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Abstract

Head and neck squamous cell carcinoma (HNSCC) is commonly associated with tobacco and
alcohol consumption that induce a “precancerous field,” with phosphoinositide 3-kinase (P13K)
signaling being a common driver. However, the preclinical effectiveness of PI3K inhibitors

has not necessarily translated to remarkable benefit in HNSCC patients. Thus, we sought to
determine how precancerous keratinocytes influence HNSCC proliferation, cancer stem cell (CSC)
maintenance, and response to PI3K inhibitors. We used the NOK keratinocyte cell line as a

model of preneoplastic keratinocytes because it harbors two frequent genetic events in HNSCC,
CDKNZA promoter methylation and 7P53 mutation, but does not form tumors. NOK cell co-
culture or NOK cell conditioned media promoted HNSCC proliferation, PI3K inhibitor resistance,
and CSC phenotypes. SOMAscan targeted proteomics determined the relative levels of >1,300
analytes in the media conditioned by NOK cells and HNSCC cells + PI3K inhibitor. These results
demonstrated that NOK cells release abundant levels of ligands that activate EGFR and FGFR,
two receptor tyrosine kinases with oncogenic activity. Inhibition of EGFR, but not FGFR, blunted
PI3K inhibitor resistance and CSC phenotypes induced by NOK cells. Our results demonstrate
that precancerous keratinocytes can directly support neighboring HNSCC by activating EGFR.
Importantly, PI3K inhibitor sensitivity was not necessarily a cancer cell-intrinsic property, and the
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tumor microenvironment impacts therapeutic response and supports CSCs. Additionally, combined
inhibition of EGFR with PI3K inhibitor diminished EGFR activation induced by PI3K inhibitor
and potently inhibited cancer cell proliferation and CSC maintenance.
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PI3K; EGFR; HNSCC; Cancer stem cell; resistance; squamous cell carcinoma

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer

type, accounting for over 890,000 new cases and approximately 450,000 deaths each

year worldwidel. The sensitive anatomy of the head and neck is important for speech,
taste, smell, breathing, swallowing, chewing, etc. meaning that surgery/irradiation of the
head and neck region to treat cancer often produces serious quality of life concerns in
addition to the morbidity caused by the tumor itself. Intertwined with this already sensitive
anatomy is a “cancerized field” of mucosa surrounding the carcinoma, often induced by
tobacco or alcohol consumption2-2. Precancerous cells may eventually form tumors and
persist as an HNSCC-adjacent field after establishment of a tumor, however, the cancerized
field is often grossly undetectable®. Importantly, the cancerized field can drive relapse

and secondary tumor formation after primary tumor removal®4. The significant morbidity
associated with HNSCC demands evaluation of innovative therapeutic options. As such,
defining targetable mechanisms by which the cancerized field drives tumor cell progression
is critical to decreasing relapse, augmenting surgery success rate, and preventing potential
tumor emergence in high-risk patients.

Mutations/amplifications within components of the phosphoinositide-3-kinase (PI3K)
signaling pathway are present in >40% of HNSCC tumors, making the PI3K pathway

the most frequently activated oncogenic signaling pathway in HNSCC’-10, Additionally,
another >25% of tumors harbor amplification of EGFR, FGFR1, ERBB2 or IGF1R receptor
tyrosine kinases??, all of which lead to activation of PI3K. Thus, development of PI13K
inhibitors and their investigation in clinical trials are being intensely pursued in HNSCC

as well as other cancer types. While some clinical trials suggest that tumors with PI3K
genomic alterations may preferentially benefit from PI3K targeted therapeutics, others
demonstrate effectiveness in both PI3K wild type and PI3K mutated subsets1-13, For
example, a recent clinical trial adding PI3K inhibitor to paclitaxel treatment improved
progression free survival in recurrent HNSCC patients regardless of PI3K pathway mutation
status in tumors 11, In HNSCC patient-derived xenografts and cell lines, tumors with
activating PIK3CA alterations demonstrated favorable response to PI3K inhibitors’-14,
however PIK3CA alterations have not been a ubiquitous biomarker of response, since

many oncogenic activities induce PI3K without mutation of core PI3K components!®16,
Determining the biological and signaling consequences of PI3K inhibitors is therefore
critical to guiding future trials and optimizing therapeutic combinations while biomarkers
predicting patients who may benefit from PI3K inhibitors are established.
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Cancer stem cells (CSC) are a critical therapeutic target due to their ability to resist
treatment and repopulate tumor heterogeneityl?:18. For this reason, identifying pathways
driving their survival and growth is imperative. One promising CSC driver is the PI3K
signaling pathway, which is highly active in most HNSCCs. Notably, PI3K induces SCCs
when activated in stem cells and contributes to HNSCC CSC maintenance’-1920, |n addition
to promoting tumor cell proliferation and survival, PI3K signaling has also been shown to
activate CSC properties, however, recent studies report mixed sensitivities of CSCs to PI3K
inhibition20-21, Consequently, determining the tumor-specific factors, such as the tumor
microenvironment (TME), that augment or inhibit PI3K inhibitor efficacy is critical to
maximizing the potential of using this candidate treatment strategy.

In this study, we investigated potential ways in which preneoplastic keratinocytes affect
neighboring HNSCC using immortalized oral keratinocytes (NOK cells) as a model of

the HNSCC-adjacent field. We chose NOK cells as our model of the precancerous field
since they harbor two common genetic alterations in HNSCC and preneoplastic mucosa,
mutant 7P53and CDKNZ2A promoter methylation, but do not form tumors22:23, We report
pro-tumor effects such as increased proliferation, resistance to PI3K inhibition, and CSC-
like properties when HNSCC cells are co-cultured with preneoplastic keratinocytes. Using
a proteomics approach, we identified soluble factors secreted by our model of preneoplastic
mucosa responsible for these effects. Furthermore, we report the dependence of these effects
on epidermal growth factor receptor (EGFR) ligands, which can be targeted using an EGFR
inhibitor. Our study provides novel insights toward characterizing the contributions of the
cancerized field to HNSCC progression and offers proof-of-principle for leveraging this
component of the TME to improve precision medicine and better understand how the TME
contributes to PI3K inhibitor insensitivity and CSC maintenance.

MATERIALS & METHODS

Reagents-

All cell culture reagents (including media and sera) were obtained from Gibco

unless otherwise noted. BKM120, Erlotinib, and AZD4547 were purchased from
MedChemExpress and resuspended in DMSO to a stock concentration of 10 mM. BKM120
was used at a final concentration of 1 pM. Erlotinib and AZD547 were used at a

final concentration of 0.5 uM. IncuCyte NucLight red lentivirus was purchased from

Essen Biosciences. SMARTpool ON-TARGETplus siRNA pools (of four different sSiRNA
duplexes) were purchased from Dharmacon (Negative control, non-targeting: D-001810-
10-05; Sox2 targeted: L-011778-00-0005). Antibodies are listed in Table 1.

Cell culture-

CAL27 cells were purchased from American Type Culture Collection. UMSCC1 cells were
provided previously?4. NOKSI cells, herein referred to as “NOK cells”, were provided

as a gift by Dr. Gutkind (University of California, San Diego). Cell line identities

were confirmed by STR profiling (The Centre for Applied Genomics, The Hospital

for Sick Children, Toronto) and cross-referenced to published STR profiles?2:25, Al

culture reagents were obtained from Gibco unless otherwise noted. CAL27 and UMSCC1
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were routinely maintained in DMEM containing 10% fetal bovine serum (FBS) and 1x
primocin (antibiotic; Invivogen). NOK cells were routinely maintained in Keratinocyte SFM
supplemented with 2 ng/mL EGF. CAL27 and UMSCC1 were infected with IncuCyte
NucLight red lentivirus (Sartorius) using 8 ug/mL polybrene to aid virus transduction. Stable
expression of nuclear red expressing cells was selected with 10 ug/mL bleomycin sulfate and
verified by fluorescent microscopy.

All experiments were performed in “low serum media”: DMEM containing 1% charcoal
stripped FBS and 1x primocin, to minimize FBS growth factor effects. B27 supplement

was added (at a final 1x concentration) in tumorsphere assays. In co-culture experiments,
1,000 of each cell type were seeded to 96 well plates in low serum media and allowed

to adhere overnight before inhibitors were added and cell number monitored by IncuCyte
Zoom live cell imaging at the University of Colorado Cell Technologies Shared Resource.
In conditioned media treatment experiments, fully confluent plates of NOK cells were
washed twice with PBS and incubated in low serum media overnight. The serum-starved
NOK cells were treated with fresh low serum media containing 2 yM BKM120 or DMSO
for 24 hr, media then harvested and filtered through a 0.45 micron PES filter. Parallel

plates without cells were treated identically to generate unconditioned control media.
NOK-conditioned and unconditioned media were applied to recipient HNSCC cultures in
low serum media such that donor media was half the volume of the culture (and drug
concentrations cut in half). In tumorsphere formation assays, 200 cells were seeded in
ultra-low attachment 96 well plates (Corning), treated as indicated, and cultured 10-14 days
to allow tumorsphere formation. Whole well images were captured using IncuCyte Zoom
instrument and tumorspheres larger than 50 microns were counted in each well and averaged
across replicates.

SOMAscan 1.3k proteomic analysis-

SRB assay-

One million CAL27 or NOK cells were seeded to wells of 6 well plates in complete
media and allowed to adhere overnight. The next day the cells were washed with PBS
then incubated overnight in serum-free DMEM followed by 24 hr incubation in serum
free DMEM containing 1 uyM BKM120 or DMSO. Conditioned media were harvested
and submitted for SOMAscan 1.3k analysis at the University of Colorado Genomics and
Microarray Shared Resource. The raw data were normalized to account for hybridization
variation and standard quality control procedures for internal controls and samples was
performed using the standard SomaLogic platform and criteria to scale and filter the data.
The hybridization normalized relative fluorescent units (RFU) for each analyte and each
sample are presented graphically and by spreadsheet.

To assess relative cell abundance, one 96 well plate of cancer cells was fixed on day 0

and another plate was treated as described and incubated 3 days before cells were fixed
with 10% TCA for 30 min at 4°C, then washed five times with water and dried. Relative
protein per well in fixed, dried plates was assessed by SRB Assay: 100 uL 0.4% SRB
diluted in 1% acetic acid was applied to each well for 1 hr before being washed five times
with 1% acetic acid to remove unbound dye then plates were dried. Wells of stained plates
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(including no cell blank controls) were resuspended with 100 pL 10 mM Tris, shaken for 1
min on an orbital plate shaker, and the absorbance of each well measured at 560 nM using
a plate reading spectrophotometer. The day 3 absorbance values were normalized to the
pretreatment day 0 absorbance values to determine relative cell abundance.

SOX2 activity and CD44 expression assays-

SORE6-mCMVp-dsCopGFP (“SORE6-GFP”) is a vector that has six replicates of the
SOX2/0CT4 response element of the MANOG promoter upstream of a destabilized copGFP
reporter to permit interrogation of SOX2 and/or OCT4 transcriptional activity by GFP
expression28. Lentivirus was generated by co-transfecting HEK293T with 3.6 pg SORE6-
GFP plasmid, 2.7 ug pA8.9 (encoding Gagand Pol) and 1.7 ug pVSVG envelope using

the calcium phosphate method. Transfected packaging cell were provided fresh media 24 hr
post-transfection and virus containing supernatants were collected 48 hr post-transfection.
1.5 mL of virus-containing supernatant was mixed with 0.5 mL UMSCC1 or CAL27

cells and 8 pg/mL polybrene in 6 well plates. Transduced cells were selected with

1 ug/mL puromycin. Expression of the inducible GFP reporter was validated by flow
cytometry detection of GFP after transfection with non-targeting control or SOX2-targeted
siRNA. siRNA SMARTpools (Dharmacon) were transfected into CAL27-SORE6-GFP

or UMSCC1-SORE6-GFP cells at a final concentration of 25 nM using Lipofectamine
RNAIMAX (Invitrogen) at a ratio of 1.2 uL Lipofectamine RNAIMAX per 1.0 uL 20 uM
stock siRNA. Three days post-transfection cells were lysed to validate SOX2 knockdown by
western blot or dissociated into single cells for flow cytometry analysis.

For flow cytometry detection of CD44M9" or SOX2 reporter activity, 200,000 CAL27 or
UMSCCI1 cells (or CAL27-SORE6-GFP or UMSCC1-SORE6-GFP) were seeded in ultra-
low attachment 6 well plates, a density at which all cultures form tumorspheres in three
days. Tumorspheres were dissociated in Accutase cell dissociation reagent (Thermo Fisher).
For CD44 detection, cells were then stained with CD44-APC antibody diluted in flow
cytometry buffer (FCB; PBS containing 2% BSA) for 30 minutes at 4 degrees. For detecting
SOX2 reporter activity, tumorspheres were dissociated and washed with FCB followed by
flow cytometry analysis to detect the GFP reporter. Flow cytometry was performed using a
Gallios Flow Cytometer (Beckman Coulter) and Kaluzu analysis software at the University
of Colorado Flow Cytometry Core Facility.

Immunoblot analysis-

Cell monolayers were washed with PBS, lysed with RIPA lysis buffer (Cell Signaling
Technologies) containing Complete Protease Inhibitor Cocktail (Roche), scraped using a
plastic cell lifter and transferred to microfuge tubes. Whole cell lysates were clarified

by centrifugation at maximum speed at 4°C for 10 min. Clarified lysates were collected

to new tubes and insoluble pellets discarded. Protein concentrations of individual lysates
were determined by BCA assay (Pierce) and lysate protein concentrations were normalized
with lysis buffer and diluted with 4xNuPAGE LDS sample buffer (Invitrogen) containing
5% 2-mercaptoethanol. Equal quantities of protein per lane were resolved using NUPAGE
Bis-Tris protein gels (Invitrogen) and transferred to Nitrocellulose (BioRad) in Tris-Glycine-
Methanol transfer buffer. Membranes were blocked in 5% non-fat dry milk reconstituted
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in TBST and then incubated overnight with primary antibodies detailed in Table 1 diluted
in TBST containing 5% BSA. Primary antibodies were detected with species-specific HRP-
conjugated secondary antibodies (Cell Signaling Technologies) and then developed with
enhanced chemiluminescence substrate (Pierce) and X-ray film.

Statistical analysis-

RESULTS

Statistics were performed using Graphpad Prism software and the statistical test used

is detailed in each figure legend. Repeated measure ANOVA with Tukey’s multiple
comparison test was utilized to analyze repeated measures, one way ANOVA with
Tukey’s multiple comparison test was used to analyze one variable experiments, and two-
way ANOVA with Tukey’s multiple comparison tests was used to analyze two variable
experiments.

Precancerous keratinocytes decrease neighboring HNSCC PI3K inhibitor sensitivity while
increasing features of HNSCC cancer stem cells

To model HNSCC adjacent to a precancerous field, we utilized two human oral cancer

cell lines, CAL27 and UMSCC1, and a precancerous keratinocyte cell line, NOK. NOK
cells harbor 7P53 mutation and CDKN2A methylation?2, two frequent events in HNSCC
progression and preneoplasiaZ, but do not form tumors, justifying their use as a model

of precancerous keratinocytes. We labeled the two HNSCC cell lines with a nuclear red
reporter so the number of nuclear red HNSCC cells could be quantified over time using
IncuCyte Zoom live cell imaging system independent of co-cultured cells. In low serum
media, the nuclear red HNSCC cells proliferated for 4872 hours before declining in
abundance (Fig. 1A-B). When co-cultured with NOK cells, CAL27 and UMSCC1 cells
proliferated more robustly than when co-cultured with unlabeled CAL27 or UMSCCL cells,
respectively (Fig. 1A-B, open triangle vs open square). Co-cultures were treated with pan-
class I PI3K inhibitor BKM120 or DMSO to determine whether precancerous keratinocytes
influence HNSCC PI3K inhibitor sensitivity. Treatment with BKM120, reduced proliferation
rates of both CAL27 and UMSCC1 cells (Fig. 1A-B, closed triangle). However, when
co-cultured with NOK cells, both HNSCC cell lines demonstrated enhanced survival and
reduced BKM120 sensitivity (Fig 1A-B, closed squares). To determine whether soluble
factors from NOK cells mediate these effects, we harvested the conditioned media of NOK
cells treated with DMSO or BKM120 using unconditioned DMSO- or BKM120-containing
media as controls. Similar to co-culture, CAL27 and UMSCC1 cells were both sensitive

to BKM120 in unconditioned media, but not BKM120 in NOK conditioned media (Fig.
1C-D). Importantly, recipient CAL27 and UMSCCL1 cells both demonstrated identical levels
of reduced P-Akt when treated with BKM120 from unconditioned media or from NOK
conditioned media suggesting BKM120 is still active in cells treated with NOK conditioned
media (Fig. 1E).

Because tumor aggressiveness and therapy resistance are associated with cancer stem cell-
like features, we next determined how NOK cells influenced markers of CSCs. Self-renewal
associated with tumorsphere formation is one assay for CSCs. CAL27 cells are unable
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to form tumorspheres in unconditioned media, but readily formed spheres when treated
with the conditioned media of NOK cells. Interestingly, CAL27 cells form tumorspheres
even when treated with conditioned media of BKM120 treated NOK cells (Fig. 2A-B).
Similarly, UMSCC1 tumorsphere formation was increased 3-fold by NOK conditioned
media compared to unconditioned media and tumorspheres formed in the presence of
conditioned media from BKM120 treated NOK cells, albeit at a reduced rate and size
compared to DMSO (Fig. 2A-B). Several cell surface markers have been associated with
CSCs. One such marker, CD44N9M expression?, was increased in HNSCC tumorspheres
resulting from NOK conditioned media treatment (Fig. 2C). HNSCC CSCs are also
associated with increased ALDH and SOX2 activity. While we did not observe an increase
in ALDH activity as measured by aldefluor assay (data not shown), the media conditioned
by NOK cells increased SOX2 activity in recipient HNSCC as measured by a SOX2-
response element GFP reporter (Fig. 2D). siRNA-mediated knockdown of SOX2 reduced
basal and NOK conditioned media-induced Sox2 reporter activity (Supp. Fig. S1) suggesting
this reporter is in fact responding to SOX2 activity. Thus, soluble factors from NOK cells
can also mediate SOX2-dependent CSC properties in recipient CAL27 and UMSCCL cells.

The CSC promoting activity of conditioned media from NOK cells treated with BKM120
was surprising given the role of PI3K signaling in maintaining CSC traits20-27. Thus, we
wanted to determine if the media conditioned by NOK cells in the presence of BKM120

has different activity than NOK conditioned media later “spiked” with BKM120. Indeed,
only the media conditioned by NOK cells cultured with BKM120 could induce tumorsphere
formation in recipient HNSCC cells, while media conditioned by NOK cells that had
BKM120 added after conditioning failed to induce tumorsphere formation (Supp. Fig. S2).
Thus, the ability of NOK cells to convey PI3K inhibitor resistance and CSC traits to HNSCC
is a result of the NOK cell response to PI3K inhibitor and release of factors into the media.

NOK cells release elevated levels of FGFR and EGFR family ligands

To determine which soluble factors from NOK cells are mediating CSC properties and PI3K
inhibitor insensitivity in recipient HNSCC cells, we harvested the conditioned media of
NOK cells treated with DMSO or BKM120 and analyzed >1,300 analytes using SOMAscan
targeted proteomics platform. The conditioned media of CAL27 cells treated with DMSO
or BKM120 was used as a control. The relative levels of all 1,300 analytes in each sample
are presented in supplementary table 1, and striking changes included receptor tyrosine
kinase ligands. Of the 17 FGFR ligands in the panel, 16 were higher in NOK cells than
CAL27 cells and were increased in BKM120-treated samples compared to DMSO (Fig. 3A;
supplementary table 1). The only ligand that did not follow this pattern was FGF1 (Fig. 3A).
All six EGFR family ligands in the panel were more highly released by NOK than CAL27
and increased by BKM120 treatment (Fig. 3B). ELISA for FGF2 confirmed that this FGFR
ligand is most highly released by NOK (compared to CAL27 or UMSCC1) and is increased
by BKM120 treatment (Fig. 3C). Levels of ligands for PDGFR and VEGFR family RTKs
did not follow these trends (Fig. 3D-E), suggesting ligands of FGFR and/or EGFR may play
a functional role in the activities conferred by NOK conditioned media on recipient HNSCC
cells.
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Inhibition of EGFR, but not FGFR, blunts PI3K inhibitor insensitivity and CSC properties
conferred to HNSCC cells by NOK cells

Because multiple EGFR family ligands activate four different EGFR family receptors, FGFR
family ligands activate four different FGFR family receptors, and multiple ligands were
released by NOK cells, we used erlotinib to inhibit EGFR28 and AZD4547 to inhibit
FGFR1-32°. The induction of CD44M9" by NOK conditioned media was abolished by
erlotinib in both recipient cell lines while a modest effect of AZD4547 on CD44high

was observed in UMSCC1, but not CAL27 (Fig. 4A). The induction of SOX2 reporter
activity by NOK conditioned media in recipient CAL27 and UMSCC1 was decreased by
erlotinib, but not AZD4547 (Fig. 4B). Erlotinib, and to a lesser extent AZD4547, blunted
the BKM120 insensitivity conferred to CAL27 and UMSCCL by co-culture with NOK cells
(Fig. 5A) or application of NOK conditioned media to recipient HNSCC cells (Fig. 5B).
The tumorsphere formation activity conferred to recipient CAL27 or UMSCCL1 cells by
NOK conditioned media was abolished by erlotinib while AZD4547 had relatively little
effect (Fig. 5C-D). Together, these results suggest that NOK mediated activation of CSC
phenotypes and PI3K inhibitor insensitivity is mediated by EGFR.

DISCUSSION

HNSCC is comprised of diverse microenvironmental elements such as CAFs, extracellular
matrix, immune cells, and other supporting cells that contribute to cancer proliferation,
invasion, and metastasis?-39. Importantly, all these elements are present and are co-treated
with systemic anti-cancer treatments (such as pharmaceuticals) and localized treatments
(such as radiation therapy). Tobacco consumption is a major risk factor for HNSCC, as

its daily use and constant mutational insults induce a “cancerized field” of preneoplastic
keratinocytes!:3. The cancerized field and histologically normal epithelium are increasingly
being recognized as active contributors to HNSCC metastasis and therapy resistance31:32,
Here, we used an /n vitro co-culture model of the cancerized field and show its EGFR-
dependent pro-tumorigenic role in (i) increasing proliferation and survival of neighboring
HNSCC cells, (ii) blunting HNSCC therapeutic response to PI3K inhibitor, and (iii)
increasing HNSCC cancer stem cell properties.

The EGFR inhibitor cetuximab is FDA approved to treat HNSCC, however many patients
are refractory to anti-EGFR treatment alone or develop drug resistance33-3%, Consequently,
several preclinical studies and clinical trials have proposed combining EGFR inhibitors
with PI3K inhibitors for superior anti-cancer activity. These studies show similar results
to ours, but with different mechanistic explanations. Preclinical models have demonstrated
upregulation of PI3K/Akt signaling in cetuximab resistant HNSCC cells and synergistic
anti-cancer activity when combining cetuximab with PI3K/Akt inhibitors in mice and cell
lines36:37, Similarly, loss of the PTEN tumor suppressor gene or mutation/amplification

of PIK3CA, both of which lead to activated PI3K signaling, is associated with cetuximab
resistance in vitroand in vivo33:35:38:39 HNSCC patients who progressed on cetuximab
therapy benefitted from BKM120 + cetuximab treatment in a phase | clinical trial4C,
although another clinical trial found no clinical benefit when using a similar treatment
strategy*L. Our results demonstrate that PI3K inhibition induces upregulation of EGFR
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(and FGFR) ligands in both preneoplastic and HNSCC cells. As such, there are at least
two benefits to therapeutically targeting both EGFR and PI3K. Firstly, to counter EGFR
activation induced by PI3K inhibitor as demonstrated in this study and secondly, to
combat resistance to EGFR inhibitor mediated by PI3K activation as discussed in other
studies mentioned above. It is important to note that while our results demonstrate that
the cancerized field induces EGFR-dependent effects in the HNSCC cell lines used, it

is possible that FGFR-amplified HNSCC may respond to FGFR ligands released from
precancerous keratinocytes. Additionally, our results suggest a novel feedback mechanism
of RTK activation, via ligands, which has been previously observed through FOXO-induced
transcription of RTK genes in PI3K inhibitor treated cells*243. Thus, the benefit of this
combination therapy has multiple, non-redundant mechanistic explanations.

Our study provides proof of principle that studying factors released by the cancerized field
may provide insight to how tumors acquire resistance to targeted drugs, such as PI3K
inhibitors. Although these findings present a novel function of the cancerized field, they
bear resemblance to other studies on microenvironmental factors affecting cancer cells.

For example, senescent cells are known to develop secretory activities that change the

TME to favor tumorigenesis and confer resistance to therapy#44>. While preneoplastic
keratinocytes are not necessarily senescent, repeated chemical or radiation-induced insult
can initiate growth arrest or senescence in the cancerized field and may alter their secretory
phenotype. In addition to the growth factors that the precancerous field can release as

shown in the present study, other studies have shown that precancerous cells can secrete
immunosuppressive cytokines and vasculogenic factors in models of cervical cancer and
lymphoma respectively*6:47. For HNSCC specifically, premalignant oral lesions can release
inflammatory cytokines that cause localized immune skewing which could be either pro-

or anti- tumorigenic#®49, Indeed, our proteomics results identified several quantitative
differences in cytokines and chemokines in the conditioned media comparing preneoplastic
keratinocytes and HNSCC cells and their responsiveness to PI3K inhibition but were outside
the scope of this cell culture model. However, further exploration of the secretory phenotype
of the preneoplastic field could improve therapeutic success using known agents while

also leading to the development of new preventive treatments. For example, modeling the
cancerized field /n vivoto determine its influence on cytokines and immune cells within

the TME may shed critical insight on HNSCC progression, relapse and response to immune-
targeted therapies.

The significance of studying the cancerized field and response to PI3K inhibition is
further underscored by recent successes of immune checkpoint blockade in reversing T-cell
exhaustion in multiple cancers, including HNSCC, and the critical role of PI13K signaling
in immune cells®®-54, Importantly, PI3K signaling plays a key role in modulating both

the adaptive and innate immune system with two catalytic subunits, PI3Ky and P13KS,
being especially important in controlling leukocyte function and representing promising
therapeutic targets due to their high expression in immune cells®*. For example, inhibition
of PI3K& in animal models of lung cancer, breast cancer, and melanoma has been shown
to induce tumor regression by enhancing cytotoxic T cell function and dampening the
immunosuppressive activity of regulatory T cells®®. Similarly, PI3Ky has been reported
to promote myeloid cell-mediated angiogenesis and immunosuppression in both breast
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cancer and HNSSC animal models®657. Other ways the PI3K signaling pathway regulates
the immune system include controlling levels of immune checkpoint ligands, such as
PD-L1, and inducing MHC class | and class 11 expression, which may translate to

increased antigen recognition and superior activity when a PI3K inhibitor is combined

with immunotherapies®829. In this regard, identifying targetable mechanisms of resistance
and survival mediated by the cancerized field, such as through PI13K inhibition, would
guide logical, effective treatment strategies. Furthermore, characterizing distinct genetic and
secretory signatures of the cancerized field may be a powerful predictive biomarker for
treatment or prevention of HNSCC.

Considering recent reports linking PI3K activation and cancer stem cell (CSC)
properties?0-21 we hypothesized that the cancerized field may also influence CSC activity.
Indeed, our data shows that factors secreted by NOK cells support a more CSC-like
phenotype in recipient cancer cells. Interestingly, our tumorsphere data suggests that PI3K
inhibition alone is not enough to reduce the stemness of cancer cells nourished with factors
secreted by NOK cells; instead, these results are dependent upon the conditioning of NOK
cells in the presence of PI3K inhibitor as media conditioned by NOK cells that had PI3K
inhibitor added in afterwards fully blunted tumorsphere formation. Such secreted factors
may explain the paradox in PI3K supporting CSC initiation in studies discussed above

and PI3K inhibitors’ inability to reduce CSC phenotypes in our model?L. It is important

to highlight that in the clinical settings, tumor and the adjacent precancerous field are
treated simultaneously (in the context of systemic small molecule inhibitors). Similar to
how kinase inhibitors can activate a therapy-induced secretome in tumor cells that promotes
tumor growth and drug resistance89 our data shows that treatment of NOK cells with

PI3K inhibitor induces changes in their secretome that are crucial for providing pro-tumor
functions such as conferring stemness. Given the common association of the cancerized
field with relapse following surgery?4®, our data provide an additional mechanism by
which tumor cells may survive, proliferate, and recapitulate tumor heterogeneity. Although
we focus on EGFR and FGFR ligands in this study, it is likely that the secreted signals
from precancerous cells following PI3K inhibition involves a complex network of signals
that warrants more comprehensive analysis. Studying additional factors released by the
precancerous field that influence adjacent HNSCC, especially those that arise in response
to kinase inhibitors commonly used in the clinic, is therefore crucial to understanding
mechanisms of tumor relapse and drug resistance. Moreover, other precancer cell cultures
derived from human preneoplastic lesions exist as models of the precancerous field23. While
these cell cultures share genetic alterations similar to NOK cells, such as loss of CDKNZA/
p16/"k4A and mutations in 7253/p53, a thorough comparison of the effects these lines have
on HNSCC cells and generation of /n vivo models would allow for greater confidence in
conclusions drawn from /n vitro models of field cancerization.

While the preneoplastic field is known to contribute to relapse by undergoing malignant
transformation, the signaling events occurring between the cancerized field, tumor,
microenvironment, and their consequences is a topic of active research. Our data provide
evidence that factors secreted by the cancerized field stimulates proliferation of neighboring
HNSCC, increases resistance to PI3K inhibition, and enhances their cancer stem cell traits.
In this regard, the cancerized field serves not only as a potential source of primary tumor
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formation; rather, the cancerized field also plays an active role in the TME by supporting
neighboring HNSCC and influencing therapy responsiveness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ANOVA Analysis of variance

APC Allophycocyanin

BSA Bovine serum albumin

CsC Cancer stem cell

DMEM Dulbecco’s modified eagle media
DM SO Dimethyl sulfoxide

EGFR Epidermal growth factor receptor
FBS Fetal bovine serum

FCB Flow cytometry buffer

FGFR Fibroblast growth factor receptor
GFP Green fluorescent protein
HNSCC Head and neck squamous cell carcinoma
PBS Phosphate buffered saline

PES Polyethersulfone

PI13K Phosphoinositide 3-kinase
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SOREG6 SOX2/0OCT4 response element (six concatenated repeats)
SRB Sulforhodamine B
TBS Tris buffered saline
TBST Tris buffered saline containing 0.1% Tween-20
TME Tumor microenvironment
RIPA Radio Immunoprecipitation Assay
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Figure 1: NOK cellsincrease the proliferation and survival of PI3K inhibitor-treated HNSCC
cells.

A) Nuclear red labelled CAL27 cells were co-cultured with an equal number of unlabeled
CAL27 or unlabeled NOK cells in low serum media and treated with DMSO or 1 mM
BKM120. The # of nuclear red CAL27 cells was monitored by IncuCyte real time imaging.
B) Same as panel A, but utilizing nuclear red labeled UMSCC1 cells. ***: p<0.001; ****:
p<0.0001 by repeated measures ANOVA with Tukey’s multiple comparison test. C-D)

The low serum media conditioned by NOK cells treated with DMSO or 2 mM BKM120
(NOK CM) was harvested and applied to an equal volume of recipient CAL27 cells (C)

or UMSCCL1 cells (D). Unconditioned low serum media (Uncond) containing DMSO or
BKM120 was used as a control. Relative abundance of recipient cells was quantified after
three days of culture using SRB assay, normalized to the DMSO-containing unconditioned
media treatment. ***: p<0.001; ****: p<0.0001 by one way ANOVA with Tukey’s multiple
comparison test. E) Recipient CAL27 or UMSC1 cells treated as described in panels C-D
were lysed after three days treatment. Lysates were subjected to immunoblot analysis using
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the indicated antibodies. Each experiment was repeated 2 or more times with similar results
and one representative experiment is presented.
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Figure 2: Factorsreleased by NOK cellsincrease cancer stem cell traitsin recipient HNSCC
cells.

A-B) The low serum media conditioned by NOK cells treated with DMSO or 2 mM
BKM120 (NOK CM) was harvested and applied to 200 recipient CAL27 or UMSCC1
seeded in ultralow attachment plates. The number of tumorspheres > 50 um per well was
counted on day 10 (A) and representative images are presented (B). Unconditioned low
serum media (Uncond) containing DMSO or 1 mM BKM120 was used as a control. ****;
p<0.0001 by one way ANOVA with Tukey’s multiple comparison test. C) Recipient CAL27
or UMSCL tumorspheres treated as described in panels A-B for three days were dissociated
into single cells, stained with anti-CD44 antibody, and analyzed by FACS to determine the
percentage of CD44M9" cells. D) Recipient CAL27-SORE6-GFP or UMSCC1-SORE6-GFP
were treated and harvested as described in panel C and evaluated for SORE6G-dependent
GFP expression. Each experiment was repeated 2 or more times with similar results and one
representative experiment is presented.
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_Figpbr_e_& NOK cells have elevated levels of FGFR and EGFR ligandsthat areincreased by PI3K
Inhibition.
NOK or CAL27 cells were serum starved 24 hr then treated another 24 hr with DMSO
or 1 mM BKM120. Conditioned media was harvested, clarified by centrifugation and the
relative abundance of >1,300 analytes determined by SOMAscan analysis. Representative
ligands for the following RTK families are presented: A) FGFR family; B) EGFR family;
C) PDGFR family; D) VEGFR family. ** p<0.01 (DMSO vs BKM120), 1 p<0.01 (NOK
vs CAL27) by two-way ANOVA with Tukey’s multiple comparison test. E) ELISA analysis
of FGF2 levels in serum free conditioned media harvested from NOK, CAL27 or UMSCC1

cells.
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Figure 4: The cancer stem cell traits conferred by NOK cellsto recipient HNSCC cellsisEGFR

dependent.

A) The low serum media conditioned by NOK cells (NOK CM) or unconditioned low serum
media (Uncond) was harvested and applied to recipient CAL27 or UMSCCL1 cells seeded

in ultralow attachment plates and supplemented with DMSO0, 0.5 mM Erlotonib (Erlot) or
0.5 mM AZD4547 (AZD). Tumorspheres were dissociated into single cells three days later,
stained with anti-CD44 antibody and analyzed by FACS to determine the percentage of
CD44Nigh cells. B) Recipient CAL27-SORE6-GFP or UMSCC1-SORE6-GFP were treated
and harvested as described in panel A and evaluated for SORE6-dependent GFP expression.
**: p<0.01; ***: p<0.001; ****: p<0.0001 by two-way ANOVA with Tukey’s multiple
comparison test. Each experiment was repeated 2 or more times with similar results and one
representative experiment is presented.
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Figure 5: BKM 120 insensitivity and tumor sphere promotion conferred by NOK cellsto HNSCC
cellsis EGFR-dependent.

A) Nuclear red labelled CAL27 or UMSCCL1 cells were co-cultured with an equal number
of unlabeled NOK cells in low serum media and treated with DMSO (D) or 1 mM

BKM120 (B) plus DMSO, 0.5 mM Erlotonib (Erlot) or 0.5 mM AZD4547 (AZD). The

# of nuclear red cells was monitored by IncuCyte real time imaging. ****: p<0.0001 by
repeated measures ANOVA with Tukey’s multiple comparison test. B) The low serum media
conditioned by NOK cells treated with DMSO or 2 mM BKM120 (NOK CM) or parallel
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unconditioned media (Uncond) was harvested. DMSO, 1 mM Erlotonib (Erlot) or 1 mM
AZD4547 was added to these media and applied to an equal volume of recipient CAL27

or UMSCCL cells, cutting drug concentrations in half. Relative abundance of recipient

cells was quantified after three days of culture using SRB assay, normalized to the DMSO-
containing unconditioned media treatment. *: p<0.05; ***: p<0.001; ****: p<0.0001 by
two-way ANOVA with Tukey’s multiple comparison test. C-D) 200 recipient CAL27 or
UMSCI1 cells treated as described in panels B, but in ultralow attachment plates with B27
supplement to assess tumor sphere formation. The number of tumorspheres per well is
quantified in panel C and representative pictures in panel D. Each experiment was repeated 2
or more times with similar results and one representative experiment is presented.
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Table 1:
Antibody List

Antigen Manufacturer | Catalog# Use | Dilution

Akt Cell Signaling | #4685 1B 1:1,000

P-Akt (Ser473) | Cell Signaling | #4060 1B 1:1,000

Sox2 Cell Signaling | #3679 1B 1:1,000
B-Tubulin Cell Signaling | #2128 1B 1:1,000
CD44-APC eBioscience 17-0441-82 | FC 1:40

Note: IB: immunaoblot; FC: Flow Cytometry
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