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Cell-cycle pathway impairments resulting in CDK4 and 6
activation are frequently observed in human papillomavirus
(HPV)-negative squamous cell carcinoma of the head and neck
(SCCHN). We investigated the activity of ribociclib, a CDK4/6
inhibitor, in SCCHN models with the aim of identifying predic-
tive biomarkers of response. HPV-negative or HPV-positive
SCCHN cell lines (n = 8) and patient-derived tumor xenograft
(PDTX) models (n = 6) were used. The models were classified
according to their sensitivity to ribociclib to investigate potential
predictive biomarkers. Ribociclib had a cytostatic effect in some
HPV-negative SCCHN models but had no effect in HPV-positive
models. In SCCHN cell lines and PDTXs, the retinoblastoma
(RD) protein expression level correlated with ribociclib activity.
Rb knockdown was, however, not sufficient to block Go-G; arrest

Introduction

Squamous cell carcinoma of the head and neck (SCCHN) is
the seventh most common cancer worldwide and is mostly due
to tobacco use and/or alcohol consumption (1). The human
papillomavirus (HPV) is another cause of oropharyngeal
cancer (2, 3).

Single modality treatment (surgery or radiotherapy) is usually
offered for early-stage tumors and provides a cure rate between
70% and 90%. Patients with locally advanced disease benefit from
multimodal treatment but approximately one third will relapse (4).
Median overall survival (OS) for patients with locally recurrent
and/or metastatic (R/M) SCCHN remains low at around 12 to
15 months (5, 6).

HPV-positive oropharyngeal cancer is induced by the expression of
the viral E6 and E7 oncoproteins, which mediate the degradation of
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induced by ribociclib in Detroit-562 where p107, p130, and
Forkhead BOX M1 (FOXM1) were also implicated in ribociclib
activity. Cell lines harboring epithelial-to-mesenchymal transi-
tion (EMT) features were less sensitive to ribociclib than those
with an epithelial phenotype. Rb downregulation induced EMT
in our Rb-expressing SCCHN cell lines. However, ribociclib still
had significant activity in one PDTX model with high Rb and
vimentin expression, suggesting that the presence of vimentin
alone is not enough to induce ribociclib resistance. These findings
suggest that CDK4/6 inhibitors should be investigated in patients
with HPV-negative SCCHN with high Rb expression and an
epithelial phenotype. Although these biomarkers are not predic-
tive in all cases, they may enrich the population that could benefit
from CDK4/6 inhibitors.

p53 and retinoblastoma (Rb) proteins with subsequent cell-cycle
progression (7). In contrast, genetic alterations implicated in the cell
cycle are found in nearly every HPV-negative SCCHN and include the
tumor suppressor genes TP53 and CDKNZ2A in 84% and 58% of
patients, and the amplification of the proto-oncogenes CCNDI and
MYC in 31% and 14%, respectively (8). These genetic aberrations
strongly support the investigation of CDK4/6 inhibitors such as
palbociclib or ribociclib in HPV-negative SCCHN.

Phase I/IT clinical trials have demonstrated that ribociclib or
palbociclib in combination with cetuximab is safe (9, 10). However,
a randomized phase II trial failed to demonstrate a statistically
significant benefit in progression-free survival (PFS) and overall
survival (OS) of the palbociclib/cetuximab combination over
cetuximab alone in unselected patients with HPV-negative
SCCHN (11). Therefore, a better understanding of the molecular
mechanisms involved in treatment response and/or resistance is
needed to optimally select patients who could benefit from CDK4/6
inhibitors.

In this work, we investigated the activity of ribociclib in several
HPV-negative and HPV-positive preclinical SCCHN models with the
aim of identifying predictive biomarkers of response.

Materials and Methods

Cell lines and cell culture

Cell lines (CAL27, FaDu, Detroit-562, SCC9, SCC15, and SCC25)
were purchased from the ATCC. UPCI-SCC90 was purchased from
DSMZ-German collection of microorganisms and cell culture. UM-
SCC47 was provided by Dr. T.E. Carey (University of Michigan, Ann
Arbor, MI). Cell line identities were verified every 6 months as
described by Schneider and colleagues (12), and only cells under 10
passages were used in the experiments. All cell lines were tested for
Mycoplasma contamination with the MycoAlert Mycoplasma Detec-
tion Kit (Lonza) before being used.
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Cell viability assay by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium (MTT)

Cells were seeded in 96-well plates at 3,000 cells/well and treated in
triplicate for 72 hours with 12 concentrations of ribociclib ranging
from 0.5 to 20 pumol/L. The viable cell number was determined by
adding Dye Solution (CellTiter 96 Non-Radioactive Cell Proliferation
Assay, Promega), which converts tetrazolium salt into a formazan
product detected at a wavelength of 570 nm using a Benchmark Plus
Microplate Spectrometer (Bio-Rad).

Cell-cycle analysis by flow cytometry

Cell-cycle analysis by bromodeoxyuridine (BrdU) incorporation
was performed using the FITC BrdU Flow Kit (BD Pharmingen)
according to the manufacturer's guidelines. The analysis was per-
formed by flow cytometry (FACSCalibur, BD Biosciences) with Cell-
Quest Pro software (BD Biosciences). The cell-cycle status was ana-
lyzed with a flow cytometer using FlowJo software vX.0.7 (Tree Star,
Inc.).

Immunoblot analysis

Cells were lysed on ice for 5 minutes in lysis buffer containing Pierce
RIPA buffer with 1% phosphatase inhibitor cocktail and 1% protease
inhibitor cocktail (Thermo Fisher Scientific). Protein concentration
was evaluated using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). The proteins were separated by SDS-PAGE electrophoresis
on graduated Mini-Protean TGX 4%-15% polyacrylamide gels (Bio-
Rad) and transferred to polyvinylidene difluoride membranes (Bio-
Rad). The membranes were blocked with 5% milk in Tris-buffered
saline, with Tween 20, pH 8.0 (Sigma Aldrich) for 1 hour at room
temperature and then incubated overnight at 4°C with primary
antibodies. After washing, the membranes were incubated for 1 hour
at room temperature with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Jackson Immunoresearch). The membranes
were finally incubated with HRP substrate to enhance chemilumines-
cence (ECL, Thermo Fisher Scientific). Chemiluminescence was then
revealed by exposure to CL-Xposure Film (Thermo Fisher Scientific)
incubated in Kodak developer followed by Kodak fixer (Sigma
Aldrich).

Antibodies for immunoblotting were purchased from Santa Cruz
Biotechnology (CDK2 #sc-6248, p107 #sc-318, p130 #sc-317, FOXM1
#sc-500), Sigma Aldrich (GAPDH #G9545), BD Pharmingen (pl16
#554097), and Cell Signaling Technology [e-cadherin #3195, CDK4
#2906, CDK6 #13331, cyclin D1 #2926, Rb #9309, p-Rb (Ser807/811)
#8516, snail #3879, vimentin #5741, cyclin A2 #4656, cyclin E1 #4129,
zebl #3396, slug #9585].

Establishment of cell line xenograft and patient-derived tumor
xenograft mouse models

CAL27 and SCC9 human cell line xenograft models were estab-
lished with 1.5 x 10®and 1 x 10° cells, respectively, suspended in PBS
(Lonza) and subcutaneously injected into nude female mice (nude
female sp/sp mice, #NMRINU-F; Taconic Bioscience) in a final volume
of 100 pL.

PDTX models were derived from patients with SCCHN, as
described previously (13). They were either established in collabora-
tion with Trace, the PDTX platform of Katholieke Universiteit (Leu-
ven, Belgium; HNC002, HNC007, HNCO010), or generated in our
laboratory (UCLHNO1, UCLHNO3). In one model (HNCO002
ResCTX), we induced resistance to cetuximab, an antibody against
the EGFR, by treating the model weekly with 30 mg/kg of cetuximab.
All models were HPV-negative except one (UCLHNO3).
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Mice were randomly divided into two or four groups and treated
with 100 mg/kg ribociclib (daily), 30 mg/kg cetuximab (weekly), the
combination of ribociclib and cetuximab (daily/weekly) or vehicles
(daily/weekly). Ribociclib was administrated by oral gavage and
cetuximab was administrated by intraperitoneal injection. Tumor size
was measured with calipers once a week and was calculated according
to the following equation:

V (mm?) = [(the largest length) x (the shortest length)z]/Z

Animal work complied with Belgian law and all experiments were
carried out in accordance with our local ethical committee (approval
number: 2015/13A0U/445). Animal welfare is regularly controlled
by inspections under Belgian law and all investigators performing
animal work had successfully completed FELASA C training. The
number of mice to be included per group was calculated as described
previously (13).

RNA sequencing

Raw data of RNA sequencing (RNA-seq) for CAL27, Detroit-562,
SCC9, SCC15, and SCC25 cell lines were obtained from Martin and
colleagues (14).

siRNA transfection

siRNA targeting RBI (#1-003296-02-0005), RBL1 (#L-003298-00-
0005), RBL2 (#L-003299-00-0005), FOXM1 (#L-009762-00-0005),
and negative control siRNA (#D-001810-01-05) were purchased from
Dharmacon. Cells were transfected for 72 hours with 40 umol/L siRNA
using Lipofectamine RNAIMAX Transfection Reagent (Thermo Fish-
er Scientific).

Mobility assay

Cell migration ability was evaluated with a Transwell system
using a multiwell plate with 24 wells and an 8.0-um pore polyester
(PET) membrane insert (Corning). Cells were washed twice and
resuspended in serum free medium (50,000 cells/insert). The bot-
tom chamber contained medium supplemented with 0.15% FBS
(Thermo Fisher Scientific). Cells were incubated for 16 hours at
37°C and 5% CO, before being fixed with 4% formaldehyde at room
temperature for 2 minutes. Cells were then permeabilized with
100% methanol and stained with 0.23% crystal violet (Sigma
Aldrich) at room temperature for 30 minutes, protected from light.
Nonmigrated cells were scraped off with cotton swabs and migrated
cells were visualized into two random nonoverlapping fields at 5x
objective and 10 eyepieces on a phase contrast microscope (Zeiss
Axiovert 100; Hyland Scientific) using Microscope Software Axio-
Vision program (Carl Zeiss).

Immunofluorescence analysis

Cells were fixed in 4% paraformaldehyde (without methanol) for
15 minutes at room temperature and then permeabilized in H,O
with 0.003% Triton X-100 (Sigma Aldrich), 0.05% EBS, 0.05% PBS
for 1 hour at room temperature. Cells were incubated with primary
antibodies overnight at 4°C. After PBS washing, cells were incu-
bated for 1 hour at room temperature and protected from light with
goat anti-rabbit IgG Alexa Fluor 488 or goat anti-mouse Alexa Fluor
568 (Thermo Fisher Scientific). Cells were then washed with PBS
and incubated for 5 minutes at room temperature protected from
light with DAPI (Agilent) for nuclear staining. Finally, cells were
covered with coverslips using fluorescence mounting medium
(Agilent).

Primary antibodies (e-cadherin #3195, 3-catenin #2677) for immu-
noblotting were purchased from Cell Signaling Technology.
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IHC on PDTX tumor samples

Immunostaining was performed as described previously by Bouzin
and colleagues (15). Sections were incubated overnight at 4°C with the
primary antibody (Rb: Abcam, #Ab181616, 1/1,000; vimentin:
Thermo Fisher Scientific, 1/150; e-cadherin: Cell Signaling Technol-
ogy, #3195, 1/1,000).

Stained tissue sections were digitalized using a SCN400 slide
scanner (Leica Biosystems) at x40 magnification. Immunostainings
were analyzed using the image analysis tool TissuelA version 4.0.7
(Leica Biosystems). Rb expression was determined using a nuclear
algorithm of the software and graded as negative, weak, moderate, or
strong. A histoscore, with a potential range of 0-300, was calculated as
follows: % weakly stained cells + (% moderately stained cells) x 2 + (%
strongly stained cells) x 3. Vimentin and e-cadherin expression were
determined as a percentage of the stained area. Thresholds, adjusted
manually on representative stained versus not stained tissue areas,
were applied for tissue and for DAB detection, using color deconvolu-
tion matrices of the software. Results were expressed as stained area
(below threshold)/tissue area (15). Results are presented as mean + SD
of at least three different tumors.

Sample preparation for mass spectrometry analysis

Total protein content was quantified using Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific).

Two hundred micrograms of proteins were reduced and alkylated.
Proteins were then precipitated using a methanol/chloroform proce-
dure before being resuspended in 100 mmol/L ammonium bicarbon-
ate (Sigma Aldrich). Protein digestion was performed using trypsin
(Promega). Peptides were purified with a C18 5,000 mg column before
proceeding further (Thermo Fisher Scientific).

Label-free differential two-dimensional liquid chromatography
coupled to tandem mass spectrometry (2D-LC/MS-MS)

2D-LC-MS/MS analysis was performed essentially as described
previously (16).

Briefly, after a first-dimension separation by hydrophilic interaction
chromatography into 20 fractions, peptides were dissolved in solvent A
[0.1% trifluoroacetic acid (TFA) in 2% acetonitrile (ACN)], directly
loaded onto reverse-phase pre-column (Acclaim PepMap 100,
Thermo Fisher Scientific), and eluted in backflush mode. Peptide
separation was performed using a reverse-phase analytic column
(Acclaim PepMap RSLC, 0.075 x 250 mm, Thermo Fisher Scientific)
with a linear gradient of 4%-36% solvent B (0.1% TFA in 98% ACN)
for 36 minutes, 40%-99% solvent B for 10 minutes and holding at 99%
for the last 5 minutes at a constant flow rate of 300 nL/minute on an
UltiMate 3000 RSC NanoHPLC System (Thermo Fisher Scientific).
The peptides were analyzed by an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher Scientific), and subjected to nanospray
ionization. Intact peptides were measured in the Orbitrap at a reso-
lution of 120,000 followed by a mass spectrometry (MS/MS) scan using
ahigher energy collisional dissociation setting at 35 until ion fragments
were detected in the ion trap. A data-dependent procedure of MS/MS
scans was applied for the top precursor ions above a threshold ion
count of 5,000 in the MS survey scan with 30.0s dynamic exclusion.
The total cycle time was set to four seconds. Full MS (MS1) spectra
were obtained with an automatic gain control target of 400,000 ions
and a maximum injection time of 50 milliseconds; MS2 (tandem MS)
spectra were acquired with an AGC target of 10,000 ions and a
maximum injection time of 35 milliseconds. For MS1 scans, the mass
over charge scan range was 350 to 1,800. The resulting MS/MS data was
processed using Sequest HT search engine within Proteome Discov-
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erer 2.2 (Thermo Fisher Scientific) against a human protein reference
database obtained from Uniprot. Trypsin was specified as a cleavage
enzyme allowing up to two missed cleavages, four modifications per
peptide and up to three charges. Mass error was set to 10 parts per
million for precursor ions and 0.5 kDa for fragment ions. Oxidation on
methionine, phosphorylation on serine, threonine and tyrosine were
considered as variable modifications. False discovery rate (FDR) was
assessed using Percolator (Thermo Fisher Scientific), and thresholds
for protein, peptide and modification sites were specified at 1%. Results
were analyzed using Pathway Studio (Elsevier).

Statistical analysis

Statistical analyses were performed with Prism 7 (GraphPad Soft-
ware Inc.) and R (version 3.5.1, http://www.R-project.com).

To compare two independent groups, the unpaired Student ¢ test
was used where a P < 0.05 was considered to be statistically
significant. To compare the effect of ribociclib, or the downregula-
tion of Rb with the control group in SCCHN cell lines, the paired
Student ¢ test was also used and a P < 0.05 was considered to be
statistically significant.

We used the freely available R/Bioconductor package DESeq (17) to
analyze the differential expression of genes between the sensitive cell
lines (CAL27, Detroit-562) and those less sensitive (SCC25, SCC9,
SCC15) to ribociclib treatment. We used the Benjamini-Hochberg
method for multiple hypothesis correction, with a significance thresh-
old of fold change 2 and a FDR of < 0.05. We used the Corrplot R
package (18) to calculate the Pearson correlation coefficients between
the expression levels of RBI, epithelial marker (CDH1), and mesen-
chymal markers (ZEBI, TWISTI1, FN1, VIM and SNAI2) based on
mRNA expression from RNA-seq of CAL27, Detroit-562, SCC9,
SCC15, and SCC25 cell lines.

Two-way ANOVA analyzes (fixed effects: time and group) with
Tukey correction for multiple post test comparisons were performed to
compare the tumor growth of SCCHN xenografts in PDTXs.

Results

Ribociclib is cytostatic in human HPV-negative SCCHN
preclinical models

Cell viability (Fig. 1A) and cell-cycle (Fig. 1B and C) analyses were
performed in six HPV-negative (FaDu, CAL27, Detroit-562, SCC9,
SCC15, SCC25) and two HPV-positive (UM-SCC47, UPCI-SCC90)
human SCCHN cell lines.

On the basis of the viability assay, ICs, was calculated for each cell
line treated with ribociclib. In HPV-negative cell lines, the ICsq of
CAL27, FaDu and Detroit-562 was significantly lower (12.106 & 0.901
pwmol/L) than that of SCC25, SCC9, and SCC15 (19.791 + 3.498 pmol/
L; P=0.001; Fig. 1A). HPV-positive cell lines were extremely resistant
to ribociclib as even at a very high concentration of ribociclib (20 umol/
L) their IC5, was not reached (Supplementary Fig. S1).

Cell-cycle analysis showed that ribociclib induces arrest in the
Go-G; phase. In HPV-negative cell lines, this effect was dose-
dependent with greater Go-G; arrest seen with ribociclib 0.5
umol/L (Fig. 1B) compared with 0.05 pmol/L (Fig. 1C). At the
lower concentration (ribociclib 0.05 umol/L), a significant arrest in
Go-G, compared with controls was observed in FaDu, CAL27, and
Detroit-562 but not in SCC25, SCC9, and SCC15. Ribociclib did not
induce cell-cycle arrest in HPV-positive SCCHN cell lines even at
the highest concentration (ribociclib 0.5 pmol/L).

Therefore, based on cell viability and cell-cycle analyses, we clas-
sified these SCCHN lines into three distinct groups: sensitive HPV-
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Activity of ribociclib in preclinical SCCHN human models. A, ICsq values of six HPV-negative SCCHN cell lines treated for 72 hours with increasing doses of ribociclib
(0.5-20 umol/L). ICso of HPV-positive cell lines was not reached (Supplementary Fig. S1). Mean + SD were obtained in three independent MTT assays. Percentage of
cell arrest in Go-G; after 24 hours of treatment with 0.5 umol/L (B) or 0.05 umol/L ribociclib (gray bars) or 0.1% DMSO (black bars; C). Mean =+ SD were obtained in
three independent BrdU assays. D, Mice were subcutaneously implanted with CAL27 or SCC9 cells and treated daily with 100 mg/kg ribociclib (gray bars, n = 5) or
with the vehicle (black bars, n = 4) for 14 days. Values represent mean =+ SD. n.s.. P> 0.05; *P < 0.05; **P < 0.001; ***P < 0.0001. n.s., no significance.

negative cell lines (FaDu, CAL27, and Detroit-562), less sensitive
HPV-negative cell lines (SCC25, SCC9, and SCC15), and HPV-
positive cell lines that were resistant to ribociclib (UM-SCC47 and
UPCI-SCC90; Fig. 1A-C). To confirm this classification, mice were
subcutaneously implanted with CAL27 (sensitive) and SCC9 (less
sensitive) cells (Fig. 1D). Ribociclib significantly reduced tumor
growth in comparison with controls in the CAL27 xenograft model
but not in the SCC9 xenograft model.

The activity of ribociclib was next investigated in vivo using six
PDTX mouse models (Fig. 2). Tumor size stabilization was observed in
three HPV-negative PDTX models (HCN002_ResCTX, HNC002, and
HNCO010). Tumor growth was delayed in UCLHNO1 (HPV-negative)
compared with controls. However, in UCLHNO1, the tumor volume
increased over time under ribociclib treatment. HNC007 (HPV-neg-
ative) and UCLHNO3 (HPV-positive) were both resistant to ribociclib.
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These data showed that ribociclib had a cytostatic effect in some
HPV-negative SCCHN preclinical models and no effect in HPV-
positive models.

Mesenchymal markers are expressed in less sensitive HPV-
negative cell lines

To understand what determines tumor sensitivity to ribociclib
exposure, we first investigated the differences in cellular and molecular
phenotypes between HPV-negative SCCHN cell lines.

Interestingly, the two less sensitive HPV-negative cell lines (SCC9,
SCC15) harbored a mesenchymal-like morphology compared with
sensitive cell lines (CAL27, FaDu, Detroit-562) that present an epi-
thelial-like morphology (Fig. 3A). Moreover, protein expression levels
of vimentin and snail, two mesenchymal markers, were significantly
higher in the mesenchymal-like cells (SCC9 and SCC15), compared

MOLECULAR CANCER THERAPEUTICS

Downloaded from mct.aacrjournals.org on March 12, 2021. © 2020 American Association for Cancer Research.


http://mct.aacrjournals.org/

Published OnlineFirst January 10, 2020; DOI: 10.1158/1535-7163.MCT-19-0695

HNCO002 ResCTX (HPV")

HNCO002 (HPV~)

Preclinical Activity of Ribociclib in SCCHN

HNCO010 (HPV-)

1,0001 Control (n = 5) 1,000 = Control (n=4) 1,000, Control (n=7)
- < Ribociclib (n = 5) > Ribociclib (n = 6) < Ribociclib (n = 7)
X __ 800 800 800 *
) P=0.0023
£ P <0.0001 *
2 c 600 600 P=0029 600
>3
S £
€ — 400 400 400
=]
200 200 200 7
ull |
0 0 0
0 7 14 21 28 35 42 49 56 63 0 10 20 30 40 50 60 0 7 14 21 28 35 42
UCLHNO1 (HPV~) HNCO007 (HPV~) UCLHNO3 (HPVY)
1,000 Control (n = 6) 1.000) _ Control (n = 6) 100+ Control (n = 6)
< Ribociclib (n = 6) o Ribociclib (n = 6) o Ribociclib (n = 6)
= 800 800 800
] _ P <0.0001
o O
E (%]
5 +# 600 600 600
'5 c
> 8
—
SE 40 400 400 Ins.
2
200 d 200 200
0 0 0
0 7 14 21 28 35 0 7 14 21 28 0 7 14 21 28
Days of treatment Days of treatment Days of treatment
Figure 2.

Ribociclib activity was evaluated in six PDTX models: five HPV-negative and one HPV-positive. Mice received daily 100 mg/kg ribociclib (gray) or vehicle (black). n.s.:

P> 0.05; *P < 0.05; **P < 0.001; ***P < 0.0001. n.s., no significance.

with the epithelial-like cells (CAL27, FaDu, Detroit-562, and SCC25;
vimentin P: 0.0192, snail P < 0.0001; Fig. 3B and C). The protein
expression level of slug and zebl did not vary between these two
groups. In addition, in cells with epithelial-like morphology, e-
cadherin is generally located in the membrane (19), as observed in
all three sensitive cell lines by immunofluorescence (Fig. 3D), whereas
e-cadherin was located in the cytoplasm of cell lines expressing a more
mesenchymal phenotype.

These preliminary findings suggested that the mesenchymal cellular
phenotype and epithelial-to-mesenchymal transition (EMT) could
interfere with ribociclib activity. Therefore, we investigated this
hypothesis in our cell lines using a migration assay (Fig. 3E). As
expected, SCC9 and SCC15 cells showed higher migration abilities
than FaDu, CAL27, Detroit-562, and SCC25 cells.

The level of expression of vimentin and e-cadherin proteins was
then evaluated by immunochemistry in our six PDTX models. Neither
the level of vimentin, nor that of e-cadherin, correlated with tumor
sensitivity to ribociclib treatment in HPV-negative PDTX models (P of
vimentin: 0.117, P of e-cadherin: 0.762; Fig. 3F).

Retinoblastoma protein intensity correlated with SCCHN tumor
cell response to ribociclib

To verify that the proliferation inhibition observed in HPV-negative
SCCHN cell lines was mediated by a target impairment of the
CyclinD-CDK4-CDK6-Rb pathway, the expression of multiple
cell-cycle regulatory proteins was evaluated by immunoblotting fol-
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lowing ribociclib exposure (Fig. 4A). As expected, ribociclib treatment
decreased pRb in HPV-negative cell lines and induced cyclin A
downregulation. Cyclin A is a direct downstream target of E2FI-
3 (20) and these results indicate the ability of Rb to mediate cell-cycle
arrest. The levels of CDK4 and CDKG6 expression were not influenced
by ribociclib treatment.

A striking difference between HPV-positive and -negative SCCHN
is the expression of Rb. In HPV-positive SCCHN cells, E7 oncopro-
teins induce Rb degradation (21), which may explain the resistance of
SCCHN HPV-positive cells to ribociclib. In addition, p16 is over-
expressed in HPV-positive SCCHN due to the loss of negative feedback
induced by inactivation of Rb (22). Accordingly, Rb protein expression
was not observed in UM-SCC47 and UPCI-SCC90 cell lines by
immunoblotting assays while pl6 expression was highly expressed
(Fig. 4A). Interestingly, Rb and pRb were significantly less expressed in
SCC9 and SCCI15 (less sensitive cell lines) compared with the sensitive
cell lines (Rb/GAPDH P < 0.0001, pRbS807-811/GAPDH P =
0.0024; Fig. 4B). Furthermore, the Rb protein expression level was
inversely correlated with ICs as calculated by the viability assay of the
cell lines when treated with ribociclib (r = —0.841; Fig. 4C).

Similarly, the Rb protein expression level of the PDTX tumors
correlated with tumor sensitivities to ribociclib treatment
(HNCO002-ResCTX, HNCO002, HNCO010 versus UCLHNOI,
HNC007, UCLHNO3 P = 0.0002; Fig. 4D). HPV-negative PDTX
models (HNC002ResCTX, HNC002, HNCO010) with a higher Rb
protein expression level [Rb Histoscore (H-score) mean &+ SD = 274
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EMT as a predictive biomarker of ribociclib resistance. A, Cell morphology of HPV-negative SCCHN cell lines. SCC9 and SCC15 cell lines presented a mesenchymal-like
morphology. CAL27, FaDu, Detroit-562, and SCC25 cell lines presented an epithelial-like morphology. B, Protein expression of mesenchymal (vimentin, snail, slug,
and zeb1) and epithelial (e-cadherin) markers in HPV-negative SCCHN human cell lines were analyzed by immunoblotting. C, The relative protein expressions of
vimentin and snail normalized with GAPDH were compared between epithelial-like cells (CAL27, FaDu, Detroit-562, and SCC25) (black bars) and mesenchymal-like
cells (SCC9 and SCCI15; gray bars). Mean 4 SD were obtained from three independent immunoblotting assays. D, Localization of e-cadherin (green) analyzed by
immunofluorescence in the HPV-negative SCCHN cell lines. Nuclei are stained with DAPI (blue). E, Cell migration abilities were analyzed using the Boyden chamber
transwell assay in the HPV-negative SCCHN cell lines. F, Protein expression levels of vimentin and e-cadherin were evaluated in the six PDTX models. Mean 4+ SD were
obtained in three independent tumor/model using IHC assays. n.s.. P> 0.05; *P < 0.05; **P < 0.001; ***P < 0.0001. n.s., no significance.

+ 16, 270 £ 18 and 274 =+ 5, respectively] were more sensitive to
ribociclib compared with the other models. The two HPV-negative
PDTX models with a lower Rb protein expression level were less
sensitive (UCLHNO1, Rb H-score mean £+ SD = 222 + 8) or
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resistant (HNC007, Rb H-score mean + SD = 134 + 19) to
ribociclib. The HPV-positive PDTX model (UCLHNO03) was resis-
tant to ribociclib and presented a low expression of Rb proteins (Rb
H-score mean & SD = 11 & 11).
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Figure 4.

Rb as a predictive biomarker of ribociclib response. A, The expression of proteins associated with the cell cycle was obtained by immunoblotting for the eight SCCHN
cell lines. HPV-negative cell lines were treated for 24 hours with 0.25 umol/L ribociclib. B, The relative protein expression of Rb (black bars) and pRbS807-811 (gray
bars) normalized with GAPDH was compared between sensitive cell lines (CAL27, FaDu, Detroit-562) and less sensitive cell lines (SCC25, SCC9, SCC15). Mean + SD
were obtained from three independent immunoblotting assays. C, Rb total protein expression (green) was significantly downregulated in less sensitive compared
with sensitive HPV-negative cell lines. Rb protein expression level (green) was inversely correlated with the ICsq (blue) of the cell lines when treated with ribociclib (r:
—0.841). Mean =+ SD were obtained from three independent immunoblotting assays and three independent MTT assays. D, Protein expression level of Rb was
evaluated in six PDTX models and associated with tumor sensitivity to ribociclib. Rb protein intensity was represented with H-score. Mean + SD were obtained in
three independent tumor/model using immunochemistry assays. n.s.. > 0.05; *P < 0.05; **P < 0.001; ***P < 0.0001. n.s., no significance.

These data suggested that the Rb expression level might be corre-  be involved in cell-cycle arrest in the Go—-G; phase mediated by

lated with ribociclib activity. ribociclib in Detroit-562.

As hypothesis generating, a proteomic analysis was performed
Retinoblastoma protein intensity alone is not sufficient to on Detroit-562 to highlight the mechanisms by which ribociclib
predict response to ribociclib treatment in all HPV-negative cell  induced cell-cycle arrest in Rb-deficient cells. Downregulation
lines of known E2F1-3 targets was observed independently of Rb status

To determine whether the presence of RBI is essential toinduce cell-  after ribociclib treatment (Fig. 5B) and was confirmed by immuno-
cycle arrest following ribociclib treatment, Rb-positive FaDu, CAL27,  blotting assays (Fig. 5D). Moreover, and independently of Rb status,
and Detroit-562 cells were transfected with siRNA targeting RBI, or  ribociclib induced downregulation of the forkhead box M1 (FOXM1)
nontargeting siRNA. After the incubation of CAL27 and FaDu cells  protein and its downstream targets (Fig. 5C and E). It has been
with siRNA targeting RBI, ribociclib did not induce a statistically  previously demonstrated that FOXM1 is a direct target of CDK4/6
significant increase in the percentage of cells in Go-G; phase. In  and that it is implicated in cell-cycle regulation (23). In addition, Rb
contrast, in Detroit-562, ribociclib induced a significant Go-G, cell- ~ downregulation in Detroit-562 cells induced an increase of the
cycle arrest independently of Rb status (Fig. 5A). These findings FOXMI protein level. Ribociclib-mediated FOXM1 downregulation
suggest that molecular mechanisms other than Rb expression could  independently of Rb status (Fig. 5E).
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Figure 5.

Rb downregulation is not sufficient to induce ribociclib resistance in Detroit-562. p107, p130, and FOXM1 contribute to induce Go-G; arrested mediated by ribociclib in
this cell line. A, The percentage of cell arrest in Go-G; after 72 hours incubation with nontargeting siRNA (siCTRL, black bars) or siRNA targeting RB7 (siRB1, gray bars)
following 24 hours of treatment with 0.25 umol/L ribociclib or 0.1% DMSO (CTRL) in Detroit-562. Mean =+ SD were obtained from three independent flow cytometry
assays. Rb and GAPDH protein expression levels were obtained by immunoblotting. Proteomic analysis showed a downregulation of the protein expression of E2F1-3
and its known targets (B) and a downregulation of the protein expression of FOXM1and its targets implicated in cell-cycle regulation (C). D, The level of expression of
known E2F targets (cyclinA2, cyclinEl, and CDK2) was analyzed by immunoblotting assay in Detroit-562 after 72 hours incubation with siRNA targeting siRBI (lines 1
and 2) or nontargeting siRNA (lines 3 and 4), and then exposed to 0.25 umol/L ribociclib (lines 2 and 4) or 0.1% DMSO/control for 24 hours (lines 1and 3). E, FOXM1
protein expression levels were analyzed in Detroit-562 cell lines treated with nontargeting siRNA (siCTRL) or siRNA targeting RB7 (siRBT) following 0.25 umol/L
ribociclib or 0.1% DMSO (CTRL). Mean = SD were obtained from three independent immunoblotting assays. F, The percentage of cell arrest in Go-G; after 72 hours
incubation with siRNA(s) targeting siFOXMi, siRB1(Rb) + siFOXMI, siRBL1(p107), siRBT (Rb) + siRBLT (p107), siRBL2 (p130), siRB1 (Rb) + RBL2 (p130), and siRB1 (Rb)
+ SIRBLIT (p107) + siRBL2 (p130), or nontargeting siRNA (siCTRL), and then exposed to 0.25 umol/L ribociclib or 0.1% DMSO/control for 24 hours. Mean 4 SD were
obtained from three independent flow cytometry assays. Rb, p107, p130, FOXM1, and GAPDH protein expression levels were obtained by immunoblotting. n.s.: P>
0.05; *P < 0.05; **P < 0.001; ***P < 0.0001. n.s., no significance.
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The correlation between Rb protein expression and EMT-associated protein expressions. A, e-Cadherin (green) and B-catenin (red) localization after 72 hours of
incubation with nontargeting siRNA (siCTRL) or siRNA targeting RB7 (siRB1) in CAL27, FaDu, and Detroit-562 cell lines was obtained by immunofluorescence analysis.
B, Cell migration abilities were analyzed using the Boyden chamber transwell assay in CAL27, FaDu, and Detroit-562 cell lines treated for 72 hours with nontargeting
siRNA (siCTRL) or siRNA targeting RBI (siRB1). C, Pearson correlation between mRNA expression of RBI, epithelial marker (CDHT), and mesenchymal markers (ZEB],
TWISTI, FNI, VIM, and SNA/2) across CAL27, Detroit-562, SCC25, SCCY, and SCCI15 cell lines. Positive and negative correlations are shown in blue and red, respectively.
Colorintensity and circle size are proportional to the correlation coefficient. Numerical values of the coefficients are represented in mirror. Patterns of variation were

hierarchically clustered in two groups using Ward criterion.

To determine whether ribociclib could induce the regulation of
E2F1-3 targets through Rb-homologs, p107 and p130, and cell-cycle
arrest through FOXM1, we characterized our six HPV-negative cell
lines for these proteins. p107, p130, and FOXM1 baseline protein
expression levels did not correlate with the ribociclib ICsy of the
SCCHN cell lines (Fig. 4A). Furthermore, to determine the role of
p107, p130, and FOXM1 in cell-cycle regulation mediated by riboci-
clib, Detroit-562 cells were transfected for 72 hours with siRNA(s)
targeting siFOXM1, siRB1 + siFOXMI, siRBL1 (p107), siRBI +
siRBL1, siRBL2 (p130), siRBI + siRBL2 and siRBI + siRBLI + siRBL2
or nontargeting siRNA, and then exposed to ribociclib or DMSO/
control for 24 hours (Fig. 5F). Neither siRNA targeting FOXM1, RBL1
or RBL2 alone reduced the activity of ribociclib in Detroit-562 cell
lines. The combination of siRNA targeting RB1, with either FOXM1 or
RBLI or RBL2, significantly decreased the percentage of cell arrest in
the Go-G, phase following ribociclib exposure compared with cells
transfected with only one siRNA and treated with ribociclib (Fig. 5F).
Moreover, ribociclib was less able to induce Go-G; cell-cycle arrest
in Detroit-562 when we simultaneously knockdowned Rb, p107,
and p130, suggesting the redundancy of the role of these proteins in
this cell line.

These results suggest that the level of Rb protein expression
alone might not be sufficient to predict SCCHN cell response to
ribociclib treatment in all cell lines, and that the transcriptional

AACRJournals.org

factor FOXM1, as well as other Rb family proteins, may also play
a role.

Rb depletion is linked to EMT

To investigate whether Rb downregulation is linked with mesen-
chymal cell phenotype, we analyzed by immunofluorescence the
localization of e-cadherin and B-catenin following Rb knockdown in
epithelial-like cells (FaDu, CAL27, Detroit-562; refs. 24, 25). In CAL27,
without treatment, e-cadherin and [3-catenin were detected at cell-cell
interfaces. After 72 hours of incubation with siRNA targeting RBI,
surface e-cadherin and B-catenin staining decreased and became
diffuse in the cytoplasm. Similar results were observed in FaDu and
Detroit (Fig 6A).

Next, we investigated the capacity of Rb downregulation to induce
cell mobility on epithelial-like cells. CAL27 and Detroit-562 cells led to
an increase in cell migration abilities after 72 hours of incubation with
siRNA targeting RBI (Fig. 6B). This was not observed in the FaDu cell
line.

To further study the correlation between RBI expression and the
EMT process, we analyzed mRNA expression by RNAseq in the five
HPV-negative SCCHN cell lines (CAL27, Detroit-562, SCC25, SCC9,
and SCC15). CDHI mRNA expression inversely correlated with EMT-
associated genes such as SNAI2, VIM, ZEB1, TWISTI, and FNI, and
together, these EMT-associated genes showed positive correlations.

Mol Cancer Ther; 19(3) March 2020
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Ribociclib, cetuximab, and ribociclib/cetuximab activities were evaluated in two HPV-negative SCCHN PDTX models. A, Mice received daily 100 mg/kg ribociclib,
weekly 30 mg/kg cetuximab, the combination of ribociclib and cetuximab, or the vehicles. B, The protein expression level of Rb and vimentin was evaluated in
HNCO002 and UCLHNO7 models. Rb protein intensity was represented with H-score. Vimentin expression was determined as percentage of stained area. Mean + SD
were obtained in three independent tumor/model using immunochemistry assays n.s.: P > 0.05; *P < 0.05; **P < 0.00T; ***P < 0.0001. n.s., no significance.

Interestingly, a positive correlation between RBI and CDHI mRNA
expression levels was observed (Fig. 6C). Conversely, a negative
correlation was found between the gene expression levels of RBI and
EMT-associated genes.

These results suggested an inverse correlation between the expres-
sion of RBI and markers of EMT.

The combination of ribociclib and cetuximab might be
beneficial in HPV-negative SCCHN

Given that ribociclib is cytostatic, the activity of ribociclib combined
with cetuximab was investigated in two HPV-negative PDTX models:
one ribociclib- and cetuximab-sensitive model harboring a high
expression of Rb and a low expression of vimentin (HNC002), and
one ribociclib-resistant and cetuximab-sensitive model harboring a
low expression of Rb and a high expression of vimentin
(HNCO007; Fig. 7A and B). In HNCO002, the combination of cetuximab
and ribociclib induced tumor size regression, but the mean tumor size
was not significantly different when treated with the combination
compared with cetuximab or ribociclib alone (cetuximab vs. combi-
nation P = 0.365, ribociclib vs. combination P = 0.195). In HNC007,
the combination of cetuximab and ribociclib induced similar tumor

786 Mol Cancer Ther; 19(3) March 2020

size stabilization compared with cetuximab alone (cetuximab vs.
combination P > 0.999).

Discussion

We showed that ribociclib induced cell-cycle arrest in HPV-
negative SCCHN cell lines and delayed tumor cell growth in some
HPV-negative SCCHN PDTX models. Ribociclib has no activity in
HPV-positive SCCHN models. We also showed that EMT and the Rb-
family proteins might play, to some degree, a predictive role in some
HPV-negative SCCHN preclinical models.

We found in our in vitro and in vivo models a positive correlation
between the level of Rb protein expression and the activity of ribociclib.
The value of Rb to predict response to CDK4/6 inhibition is debated
with conflicting results. We found that Rb downregulation in Detroit-
562 did not induce ribociclib resistance. One possible explanation is
the contribution of p107 and p130, the retinoblastoma-related pro-
teins. It has been demonstrated that in Rb-deficient cells, p107 and
p130 have overlapping functions with Rb to regulate the release of
E2Fs (26). The fact that p107 and p130 are also phosphorylated and
regulated by CDK4/6-cyclin D complexes (23) provides an
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explanation as to why retinoblastoma knockdown in the Detroit-562
cell line is not sufficient to induce resistance to ribociclib. Rb, p107, or
p130 downregulation in Detroit-562 cells did not reduce the activity of
ribociclib when each of these proteins was downregulated separately.
When Rb, p107, and p130 were downregulated at the same time, we
saw reduced activity of ribociclib in Detroit-562. These observations
support the redundancy of functions of these three homologs in
Detroit-562.

We also observed in Detroit-562 cells that ribociclib induced the
downregulation of FOXM1 transcriptional factor. This downregula-
tion of FOXM1, mediated by ribociclib, was expected since hypopho-
sphorylated Rb mediates FOXMI mRNA repression (27). However,
independently of Rb status, FOXMI can be stabilized and activated
directly by CDK4/6-cyclin D complexes (23), which could explain why
we observed FOXM1 downregulation following ribociclib treatment
even in Rb-deficient Detroit-562 cells. In addition, the loss of Rb has
been shown to induce FOXM1 activation in bladder cells, and FOXM1
proteins expression conferred resistance to CDK4/6 inhibition only in
Rb-mutant cells (28). We also observed a significant increase in the
FOXMI1 protein level following Rb downregulation by siRNA in
Detroit-562 cells. All these observations suggest that, in addition to
p107 and p130, FOXM1 could also play a role in cell-cycle progression
control induced by CDK4/6-cyclin D complexes independently of Rb
status. It should be noted that Detroit-562 harbors activating PIK3CA
mutation that could activate FOXM1 (29). Besides the potential role of
the Rb-protein family and FOXM1, we also cannot exclude other off-
target effects of ribociclib, outlining the difficulties in identifying
predictive biomarkers with such compounds. Altogether, these find-
ings highlight the complexity of cell-cycle regulation. This could
explain why most clinical studies have failed to associate alterations
of the Cyclin D-CDK4-CDK6-Rb pathway with CDK4/6 inhibitor
efficacy, although it has been widely investigated in breast cancer (30).
Here, we demonstrated that different proteins involved in the cell cycle
(Rb, p107, p130, and FOXM1) have possible overlapping functions.
This suggests that a single biomarker will not be able to predict
ribociclib activity, but that we will have to consider multiple molecular
mechanisms. The PALOMA-3 phase III trial found a correlation
between a high expression of CCNEI and breast cancer tumor resis-
tance to palbociclib (31). This correlation was not observed in our
SCCHN cell lines (Supplementary Fig. S2) and CCNEI alterations are
not frequent in SCCHN (32).

We observed that cell lines harboring a mesenchymal phenotype
(SCC9 and SCC15) and EMT features were less sensitive to ribociclib
than those with an epithelial phenotype (FaDu, CAL27, Detroit-562).
EMT has frequently been associated with cancer cell resistance to
various anticancer drugs (33, 34). The mechanisms implicated include
the ability of EMT-associated genes to attenuate cell-cycle progression
and the ability to repress transcriptional genes associated with proa-
poptotic activities (35, 36). However, in our PDTX models, we found
that ribociclib has significant activity in the HNC010 model that
expressed a similar level of vimentin as the resistant HPV-negative
model (HNC007). HNC010 expressed a high level of Rb, suggesting
that EMT alone is not sufficient to induce ribociclib resistance,
particularly when EMT is not associated with a low level of Rb
expression. Furthermore, EMT can be reversible (37), and sometimes
cancer cells can be in different states of differentiation with hybrid
phenotypes (38). In addition, SCCHN is highly heterogeneous and that
could add a layer of complexity (39, 40).

In SCCHN, Rb loss is associated with poor prognosis (41). It has
been previously demonstrated that Rb is critical for cell proliferation
control but that it could also play a role in cancer cell invasion and the
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apparition of distant metastasis (42, 43). In our SCCHN cell lines, we
observed that Rb downregulation mediated e-cadherin and B-catenin
internalization from membrane to cytoplasm, one characteristic of the
EMT process (25). Moreover, Rb loss promoted the invasiveness of two
SCCHN epithelial-like cell lines, Detroit-562 and CAL27. Similarly,
Arima and colleagues (44) showed that Rb can directly or indirectly
mediate e-cadherin expression in MCF7 breast cancer cells. They
observed that Rb loss promoted cell mobility and induced slug and zeb-
1 expression, two EMT-related proteins. These findings, and our
observations, confirm that Rb may play a role in maintaining the
epithelial-like phenotype, and that Rb loss could be associated with
EMT and cell invasion.

All our findings suggest that CDK4/6 inhibitors should be inves-
tigated in patients with HPV-negative SCCHN with a high Rb
expression and epithelial phenotype. Although these biomarkers are
clearly not optimal, as this work has demonstrated, they may enrich the
population that is more likely to benefit from a CDK4/6 inhibitor.

In vivo, ribociclib has only a cytostatic effect with no tumor
shrinkage observed in our PDTX models. This supports the investi-
gation of CDK4/6 inhibitors in combination with other treatments. In
breast cancer, it has been shown that CDK4/6 inhibitors improve
outcomes in combination with hormone therapy (31, 45). The best
combination partner in SCCHN still needs to be identified. Preclinical
studies have found, in vitro or in vivo synergy between CDK4/6
inhibitors with either PI3K pathway inhibitors in PIK3CA-mutated
cancer cells, or lapatinib and afatinib, or immune checkpoint
inhibitors (46-49). Recently, a randomized phase II study failed to
demonstrate the superiority of the cetuximab/palbociclib combination
over cetuximab single agent in recurrent SCCHN (11). However, this
study was performed in an unselected HPV-negative SCCHN popu-
lation. Therefore, a better understanding of the molecular mechanisms
involved in treatment response and/or resistance is needed to opti-
mally select patients with SCCHN who could benefit from CDK4/6
inhibitors combined with cetuximab. In HNC002, the ribociclib and
cetuximab combination induced some degree of tumor regression that
could not be achieved with cetuximab or ribociclib when administered
as a single agent. HNCO002 harbors high Rb expression and low
vimentin expression, supporting the hypothesis that this combination
might have some degree of activity in this molecular subgroup.
However, more preclinical work is needed to further assess the
potential of this treatment combination before continuing its inves-
tigation in the clinic.

We have demonstrated that ribociclib has a cytostatic effect in some
HPV-negative SCCHN preclinical models. Further preclinical inves-
tigations and biomarker-driven clinical trials are needed to refine the
predictive value of potential biomarkers and to identify the best
combination partner.
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