therapies in distinct
HNSCC subtypes.
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Implications

Inhibiting WEE1 and IKK-RELA crosstalk could potentially enhance the effects of
therapies mediated by TNFa with less systemic immune suppression and toxicity than
observed with direct interruption of IKK-NF-xB/RELA signaling.
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Figure 1. Kinome and genome-wide siRNA screen identifies G2/M kinasesWEE1 and CDC2 as
regulators of NF-xB signaling and survival in HNSCC cells.

For siRNA screening, NF-xB activity and cell viability in the HPVV— HNSCC line
UMSCC1¥B, stably expressing an NF-xB response element-B-lactamase reporter gene
assessed by flow cytometry. Each bar represents a different RNAI screen. The B-lactamase
reporter enzyme cleaves a fluorescent FRET substrate, which disrupts FRET and results
in blue fluorescence. The blue:green fluorescence ratio indicates the activity of the NF-xB
reporter. (A) NF-xB activity is shown as percentage of the negative control siRNA. (B)
The change in cell viability is shown as percentage of siRNA control. For Kinome 1-GF,
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Kinome 2-GF and Druggable Genome-GF, viability is measured by green FRET activity,
and significance was calculated by two-tailed Student’s #tests compared to negative control.
For Kinome 2-CellTiter-Glo, ATP-based Cell Titer-Glo assay was used to measure cell
proliferation and cytotoxicity. Except for Kinome 1 and 2, in all the screens for NF-xB
activity and viability, significance was analyzed by RSA analysis for gene hits. Error

bars show standard error of the mean. *p < 0.05, **p < 0.01 and ***p < 0.001. (C)
CERES-inferred gene dependency score in the CRISPR-Cas9 screen from project Achilles
for WEE1, CDC2, CHUK/IKKa, IKBKB/IKK and RELA in 33 head and neck cell lines.
The order is based on the gene effect of WEE1 (most dependent cell line (lowest value) to
least dependent cell line (highest value)).
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Figure 2. WEEL/CDC2 and | KK/NF-xB signaling components are co-expressed in HNSCC and
WEEL1 inhibition attenuates TNFa-induced | KK/RELA activation

(A) Whole cell lysates of a panel of UMSCC cells and human oral keratinocytes

(HOK) were collected for western blot analysis for the expression of WEEL1, total and
phosphorylated CDC2, total and phosphorylated IKKa/g, IKK-y, total and phosphorylated
RELA and TP53. p-actin was used as the loading control. (B) Whole cell lysates of human
oral keratinocytes (HOK), HPV- UMSCC1 and UMSCC22A and HPV+ UMSCC47 and
UPCI:SCCO090 were collected for western blot analysis for the expression of WEEL, total
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and phosphorylated CDC2, total and phosphorylated IKKa/p, total and phosphorylated
RELA, and TP53. B-actin was used as the loading control. (C) HOK, UMSCC1,
UMSCC22A, UMSCCA47 and UPCI:SCCO090 cells were treated with AZD1775 for six
hours. 30 minutes before harvest, 10 ng/ml TNFa was added. Whole cell lysates were
analyzed by western blot for the expression of WEE1, total and phosphorylated CDC2,

total and phosphorylated IKKa/B, total and phosphorylated RELA. B-actin was used as the
loading control. (D) UMSCC1 and UPCI:SCC090 cells were treated with scramble or two
specific WEEL siRNAs for 48 hours. 30 minutes before harvest, 10 ng/ml TNFa was added.
Whole cell lysates were analyzed by western blot for the expression of WEE1, total and
phosphorylated CDC2, total and phosphorylated IKKa/B, total and phosphorylated RELA.
[B-actin was used as the loading control. *P<0.05, **P<0.01 and ***P<0.001 (Wilcoxon rank
sum test).
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Figure 3. WEE1/CDC2 physically interact with the IKK/RELA complex in a WEE1 kinase
dependent manner.

(A) Endogenous WEE1, CDC2, IKKa, IKKB, IKKy, RELA and RELB were
immunoprecipitated from HPV- UMSCC1, HPV- UMSCC22A and HPV+ UPCI:SCC090
cells using the corresponding antibodies. Co-immunoprecipitated proteins were detected by
western blot using the respective antibodies. p100 was detected as a positive control for

the RELB IP. IgG was used as a specificity control. (B) UMSCC1 and UMSCC22A cells
were treated with AZD1775 for six hours. 30 minutes before harvest, 10 ng/ml TNFa
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was added. Endogenous WEEL and IKK were immunoprecipitated from UMSCCL1 and
UMSCC22A using the corresponding antibodies. Co-immunoprecipitated proteins were
detected by western blot using the respective antibodies. p-actin was used as the loading
control. (C) UMSCC1, UMSCC22A, UPCI:SCC090 cells were treated with 2 uM and 10
UM IKK16 for 6 hours. 30 minutes before harvest, 10 ng/ml TNFa was added. Whole
cell lysates were analyzed by western blot for the expression of WEE1 and total and
phosphorylated of CDC2, IKKa/B, and RELA. p-actin was used as the loading control.
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Figure4. AZD1775 sensitizesHNSCC cellsto TNFa-induced cell death.
(A) HPV- UMSCC1 and HPV+ UPCI:SCCO090 cells were treated with AZD1775 (500

nM for UMSCC1, 250 nM UPCI:SCC-090) and/or TNFa (10 ng/mL) for 12, 24 48 or 72
hours. Flow cytometric analysis of the cell cycle was performed using a FACS Canto flow
cytometer. Data from 10,000 cells per sample analyzed using Flow-Jo analysis software. (B)
UMSCCL1 and UPCI:SCCO090 cells were treated with AZD1775 as above for 12, 24 and 48
hours. Flow cytometric analysis of apoptosis was performed using Annexin V assay. Data
from 10,000 cells per sample analyzed using Flow-Jo analysis software. Early apoptotic
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cells were defined as Annexin positive/Pl negative and late apoptotic cells was defined

as Annexin positive/Pl positive. (C) UMSCC1 and UPCI:SCC090 cells were treated with
AZD1775 for 20 hours after pre-treatment with a neutralizing TNFa or 1gG control for 4
hours. Flow cytometric analysis of the cell cycle was performed using a FACS Canto flow
cytometer. Data from 10,000 cells per sample analyzed using Flow-Jo analysis software.

(D) UMSCC1 and UPCI:SCCO090 cells were treated with AZD1775 for 20 hours after
pre-treatment with a neutralizing TNFa or 1gG control for 4 hours. Whole cell lysates were
analyzed for PARP1 cleavage and Caspase 3 cleavage, phosphorylated and total Histone H3,
RPA32 and -yH2AX expression. B-actin was used as a loading control. (E) UMSCCL1 and
UPCI:SCC090 cells were treated with AZD1775 for 20 hours after pre-treatment with a
neutralizing TNFa or 1gG control for 4 hours. The expression of phosphorylated Histone H3
(S10) was analyzed by flow cytometry using a FACS Canto flow cytometer. The percent of
positive cells is shown as a marker for mitosis. Data from 10,000 cells per sample analyzed
using Flow-Jo analysis software. (F) UMSCC1 and UPCI:SCCO090 cells were treated with
AZD1775 for 20 hours after pre-treatment with a neutralizing TNFa or 1gG control for 4
hours. The expression of phosphorylated Histone H3 (S10) and -yH2AX was analyzed by
flow cytometry using a FACS Canto flow cytometer. The percent of double positive cells is
shown as a marker for DNA damage in mitosis. Data from 10,000 cells per sample analyzed
using Flow-Jo analysis software. *P<0.05, **P<0.01 and ***P<0.001 (Student’s T Test).
Error bars represent the mean + standard deviation of a minimum of three biological repeats.
*P<0.05, **P<0.01 and ***P<0.001 (Student’s T Test).
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Figure5. AZD1775 significantly delayed the tumor growth in nude mice when combined with
radiation.

(A) Nude mice were injected with HPV-= UMSCC46 cells ( and randomized into four
groups: control (blue), treated with AZD1775 alone (120mg/kg daily, red), radiation alone
(2Gy daily, green), or in combination with the same doses (purple). Each group contained
13-14 mice and the experimental treatments were carried 5 days a week for two weeks

as shown in Supplemental Figure 7. Tumor growth was measured 2-3 times a week and

is reported as the mean volume (cm?3) with standard error of the mean. p values for the
tumor growth were calculated using Student’s t-test. * indicates the p value of the difference
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between the control and the combination group, and # indicates a significant difference
between the radiation group and the combination group. (B) Survival curves for the 4 groups
of mice bearing UMSCCA46. The pvalue represents the significant difference between the
combination group and all other groups calculated using Gehan-Breslow-Wilcoxon test.
(C) Mice injected with HPVV+ UPCI:SCC090 cells were randomized into four groups and
treated as described in (A and Supplemental Figure 7), except using 60mg/kg AZD1775.
Each group consisted of 7-11 mice, and tumor growth was measured and reported as in
(A). The significant difference between the control versus combination groups and control
versus radiation groups are indicated as *, and # indicates a significant difference between
the radiation versus the combination groups. (D) Survival curves for the four groups of mice
bearing UPCI:SCC090 tumors. The p value shows the significant difference between the
combination group and all other groups calculated using the Gehan-Breslow-Wilcoxon test.
(E) Mice injected with HPV— UMSCC1 cells were randomized into five groups and treated
with the same dosage regimen as showing (C). One additional group in which anti-TNFa
antibody (200 pg) was intraperitoneally injected for seven days (referred to as Combo +
TNF depletion, Supplemental Figure 7) was included. Each group consisted of 17-18 mice.
Tumor growth is reported as the mean volume (cm3) with standard error of the mean. p
values for the tumor growth were calculated using the Student’s £ test. * indicates the p
value of the difference between the control and the combination group, and # indicates

a significant difference between the combination group and the combination plus TNFa
depletion group. (F) Survival curves for the four groups of mice bearing UMSCC1 tumors.
The pvalue shows the significant difference between the combination group and all other
groups calculated using the Gehan-Breslow-Wilcoxon test.
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Figure 6. Expression and copy number correlation analysis of the genes from the WEE1 and
NFxB axisfrom TCGA HNSCCs.

WEEL, CDC2, IKKa, IKKB and RELA are expressed differentially between tumor

vs. normal (A) and HPV(-) vs. HPV(+) vs. normal (B). Gene expression depicted in
boxplots was quantified from RNA-Seq data with RSEM and log2 transformed. Statistical
significance of the differential expression was assessed with Wilcoxon rank-sum test. *p
<0.05, **p<0.01 and ***p < 0.001. (C) Correlation of gene copy number with mRNA
expression in HNSCCs based on HPV status. Scatterplots for the genes from the WEEL and
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NFxB axis showing significant CNV and gene expression correlation. CNVs were presented
in X axis, as one-copy loss (1), diploid (0), one-copy gain (0.58), and amplification (larger
than 1). mRNA expression calculated by RSEM is presented in the y axis as the log2 scale.
Pearson correlation tests were conducted for 508 HNSCC tumor specimens, including 428
HPV- (gray circles), and 80 HPV(+) samples (red triangles). p values give the significance
of the Pearson correlation between mRNA expression and CNV. rvalues represent Pearson
correlation coefficients. (D) Scatter dot plot data of protein expression of WEE1, CDC2,
IKKa, IKKp and RELA taken from the HNSCC dataset from the Clinical Proteomic Tumor
Analysis Consortium (CPTAC). The log ratio of the values compared to the reference is
shown in the y-axis. Brackets indicate the number of samples in each group; black indicates
normal samples, red indicates tumor samples.
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Figure 7. The association between distinct molecular subtypes/genomic alterationsand WEE1
expression underlies different survival outcome based on HPV status.

(A) Progression free survival outcome for HPV—- and HPV+ HNSCC patients in the TCGA
HNSCCs based on the expression of the genes from the WEE1 and NF«xB axis by Kaplan-
Meier analysis. Red indicates high expression, cyan indicates low expression. p values were
determined using a log rank test. Plots were truncated at 10 years for HPV/(-) patients and
five years for HPV/(+) patients, but the analyses were conducted using all of the data. (B) and
(C) Heatmap display of the expression of the genes from the WEE1 and NF«xB axis and the
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corresponding molecular subtypes or genomic events in HPV(-) (B) and HPV(+) (C) TCGA
cohort. Samples are arranged in columns and ordered by WEE1 expression. The annotation
tracks are labeled with the copy number variations, DNA mutations and other molecular
features identified from the previous TCGA study (23). The gray vertical bar indicates the
cut point for dichotomization of WEEL expression in the association analysis.
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