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Abstract: Activating alterations in PIK3CA, the gene coding for the catalytic subunit of
phosphoinositide-3-kinase (PI3K), are prevalent in head and neck squamous cell carcinoma (HNSCC)
and thought to be one of the main drivers of these tumors. However, early clinical trials on PI3K
inhibitors (PI3Ki) have been disappointing due to the limited durability of the activity of these drugs.
To investigate the resistance mechanisms to PI3Ki and attempt to overcome them, we conducted a
molecular-based study using both HNSCC cell lines and patient-derived xenografts (PDXs). We sought
to simulate and dissect the molecular pathways that come into play in PIK3CA-altered HNSCC treated
with isoform-specific PI3Ki (BYL719, GDC0032). In vitro assays of cell viability and protein expression
indicate that activation of the mTOR and cyclin D1 pathways is associated with resistance to PI3Ki.
Specifically, in BYL719-resistant cells, BYL719 treatment did not induce pS6 and pRB inhibition as
detected in BYL719-sensitive cells. By combining PI3Ki with either mammalian target of rapamycin
complex 1 (mTORC1) or cyclin D1 kinase (CDK) 4/6 specific inhibitors (RAD001 and abemaciclib,
respectively), we were able to overcome the acquired resistance. Furthermore, we found that PI3Ki
and CDK 4/6 inhibitors have a synergistic anti-tumor effect when combined in human papillomavirus
(HPV)-negative/PIK3CA-WT tumors. These findings provide a rationale for combining PI3Ki and
CDK 4/6 inhibitors to enhance anti-tumor efficacy in HNSCC patients.
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1. Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common malignancy
worldwide, affecting ~600,000 patients per year [1,2]. The curative treatment modalities for most
HNSCCs consist of surgery and/or radiation therapy (RT), while chemotherapy may be added in
advanced-stage cancers and recurrent disease [3]. Despite advances in basic and clinical research,
standard treatments for HNSCC including surgery, radiation, and chemotherapy have not significantly
altered patients’ overall survival, which remains stable at ~50% in recent decades [4]. Genetic alterations
associated with the deregulation of the cell-cycle-regulatory machinery are detected in nearly all cases
of HNSCC:s [5,6]. An example of these findings is the detection of aberrations within TP53, CDKN2A4,
PIK3CA, NOTCH, and HRAS oncogenes in a recent genetic analysis of HNSCC [5].

The phosphoinositide 3-kinase (PI3K) is essential for the regulation of cell cycle, proliferation,
survival, and metabolism. This pathway integrates many extracellular stimuli and triggers
the phosphorylation of key downstream effectors such as AKT and the mammalian target of
rapamycin complex 1 and 2 (mTORC1 and 2) [7,8]. Activation of PI3K results in increased
phosphatidylinositol-(3,4,5)-triphosphate (PIP3) at the plasma membrane, promoting the recruitment
of the pleckstrin homology domain-containing proteins Pyruvate dehydrogenase kinase (PDK) and
AKT, [9,10] where the constitutively active kinase PDK1 phosphorylates AKT at the activation loop
(T308) [11] and mTORC?2 in the hydrophobic motif (S473) [12]. Once active, AKT phosphorylates a
variety of anti-apoptotic and cell-cycle-related proteins as well as transcription factors [13]. In addition,
AKT activates downstream mTORC1 through the phosphorylation of the negative regulators TSC2
and PRAS40 [14-17].

Activating mutations in PIK3CA are prominent in HNSCC, occurring in 34-56% of cases [5].
PIK3CA encodes the o isoform of the p110 catalytic subunit of PI3K, and mutations or copy number
amplifications result in the hyperactivation of the PI3K/AKT/mTOR pathway [7]. These alterations are
also common in breast cancer, [18] prostate cancer [19], and colorectal cancer [20]. These mutations are
validated therapeutic targets, and selection for PIK3CA alterations leads to superior anti-tumor activity
of PI3K inhibitors (PI3Ki), resulting in tumor stabilization and, in some cases, regression [21].

Recent pre-clinical reports have suggested that acquired resistance to PI3K inhibition is a result of
the activation of alternative pathways such as upregulation of receptor tyrosine kinases that activate the
mTORC1 [22] and the Cyclin D1 kinase (CDK) complex (Figure 1) [23]. This study aims to investigate the
role of the CDK/RDb axis in conferring resistance to PI3Ki in HNSCC. Moreover, we investigated therapy
combinations with CDK 4/6 inhibitors to overcome PI3Ki resistance in vitro and in pre-clinical models.

2. Materials and Methods

2.1. Experimental Design and Setting

All in vitro and in vivo experiments were performed at the Center for Translational Research in
Head and Neck Cancer, Felsenstein Medical Research Center, Rabin Medical Center.

The experimental drugs used in this study are the PI3K inhibitors, BYL719 (alpelisib) and
GDCO0032 (taselisib); the mTOR inhibitor, RAD0O01 (everolimus); and the CDK 4/6 inhibitor,
abemaciclib (LY2835219).

All experimental drugs used in this study were provided by Dr. Maurizio Scaltriti from the
Human Oncology and Pathogenesis Program at Memorial Sloan-Kettering Cancer Center, New York,
NY, USA.

2.2. Cell Cultures

All cell lines were obtained from the ATCC. Cell lines were maintained in humidified incubators
at 37 °C in the appropriate cell culture media supplemented with 10% heat-inactivated fetal calf serum,
2 mM L-glutamine, penicillin (20 U/mL), and streptomycin (20 mg/mL).
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Figure 1. Graphical abstract depicting the mechanisms of inherent and acquired resistance to PI3K
inhibition at different vertical nodes along the PI3K/Akt/mTOR pathway. Activating mutations and copy
number amplifications in PIK3CA result in marked upregulation of PI3Ka signaling. Acquired resistance

develops via activation of the CDK 4/6—cyclin D1 complex that may be blocked simultaneously to
overcome this resistance. Alternatively, mTOR inhibition may synergize downstream with PI3K«
inhibition. Conversely, PIK3CA wild-type tumors are independent of PI3K« activity, which makes them
inherently resistant to PI3K« inhibition. Hence, combining additional inhibition along the pathway
may overcome this resistance and improve the efficacy of PI3K inhibitors.

2.3. Determination of PIK3CA Mutation and Copy Number Status

PIK3CA mutation and amplification status information for cell lines was obtained from the Cancer
Cell Line Encyclopedia (www.broadinstitute.org/ccle). Patient-derived xenografts were sequenced
using the MSK-IMPACT™ next-generation sequencing platform. Amplification was defined as greater
than or equal to four copies of the PIK3CA gene.

2.4. Western Blot

Cells lysates were subjected to sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to a nitrocellulose membrane and immunoblotted with the appropriate
primary antibodies as anti-phospho-activated and general PI3K, AKT, m-TOR, and other downstream
signaling candidates.

2.5. XTT Cell Proliferation Assay

Cells were seeded at 5 x 10 cells/well into 96-well plates to a final volume of 100 pL and allowed
to grow for the required periods of time with the appropriate treatments. Then, the activated XTT
reaction solution was added to each well for an additional 2—4 h incubation at 37 °C. Finally, the reaction
was measured at a wavelength of 450 nm against a background control by a microplate reader.
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2.6. Establishment of Tumor Xenografts

Patient-derived xenografts (PDXs) were established from HNSCC patients treated at the Ear,
Nose, and Throat Unit, Soroka Medical Center (SE20 and SE103) or Memorial Sloan-Kettering
Cancer Center (H22). All patients harbored SCC of the larynx and signed informed consent forms.
All PDXs were first transplanted s.c. into the flanks of 6-week-old NOD.Cg-Prkdc I12rg/Sz] (NSG)
or nude mice. Upon successful tumor engraftment, tumors were expanded and retransplanted into
immunodeficient mice for drug efficacy experiments. About 2 weeks after the second transplantation,
the mice were randomized into 4 groups of 6-8 mice per group. NSG mice were purchased from
The Jackson Laboratory.

2.7. In Vivo Studies

All animal experiments were carried out in compliance with the Israel council on animal care
regulations and were approved by the animal care committee of Rabin Medical Center. HNSCC cell
lines (2 x 10°) or PDXs of a tumor obtained from a treatment-naive patient with larynx squamous cell
carcinoma were implanted subcutaneously into the back-flank area of nude mice. Tumor volume was
measured using a digital caliper twice weekly during the entire treatments. Tumor growth curves
were calculated using the formula (length x width?)/2.

2.8. In Vitro Synergistic Anti-Tumor Effect

Cells were seeded in 96-well plates (3000 cells per well), treated with increasing concentrations
of the indicated drugs (0-10 pM BYL719, 0-2 uM GDCO0032, and 0-10 uM abemaciclib), and allowed
to proliferate for 4 days. Cells were then fixed and stained with crystal violet (1 g/L) for 30 min at
room temperature. Following rinsing, the bound crystal violet was dissolved out with 10% acetic acid,
and absorbance was measured at 570 nm (BioTek Epoch spectrophotometer). The proliferation of the
cells in the different treatment groups was presented as a percentage of control (DMSO-treated) cells,
and the percent of growth inhibition was calculated. Zero interaction potency (ZIP) Synergy scores
were calculated using SynergyFinder 2.0 (https://doi.org/10.1093/nar/gkaa216).

2.9. Tumor Ex Vivo Analysis (TEVA)

Tumor ex vivo analysis (TEVA) was performed when the volume of PDXs (SE20 and SE103)
reached ~500 mm?3. The PDXs were excised out aseptically from mice and cut into 2 X 2 x 2 mm? tissue
explants. The 2 X 2 x 2 mm?> explants were then incubated with different therapeutic drugs for 24 h in
48 well tissue culture plates at 37 °C, 95% relative humidity, and 5% CO, incubator at sterile conditions
with suitable control [24]. The 2 X 2 x 2 mm? explants incubated only in culture media without any
drug served as control. Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) containing 20% FBS
(Gibco), 1 mM sodium pyruvate (Biological Industries), 2 mM L-glutamine (Biological Industries),
1% penicillin—streptomycin-amphotericin (Biological Industries), 0.1 mM MEM non-essential amino
acids (Biological Industries), 10 mM HEPES (Biological Industries), 1% BIO-MYC (Biological Industries)
and 50 ug/mL gentamycin (Gibco) were used as culture media. Drug concentrations of BYL719 (2 uM),
GDC0032 (500 nM), abemaciclib (1 uM) were used for the study as therapeutic agents. For calculating
the TEVA score, K167, TUNEL, and pS6 was assessed as previously described [24].

The antibodies for the TEVA were KI67 (1:250, Vector laboratories, cat no-VP K451), TUNEL assay
was done according to manufacturer protocol (TREVIGEN, cat no-4815-30-K), and pS6 cell signaling
protein (Ser240/244) (D68FES8) XP® rabbit mAb #5364.

2.10. Statistical Analysis

SPSS version 23 software (Armonk, NY, USA) and Graphpad Prism version 6.0 (La Jolla, CA,
USA) were used to analyze and plot the data. Data were presented as mean + standard error (SE).
Differences between two groups were analyzed using the independent t-test, whereas the analysis of
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variance (ANOVA) test was used to compare multiple groups. The Bonferroni method of correction
was applied for multiple comparisons.

3. Results

3.1. Sustained Rb Phosphorylation Is Associated with Resistance to PI3K Inhibition

We initially tested seven different HNSCC and esophageal SCC cell lines in vitro for sensitivity
to the alpha-specific PI3Ki BYL719 (Figure 2a). As predicted, enhanced sensitivity was noted in cell
lines with PIK3CA mutations or amplifications. In order to explore the durability of response to PI3K
inhibition, we selected the Cal33 cell line, which harbors an activating PIK3CA mutation (H1047R).
By prolonged exposure to low doses of BYL719, we created a BYL719-resistant cell line (Cal33-R).
We then compared cell viability between Cal33, Cal33-R, and FaDu, a PIK3CA-amplified cell line,
when exposed to increasing concentrations of BYL719. These experiments confirmed that Cal33-R is
resistant to BYL719, with a drug sensitivity comparable to PIK3CA-WT cells (Figure 2b).

Next, we studied the activity of BYL719 in perturbing the PI3K signaling pathway and the
phosphorylation of Rb. While the inhibition of phosphorylation of Akt was similar in both Cal33 and
Cal33-R treated with BYL719, phosphorylation of S6 and Rb, the main readout of mTORC1 and CDK
inhibition, was sustained in the presence of BYL719 in Cal33-R (Figure 2c).

We then tested whether the resistance phenotype of Cal33-R was maintained in vivo. Tumors
from Cal33 and Cal33-R cells were engrafted in mice and treated with either 50 mg/kg/day BYL719
or vehicle for 27 days. Similar to the in vitro results, the Cal33-R xenografts were resistant to PI3Ki,
while Cal33 tumors showed durable growth inhibition (Figure 2d).
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Figure 2. Mechanism of acquired resistance to phosphoionositide 3 kinase (PI3K) inhibition (a) Cell
viability curves of different head and neck squamous cell carcinoma (HNSCC) and esophageal SCC cell
lines (PIK3CA mutated, amplified, and wild type) treated with BYL719. (b) Cell viability curves of
Cal33, FaDu, and Cal33-R cell lines treated with BYL719. (c) Signaling pathway protein expression
in Cal33, Cal33-R, and FaDu cell lines treated with BYL719. (d) Tumor growth curves of Cal33 and
Cal33-R cell line xenografts treated for 27 days with daily oral administration of either 50 mg/kg BYL719
or vehicle (n = 8). (* p < 0.05, ** p < 0.01).
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3.2. Blocking mTORCI1 or CDK 4/6 Overcomes Resistance to PI3Ki

In an attempt to overcome the acquired resistance to PI3Ki, we sought to exploit the resistance
mechanism demonstrated earlier by using the CDK 4/6 inhibitor, abemaciclib, and an mTORC1 inhibitor,
RADOO1. First, we conducted cell viability assays in Cal33, Cal33-R, and FaDu cell-lines in vitro using a
combination of BYL719 with either abemaciclib or RAD001 (Figure 3a). Both combinations significantly
decreased cell viability in Cal33-R compared to treatment with BYL719 only.

When looking at how these drug combinations affect the signaling pathway, we observed that,
when BYL719 is combined with abemaciclib, the phosphorylation of Rb is attenuated without affecting
the phosphorylation of S6 in Cal33-R, whereas BYL719 combined with RAD001 resulted in decreased
phosphorylation of S6 without affecting Rb phosphorylation (Figure 3b).

We then sought to correlate these findings in vivo using a patient-derived xenograft (PDX) model
of PIK3CA-mutated HNSCC, named H22, by testing the efficacy of therapy combinations of BYL719 or
GDC0032 with RAD001 or abemaciclib, respectively (Figure 3c,d). Both experiments demonstrated
tumor progression in mice treated with BYL719, GDC0032, RADO001, and abemaciclib. However,
combining PI3Ki with either mTORC1 or CDK 4/6 inhibitors achieved superior tumor growth control.
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Figure 3. Overcoming resistance to PI3Ki by blocking mammalian target of rapamycin complex 1
(mTORC1) or cyclin D1 kinase (CDK) 4/6. (a) Cell viability curves of Cal33, FaDu, and Cal33-R cell
lines, treated with either BYL719, abemaciclib, or RAD001 monotherapy or combination. (b) Signaling
pathway protein expression in Cal33 and Cal33-R cell lines, treated with either BYL719, RADO001,
and abemaciclib monotherapy or combination therapy. (c) Tumor growth curves of H22 patient-derived
xenografts treated for 30 days with daily oral administration of either 50 mg/kg BYL719, 0.5 mg/kg
RADO001, or a combination of both drugs (1 = 10). (d) Tumor growth curves of H22 patient-derived
xenografts treated for 25 days with daily oral administration of either 5 mg/kg GDC0032, 50 mg/kg
abemaciclib, or a combination of both drugs (n = 10). (* p < 0.05, ** p < 0.01).
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3.3. Combination Treatment with PI3K and CDK 4/6 Inhibitors Display a Synergistic Effect in
PIK3CA-WT Tumors

To further understand the dual inhibitory effect of PI3K and CDK 4/6, we tested whether
abemaciclib in combination with BYL719 is additive or synergistic in two PIK3CA-WT cell lines,
one pl6- UT-SCC60A and one pl6+ UM-SCC-47. Specifically, we performed a synergy test using
SynergyFinder 2.0 with the ZIP model [25], which enables scouring of all combined concentrations
simultaneously, which allows us to look at the overall landscape and gain a complete understanding
of the interaction between the drugs. The average ZIP synergy score showed that the combination
of BYL719 and abemaciclib has a synergistic effect in UT-SCC60A, as the synergy score was 14.123.
The synergy score in UM-SCC-47 was lower, 6.646 (Figure 4a). The synergy indicated by 3D surface
plots showing regions of average ZIP synergy scores alongside with dose-response matrix (Figure 4b).

Aiming to understand the molecular mechanism behind the observed synergistic phenotype,
we performed WB analysis following dual exposure to BYL719 and abemaciclib. We saw enhanced
inhibition of the PI3K/Akt/mTOR and Rb pathways, as indicated by pS6, pAKT, and pRB following
administration of the drug combinations in p16- UT-SCC60A and to a lesser extent in p16+ UM-SCC47
(Figure 4c).
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Figure 4. Combination treatment with PI3K and CDK 4/6 inhibitors display a synergistic effect in
PIK3CA-WT tumors. (a) Average ZIP synergy scores, calculated by SynergyFinder 2.0, of UT-SCC60A
and UM-SCC47 following treatment with a combination of abemaciclib and BYL719. (b) Dose-response
matrix and ZIP synergy score surface plots of UT-SCC60A following treatment with a combination of
BYL719 and abemaciclib. (c) Signaling pathway protein expression in UM-SCC47 and UT-SCC60A
following treatment with either BYL719 or abemaciclib monotherapy or combination therapy.

3.4. Combination of PI3K and CDK 4/6 Inhibitors Display Synergistic Effect in a PDX Ex Vivo Model

To reinforce our findings in additional pre-clinical models, we performed ex vivo efficacy studies
combining BYL719 or GDC0032 with abemaciclib using the tumor ex-vivo analysis (TEVA) [24]. Briefly,
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fragments of PDXs, exposed to drugs for 24 h, and tumor cells viability and signaling pathway
activation are measured by K167, TUNEL, and pS6. The tumor viability and pathway activation was
calculated for the ex vivo score as previously defined [24]. We used two human papilloma virus
negative (HPV—)/PIK3CA-WT PDXs, #20 and #103, to explore how the combination of GDC0032 or
BYL719 with abemaciclib will affect pathway inhibition and tumor viability. Specifically, we performed
IHC staining for KI67, TUNEL, and phosphorylation of S6. TEVA score analysis showed that the
combination has a superior anti-tumor activity compared to any single agent in the two mice, with an
ex vivo score above 2 (Figure 5a). Representative images of staining and analysis of PDX #20 are shown
here (Figure 5b).
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Figure 5. Combination of PI3K and CDK 4/6 inhibitors display synergistic effect in a patient-derived
xenograft (PDX) tumor ex-vivo analysis (TEVA). (a) TEVA score analysis of SE#20 and SE#103 at 24 h
following exposure to either BYL719, GDC0032, and abemaciclib monotherapy or combination therapy.
(b) Representative images of immunohistochemistry staining for KI67, TUNEL, and pS6 in SE#20.
(*p <0.05,** p <0.01, ** p < 0.001, *** p < 0.0001).

4. Discussion

Previous studies in HNSCC as well as in other cancers that harbor activating mutations in PIK3CA
have found these genetic alterations only targetable to a limited extent [26-28]. These data raised the
concern that the complexity of the PI3K/Akt/mTOR pathway does not allow durable inhibition with
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monotherapy of PI3Ki [29]. In the present study, we show that blocking CDK 4/6 may overcome the
acquired and inherent resistance to PI3Ki, and in pre-clinical HNSCC models, dual treatment with
PI3Ki and CDK 4/6i induced durable clinical responses.

The rationale for combining pathways inhibitors to prevent PI3Ki resistance has been shown to
achieve extended response in pre-clinical HNSCC models. For example, by simultaneously blocking
mTORC?2 [30,31], human epidermal growth factor receptor 3 (HER3) [32,33], Epidermal growth factor
receptor (EGFR) [34,35], Jun N-terminal kinases (JNK) [36], Extracellular signal-regulated kinases
(ERK) [37], and AXL [22]. Previously, Vora et al. [23] and others [26] described in both pre-clinical
breast cancer models and in patients, that resistance to BYL719 is mediated by sustained activation of
mTORC1 that regulates the CDK 4/6-Rb axis. This mTORCI activation in an AKT-independent manner
is regulated by Serine/threonine-protein kinase 1 SGK1 in breast cancer, [38] and by upregulation of
AXL that activates mTORC1 via Protein kinase C (PKC ) in HNSCC [22].

In the present study, we sought to investigate whether the CDK 4/6-Rb axis itself plays a role
in the mechanism of resistance to PI3Ki in HNSCC. First, we looked at the levels of pRB following
exposure to PI3Ki in sensitive as well as acquired-resistant models (Cal33 and Cal33-R) and found
that pRB is elevated in Cal33-R. Subsequently, we tested whether blocking CDK 4/6 can enhance
PI3Ki efficacy in vitro and in vivo and demonstrated that the two drugs work in a synergistic fashion
in vitro, while in vivo and ex vivo, the combination was more potent than any single agent. Second,
we know that the inactivation of the cyclin D1 complex plays a crucial role in the carcinogenesis of
HNSCC. Interestingly, we found that resistance to PI3Ki has many shapes and forms, either acquired
following prolonged exposure or inherent in PIK3CA-WT tumors. Moreover, HPV-related tumors have
high levels of p16 and low levels of pRB, which explains why CDK 4/6 inhibitors are less effective in
these virus-driven cancers [39]. While HPV-tumors are driven by various genetic alterations, the most
prominent occurring in the TP53 gene, in HPV+ tumors, Rb is inactivated by the viral oncoprotein E7,
hence these tumors are less sensitive to inhibition of CDK 4/6. Conversely, in PIK3CAWT tumors that
are inherently resistant to PI3Ki and are also HPV—, combining PI3Ki with CDK 4/6 inhibitors may
overcome this resistance. This was well demonstrated by significant in vivo and ex vivo anti-tumor
effect in PIK3CA-mutated PDXs, which acquired resistance over time upon exposure to PI3Ki as well
as PK3CA-WT PDXs treated with combination therapy.

Multiple reports have highlighted the need to block CDK 4/6 in order to enhance therapeutic
efficacy. Similarly, investigators found that combination treatment with CDK 4/6 and mTOR inhibitors
has a potential therapeutic effect in HNSCC. This synergistic effect is the result of a downstream
blockade of E2F by both mTOR inhibitors, and since the CDK 4/6 pathway regulates cellular proliferation
by controlling the G1 to S cell cycle checkpoint [40-43]. Moreover, CDK 4/6 has been shown to be a
potential radiosensitizer that can enhance the cytotoxic effects of radiation therapy [44]. Furthermore,
in HNSCC, the Rb pathway is frequently altered through amplification of Cyclin D1 or deletion of
CDKN2A, and thus promoting proliferation.

That being said, it is still unclear whether HNSCC patients will benefit from CDK 4/6 inhibitor
monotherapy, but we anticipate that p16 loss and cyclin D1 amplification might serve as biomarkers
for selecting patients for such treatment [43].

Finally, in HPV— patients who have exhausted platinum- and/or cetuximab-based regimens,
combining PI3K and CDK 4/6 inhibitors might be the last resort even when they do not harbor any
known activating mutations [45].

In conclusion, the present study demonstrates the importance of blocking CDK 4/6 in order to
enhance the efficacy of PI3Ki in HNSCC, specifically HPV— tumors. Given the prevalence of PIK3CA
alterations in HNSCC and its dominant driving properties, understanding mechanisms of response
and resistance to PI3K therapies is paramount for the future of precision medicine in these patients.
We believe that these findings lay the ground for the rationale of combination strategies, which are
based on a molecular landscape and may be readily translated to the clinic.



J. Clin. Med. 2020, 9, 3214 10 of 12

Author Contributions: Conceptualization, E.R., E.H., A.P. (Aron Popovtzer), M.E., M.S., and A.M.; data curation,
ER, MB., EH., AD, LL, MIL, and B.-Z],; formal analysis, E.H. and M.I; funding acquisition, A.P.
(Aron Popovtzer), A.P. (Angel Porgador), G.B.,, M.E., M.S., and A.M.; investigation, M.B., A.D., L.L., and
A.P. (Angel Porgador); methodology, E.R., M.E., M.S., and A.M.; project administration, E.H.; supervision, A.P.
(Angel Porgador), B.-ZJ., G.B.,, M.E,, M.S,, and A.M.; writing—original draft, E.R.; writing—review and editing,
M.B., EH.,, ME,, M.S., and A M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by internal funds of the Rabin Medical Center and by the Israel Science
Foundation #700/16 to M.E., and the United States—Israel Binational Science Foundation (BSF) #2017323 to M.E.
and M.S.

Acknowledgments: We would like to thank Ilana Moualem and her family for their tremendous jenerousity in
founding the Research Fund for the Center for Transalational Research in Head and Neck Cancer in memory of
Menashe Moualem.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ang, KK,; Chen, A.; Curran, W.J.; Garden, A.S.; Harari, PM.; Murphy, B.A.; Wong, SJ.; Bellm, L.A,;
Schwartz, M.; Newman, J.; et al. Head and neck carcinoma in the United States: First comprehensive
report of the Longitudinal Oncology Registry of Head and Neck Carcinoma (LORHAN). Cancer 2012, 118,
5783-5792. [CrossRef] [PubMed]

2. Ferlay, J.; Shin, H.-R,; Bray, F.; Forman, D.; Mathers, C.; Parkin, D.M. Estimates of worldwide burden of
cancer in 2008: GLOBOCAN 2008. Int. J. Cancer 2010, 127, 2893-2917. [CrossRef] [PubMed]

3.  Bourhis, J.; Overgaard, J.; Audry, H.; Ang, KK,; Saunders, M.; Bernier, J.; Horiot, J.-C.; Le Maitre, A.;
Pajak, T.F.; Poulsen, M.G.; et al. Hyperfractionated or accelerated radiotherapy in head and neck cancer:
A meta-analysis. Lancet Lond. Engl. 2006, 368, 843-854. [CrossRef]

4. Mountzios, G.; Rampias, T.; Psyrri, A. The mutational spectrum of squamous-cell carcinoma of the head
and neck: Targetable genetic events and clinical impact. Ann. Oncol. Off. |. Eur. Soc. Med. Oncol. 2014, 25,
1889-1900. [CrossRef]

5. Cancer Genome Atlas Network. Comprehensive genomic characterization of head and neck squamous cell
carcinomas. Nature 2015, 517, 576-582. [CrossRef]

6. Seiwert, T.Y.; Zuo, Z.; Keck, M.K.; Khattri, A.; Pedamallu, C.S.; Stricker, T.; Brown, C.; Pugh, T.J.; Stojanov, P;
Cho, J.; et al. Integrative and comparative genomic analysis of HPV-positive and HPV-negative head and
neck squamous cell carcinomas. Clin. Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2015, 21, 632—-641. [CrossRef]

7. Engelman, ].A. Targeting PI3K signalling in cancer: Opportunities, challenges and limitations. Nat. Rev.
Cancer 2009, 9, 550-562. [CrossRef]

8.  Thorpe, LM.; Yuzugullu, H.; Zhao, J.J. PI3K in cancer: Divergent roles of isoforms, modes of activation and
therapeutic targeting. Nat. Rev. Cancer 2015, 15, 7-24. [CrossRef]

9. Currie, R.A,; Walker, K.S.; Gray, A.; Deak, M.; Casamayor, A.; Downes, C.P; Cohen, P.; Alessi, D.R,;
Lucocq, J. Role of phosphatidylinositol 3,4,5-trisphosphate in regulating the activity and localization of
3-phosphoinositide-dependent protein kinase-1. Biochem. J. 1999, 337 Pt 3, 575-583. [CrossRef]

10. Pearce, L.R.; Komander, D.; Alessi, D.R. The nuts and bolts of AGC protein kinases. Nat. Rev. Mol. Cell Biol.
2010, 11, 9-22. [CrossRef]

11.  Alessi, D.R.; James, S.R.; Downes, C.P,; Holmes, A.B.; Gaffney, PR.; Reese, C.B.; Cohen, P. Characterization of
a 3-phosphoinositide-dependent protein kinase which phosphorylates and activates protein kinase Balpha.
Curr. Biol. 1997, 7, 261-269. [CrossRef]

12.  Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and regulation of Akt/PKB by the
rictor-mTOR complex. Science 2005, 307, 1098-1101. [CrossRef] [PubMed]

13. Manning, B.D.; Cantley, L.C. AKT/PKB signaling: Navigating downstream. Cell 2007, 129, 1261-1274.
[CrossRef] [PubMed]

14. Inoki, K, Li, Y;; Zhu, T.; Wu, J.; Guan, K.-L. TSC2 is phosphorylated and inhibited by Akt and suppresses
mTOR signalling. Nat. Cell Biol. 2002, 4, 648-657. [CrossRef] [PubMed]

15. Manning, B.D.; Tee, A.R.; Logsdon, M.N.; Blenis, J.; Cantley, L.C. Identification of the tuberous sclerosis
complex-2 tumor suppressor gene product tuberin as a target of the phosphoinositide 3-kinase/akt pathway.
Mol. Cell 2002, 10, 151-162. [CrossRef]


http://dx.doi.org/10.1002/cncr.27609
http://www.ncbi.nlm.nih.gov/pubmed/22569917
http://dx.doi.org/10.1002/ijc.25516
http://www.ncbi.nlm.nih.gov/pubmed/21351269
http://dx.doi.org/10.1016/S0140-6736(06)69121-6
http://dx.doi.org/10.1093/annonc/mdu143
http://dx.doi.org/10.1038/nature14129
http://dx.doi.org/10.1158/1078-0432.CCR-13-3310
http://dx.doi.org/10.1038/nrc2664
http://dx.doi.org/10.1038/nrc3860
http://dx.doi.org/10.1042/bj3370575
http://dx.doi.org/10.1038/nrm2822
http://dx.doi.org/10.1016/S0960-9822(06)00122-9
http://dx.doi.org/10.1126/science.1106148
http://www.ncbi.nlm.nih.gov/pubmed/15718470
http://dx.doi.org/10.1016/j.cell.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17604717
http://dx.doi.org/10.1038/ncb839
http://www.ncbi.nlm.nih.gov/pubmed/12172553
http://dx.doi.org/10.1016/S1097-2765(02)00568-3

J. Clin. Med. 2020, 9, 3214 11 0f12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Potter, C.J.; Pedraza, L.G.; Xu, T. Akt regulates growth by directly phosphorylating Tsc2. Nat. Cell Biol. 2002,
4, 658-665. [CrossRef]

Sancak, Y.; Thoreen, C.C.; Peterson, T.R.; Lindquist, R.A.; Kang, S.A.; Spooner, E.; Carr, S.A.; Sabatini, D.M.
PRAS40 is an insulin-regulated inhibitor of the mTORCI1 protein kinase. Mol. Cell 2007, 25, 903-915.
[CrossRef]

Nakauchi, C.; Kagara, N.; Shimazu, K.; Shimomura, A.; Naoi, Y.; Shimoda, M.; Kim, S.J.; Noguchi, S. Detection
of TP53/PIK3CA Mutations in Cell-Free Plasma DNA From Metastatic Breast Cancer Patients Using Next
Generation Sequencing. Clin. Breast Cancer 2016, 16, 418-423. [CrossRef]

Sun, X.; Huang, J.; Homma, T.; Kita, D.; Klocker, H.; Schafer, G.; Boyle, P.; Ohgaki, H. Genetic alterations in
the PI3K pathway in prostate cancer. Anticancer Res. 2009, 29, 1739-1743.

Chang, P-Y.; Chen, J.-S.; Chang, S.-C.; Wang, M.-C.; Chang, N.-C.; Wen, Y.-H.; Tsai, W.-S.; Liu, W.-H.;
Liu, H.-L.; Lu, J.-J. Acquired somatic TP53 or PIK3CA mutations are potential predictors of when polyps
evolve into colorectal cancer. Oncotarget 2017, 8, 72352-72362. [CrossRef]

André, F; Ciruelos, E.; Rubovszky, G.; Campone, M.; Loibl, S.; Rugo, H.S.; Iwata, H.; Conte, P.; Mayer, L.A;
Kaufman, B.; et al. Alpelisib for PIK3CA-Mutated, Hormone Receptor-Positive Advanced Breast Cancer.
N. Engl. ]. Med. 2019, 380, 1929-1940. [CrossRef] [PubMed]

Elkabets, M.; Pazarentzos, E.; Juric, D.; Sheng, Q.; Pelossof, R.A.; Brook, S.; Benzaken, A.O.; Rodon, J.;
Morse, N.; Yan, J.].; et al. AXL mediates resistance to PI3K« inhibition by activating the EGFR/PKC/mTOR
axis in head and neck and esophageal squamous cell carcinomas. Cancer Cell 2015, 27, 533-546. [CrossRef]
[PubMed]

Vora, S.R.; Juric, D.; Kim, N.; Mino-Kenudson, M.; Huynh, T.; Costa, C.; Lockerman, E.L.; Pollack, S.F,;
Liu, M,; Li, X.; et al. CDK 4/6 inhibitors sensitize PIK3CA mutant breast cancer to PI3K inhibitors. Cancer Cell
2014, 26, 136-149. [CrossRef] [PubMed]

Ghosh, S.; Prasad, M.; Kundu, K.; Cohen, L.; Yegodayev, K.M.; Zorea, |.; Joshua, B.-Z.; Lasry, B.; Dimitstein, O.;
Bahat-Dinur, A.; et al. Tumor Tissue Explant Culture of Patient-Derived Xenograft as Potential Prioritization
Tool for Targeted Therapy. Front. Oncol. 2019, 9, 17. [CrossRef]

Yadav, B.; Wennerberg, K.; Aittokallio, T.; Tang, J. Searching for Drug Synergy in Complex Dose-Response
Landscapes Using an Interaction Potency Model. Comput. Struct. Biotechnol. J. 2015, 13, 504-513. [CrossRef]
Elkabets, M.; Vora, S.; Juric, D.; Morse, N.; Mino-Kenudson, M.; Muranen, T.; Tao, J.; Campos, A.B.; Rodon, J.;
Ibrahim, Y.H.; et al. mTORCI inhibition is required for sensitivity to PI3K p110c inhibitors in PIK3CA-mutant
breast cancer. Sci. Transl. Med. 2013, 5, 196ra99. [CrossRef]

Fritsch, C.; Huang, A.; Chatenay-Rivauday, C.; Schnell, C.; Reddy, A.; Liu, M.; Kauffmann, A.; Guthy, D.;
Erdmann, D.; De Pover, A; et al. Characterization of the novel and specific PI3K« inhibitor NVP-BYL719
and development of the patient stratification strategy for clinical trials. Mol. Cancer Ther. 2014, 13, 1117-1129.
[CrossRef]

Costa, C.; Ebi, H.; Martini, M.; Beausoleil, S.A ; Faber, A.C.; Jakubik, C.T.; Huang, A.; Wang, Y.; Nishtala, M.;
Hall, B; et al. Measurement of PIP3 levels reveals an unexpected role for p110 in early adaptive responses
to p110«x-specific inhibitors in luminal breast cancer. Cancer Cell 2015, 27, 97-108. [CrossRef]

Juric, D.; Rodon, J.; Tabernero, J.; Janku, F.; Burris, H.A.; Schellens, ].H.M.; Middleton, M.R.; Berlin, J.;
Schuler, M.; Gil-Martin, M.; et al. Phosphatidylinositol 3-Kinase x-Selective Inhibition With Alpelisib
(BYL719) in PIK3CA-Altered Solid Tumors: Results From the First-in-Human Study. J. Clin. Oncol. Off. J.
Am. Soc. Clin. Oncol. 2018, 36, 1291-1299. [CrossRef]

Ruicci, K.M.; Plantinga, P.; Pinto, N.; Khan, M.I; Stecho, W.; Dhaliwal, S.S.; Yoo, J.; Fung, K.; MacNeil, D.;
Mymryk, ].S.; et al. Disruption of the RICTOR/mTORC2 complex enhances the response of head and neck
squamous cell carcinoma cells to PI3K inhibition. Mol. Oncol. 2019, 13, 2160-2177. [CrossRef]

Ruicci, K M.; Pinto, N.; Khan, M.L; Yoo, J.; Fung, K.; MacNeil, D.; Mymryk, J.S.; Barrett, ] W.; Nichols, A.C.
ERK-TSC2 signalling in constitutively-active HRAS mutant HNSCC cells promotes resistance to PI3K
inhibition. Oral Oncol. 2018, 84, 95-103. [CrossRef] [PubMed]

Meister, K.S.; Godse, N.R.; Khan, N.I.; Hedberg, M.L.; Kemp, C.; Kulkarni, S.; Alvarado, D.; LaVallee, T.;
Kim, S.; Grandis, ].R.; et al. HER3 targeting potentiates growth suppressive effects of the PI3K inhibitor
BYL719 in pre-clinical models of head and neck squamous cell carcinoma. Sci. Rep. 2019, 9, 9130. [CrossRef]
[PubMed]


http://dx.doi.org/10.1038/ncb840
http://dx.doi.org/10.1016/j.molcel.2007.03.003
http://dx.doi.org/10.1016/j.clbc.2016.05.004
http://dx.doi.org/10.18632/oncotarget.20376
http://dx.doi.org/10.1056/NEJMoa1813904
http://www.ncbi.nlm.nih.gov/pubmed/31091374
http://dx.doi.org/10.1016/j.ccell.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25873175
http://dx.doi.org/10.1016/j.ccr.2014.05.020
http://www.ncbi.nlm.nih.gov/pubmed/25002028
http://dx.doi.org/10.3389/fonc.2019.00017
http://dx.doi.org/10.1016/j.csbj.2015.09.001
http://dx.doi.org/10.1126/scitranslmed.3005747
http://dx.doi.org/10.1158/1535-7163.MCT-13-0865
http://dx.doi.org/10.1016/j.ccell.2014.11.007
http://dx.doi.org/10.1200/JCO.2017.72.7107
http://dx.doi.org/10.1002/1878-0261.12558
http://dx.doi.org/10.1016/j.oraloncology.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30115483
http://dx.doi.org/10.1038/s41598-019-45589-y
http://www.ncbi.nlm.nih.gov/pubmed/31235758

J. Clin. Med. 2020, 9, 3214 12 0of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Brand, T.M.; Hartmann, S.; Bhola, N.E; Li, H.; Zeng, Y.; O’Keefe, R.A.; Ranall, M.V,; Bandyopadhyay, S.;
Soucheray, M.; Krogan, N.J.; et al. Cross-talk Signaling between HER3 and HPV16 E6 and E7 Mediates
Resistance to PI3K Inhibitors in Head and Neck Cancer. Cancer Res. 2018, 78, 2383-2395. [CrossRef]
Michmerhuizen, N.L.; Leonard, E.; Matovina, C.; Harris, M.; Herbst, G.; Kulkarni, A.; Zhai, J.; Jiang, H.;
Carey, T.E.; Brenner, ].C. Rationale for Using Irreversible Epidermal Growth Factor Receptor Inhibitors in
Combination with Phosphatidylinositol 3-Kinase Inhibitors for Advanced Head and Neck Squamous Cell
Carcinoma. Mol. Pharmacol. 2019, 95, 528-536. [CrossRef] [PubMed]

Anisuzzaman, A.S.M.; Haque, A.; Wang, D.; Rahman, M.A.; Zhang, C.; Chen, Z.; Chen, Z.G.; Shin, D.M,;
Amin, ARM.R. In Vitro and In Vivo Synergistic Antitumor Activity of the Combination of BKM120 and
Erlotinib in Head and Neck Cancer: Mechanism of Apoptosis and Resistance. Mol. Cancer Ther. 2017, 16,
729-738. [CrossRef] [PubMed]

Badarni, M.; Prasad, M.; Balaban, N.; Zorea, J.; Yegodayev, K.M.; Joshua, B.-Z.; Dinur, A.B.; Grénman, R.;
Rotblat, B.; Cohen, L.; et al. Repression of AXL expression by AP-1/JNK blockage overcomes resistance to
PI3Ka therapy. JCI Insight 2019, 4, €125341. [CrossRef]

Tonlaar, N.; Galoforo, S.; Thibodeau, B.J.; Ahmed, S.; Wilson, T.G.; Yumpo Cardenas, P.; Marples, B.;
Wilson, G.D. Antitumor activity of the dual PI3K/MTOR inhibitor, PF-04691502, in combination with
radiation in head and neck cancer. Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2017, 124, 504-512.
[CrossRef]

Castel, P; Ellis, H.; Bago, R.; Toska, E.; Razavi, P; Carmona, FJ.; Kannan, S.; Verma, C.S.; Dickler, M.;
Chandarlapaty, S.; et al. PDK1-SGK1 Signaling Sustains AKT-Independent mTORC1 Activation and Confers
Resistance to PI3K« Inhibition. Cancer Cell 2016, 30, 229-242. [CrossRef]

Kalu, N.N.; Johnson, EM. Do CDK4/6 inhibitors have potential as targeted therapeutics for squamous cell
cancers? Expert Opin. Investig. Drugs 2017, 26, 207-217. [CrossRef]

Ku, B.M.; Yi, S.Y,; Koh, J.; Bae, Y.-H.; Sun, ]J.-M.; Lee, S.-H.; Ahn, ].S.; Park, K.; Ahn, M.-]. The CDK4/6
inhibitor LY2835219 has potent activity in combination with mTOR inhibitor in head and neck squamous cell
carcinoma. Oncotarget 2016, 7, 14803-14813. [CrossRef]

Shapiro, G.I. Cyclin-dependent kinase pathways as targets for cancer treatment. J. Clin. Oncol. Off. ]. Am.
Soc. Clin. Oncol. 2006, 24, 1770-1783. [CrossRef] [PubMed]

Baker, S.J.; Reddy, E.P. CDK4: A Key Player in the Cell Cycle, Development, and Cancer. Genes Cancer 2012,
3, 658-669. [CrossRef] [PubMed]

Billard-Sandu, C.; Tao, Y.-G.; Sablin, M.-P.; Dumitrescu, G.; Billard, D.; Deutsch, E. CDK4/6 inhibitors in
P16/HPV16-negative squamous cell carcinoma of the head and neck. Eur. Arch. Oto-Rhino-Laryngol. Off. ].
Eur. Fed. Oto-Rhino-Laryngol. Soc. EUFOS Affil. Ger. Soc. Oto-Rhino-Laryngol. Head Neck Surg. 2020, 277,
1273-1280. [CrossRef] [PubMed]

Tai, T.-S.; Lin, P-M.; Wu, C.-F,; Hung, S.-K.; Huang, C.-I.; Wang, C.-C.; Su, Y.-C. CDK4/6 Inhibitor LEE011 Is a
Potential Radiation-sensitizer in Head and Neck Squamous Cell Carcinoma: An In Vitro Study. Anticancer Res.
2019, 39, 713-720. [CrossRef] [PubMed]

Adkins, D.; Ley, J.; Neupane, P.; Worden, F.; Sacco, A.G.; Palka, K.; Grilley-Olson, J.E.; Maggiore, R.;
Salama, N.N.; Trinkaus, K.; et al. Palbociclib and cetuximab in platinum-resistant and in cetuximab-resistant
human papillomavirus-unrelated head and neck cancer: A multicentre, multigroup, phase 2 trial. Lancet Oncol.
2019, 20, 1295-1305. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1158/0008-5472.CAN-17-1672
http://dx.doi.org/10.1124/mol.118.115162
http://www.ncbi.nlm.nih.gov/pubmed/30858165
http://dx.doi.org/10.1158/1535-7163.MCT-16-0683
http://www.ncbi.nlm.nih.gov/pubmed/28119490
http://dx.doi.org/10.1172/jci.insight.125341
http://dx.doi.org/10.1016/j.radonc.2017.08.001
http://dx.doi.org/10.1016/j.ccell.2016.06.004
http://dx.doi.org/10.1080/13543784.2017.1274731
http://dx.doi.org/10.18632/oncotarget.7543
http://dx.doi.org/10.1200/JCO.2005.03.7689
http://www.ncbi.nlm.nih.gov/pubmed/16603719
http://dx.doi.org/10.1177/1947601913478972
http://www.ncbi.nlm.nih.gov/pubmed/23634254
http://dx.doi.org/10.1007/s00405-020-05891-2
http://www.ncbi.nlm.nih.gov/pubmed/32162057
http://dx.doi.org/10.21873/anticanres.13167
http://www.ncbi.nlm.nih.gov/pubmed/30711949
http://dx.doi.org/10.1016/S1470-2045(19)30405-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Design and Setting 
	Cell Cultures 
	Determination of PIK3CA Mutation and Copy Number Status 
	Western Blot 
	XTT Cell Proliferation Assay 
	Establishment of Tumor Xenografts 
	In Vivo Studies 
	In Vitro Synergistic Anti-Tumor Effect 
	Tumor Ex Vivo Analysis (TEVA) 
	Statistical Analysis 

	Results 
	Sustained Rb Phosphorylation Is Associated with Resistance to PI3K Inhibition 
	Blocking mTORC1 or CDK 4/6 Overcomes Resistance to PI3Ki 
	Combination Treatment with PI3K and CDK 4/6 Inhibitors Display a Synergistic Effect in PIK3CA-WT Tumors 
	Combination of PI3K and CDK 4/6 Inhibitors Display Synergistic Effect in a PDX Ex Vivo Model 

	Discussion 
	References

