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Abstract  41 

The comprehensive genomic analysis of the head and neck squamous cell carcinoma (HNSCC) 42 
oncogenome revealed the frequent loss of p16INK4A (CDKN2A) and amplification of cyclin D1 43 
(CCND1) genes in most HPV negative HNSCC lesions. However, cyclin-dependent kinase 4 44 
and 6 (CDK4/6) inhibitors have shown modest effects in the clinic. The aberrant activation of 45 
PI3K/mTOR pathway is highly prevalent in HNSCC, and recent clinical trials have shown 46 
promising clinical efficacy of mTOR inhibitors (mTORi) in the neoadjuvant and adjuvant settings 47 
but not in advanced HNSCC patients. By a kinome-wide CRISPR/Cas9 screen, we identified 48 
cell cycle inhibition as a synthetic lethal target for mTORi. Combination of mTORi and 49 
palbociclib, a CDK4/6 specific inhibitor, showed strong synergism in HNSCC-derived cells in 50 
vitro and in vivo. Remarkably, we found that adaptive increase in cyclin E1 (CCNE1) expression 51 
upon palbociclib treatment underlies the rapid acquired resistance to this CDK4/6 inhibitor. 52 
Mechanistically, mTORi inhibits the formation of eIF4G-CCNE1 mRNA complexes, with the 53 
consequent reduction in mRNA translation and CCNE1 protein expression. Our findings suggest 54 
that mTORi reverts the adaptive resistance to palbociclib. This provides a multimodal 55 
therapeutic option for HNSCC by co-targeting mTOR and CDK4/6, which in turn may halt the 56 
emergence of palbociclib resistance. 57 

 58 

Significance 59 

A kinome-wide CRISPR/Cas9 screen identified cell cycle inhibition as a synthetic lethal target of 60 
mTOR inhibitor (mTORi). mTORi in combination with palbociclib, a CDK4/6 specific inhibitor, 61 
showed strong synergistic effects in head and neck squamous cell carcinoma. Mechanistically, 62 
mTORi inhibited palbociclib-induced increase in cyclin E1 (CCNE1). 63 

 64 

Keywords:  CRISPR screen, synthetic lethality, HNSCC, cell cycle, cyclin, mTOR inhibitor, 65 
palbociclib   66 
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Introduction 67 

Head and neck squamous carcinoma (HNSCC) is among the ten most frequent cancers in the 68 
United States, with 54,540 new cases and 11,580 deaths estimated in the US alone in 2023 (1). 69 
Recent breakthrough treatment options by the use of immunotherapies targeting immune 70 
checkpoints brought survival benefit for HNSCC patients; however, the overall response rate to 71 
these immunotherapies in HNSCC is only ~20% (2). Thus, novel therapeutic options for this 72 
disease are urgently needed. 73 

The comprehensive analysis of the HNSCC oncogenome revealed frequent loss of p16INK4A 74 
(CDKN2A) in HPV negative HNSCC, which account for 60% of the cases (3). Furthermore, 75 
amplification of the cyclin D1 (CCND1) gene is a frequent event in HNSCC, which has been 76 
reported to include 31% of the HPV negative HNSCC (3). However, cyclin-dependent kinase 4 77 
and 6 (CDK4/6) inhibitors as single agents have shown modest effects regardless of CDKN2A-78 
altered status in recurrent and metastatic HNSCC (4). Furthermore, a double-blind, randomized 79 
phase II trial (PALATINUS) that evaluated the efficacy of palbociclib plus cetuximab in patients 80 
with unselected HPV-unrelated recurrent or metastatic HNSCC did not significantly prolong the 81 
overall survival (OS) of patients with HNSCC (5). In this context, novel combinatory therapeutics 82 
for palbociclib based on molecular biological mechanisms is in needed. On the other hand, our 83 
group has been focusing on the study of mTOR signaling in HNSCC. Indeed, we have shown 84 
that the PI3K-mTOR pathway is the most frequently activated signaling mechanism in HNSCC, 85 
as judged by strong pS6 expression in more than 90% of HNSCC specimens (6). Based on 86 
these results, we have recently performed a clinical trial using rapamycin, which is a 1st 87 
generation mTOR inhibitor (mTORi), in newly diagnosed HNSCC patients. Here, we found that 88 
rapamycin was effective for most of the HNSCC patients, with an overall response rate of 25 % 89 
including one case of complete response despite 21 days treatment duration (7). Similarly, we 90 
have recently shown that mTOR inhibition with everolimus diminish significantly the progression 91 
free survival of locally advanced HPV negative (HPV-) HNSCC lesions in the adjuvant setting 92 
(8). However, earlier clinical trials involving advanced, recurrent metastatic HNSCC patients 93 
showed limited response and resulted in treatment failure (9). The molecular mechanisms 94 
underlying mTORi resistance should be uncovered to find precise molecular targets which can 95 
be combined with mTORi to achieve durable responses. 96 

In this study, we aimed to identify synthetic lethal targets and resistance mechanisms for mTORi 97 
by taking advantage of CRISPR/Cas9 screening. Using 2nd generation mTORi, INK128, we 98 
identified cell cycle regulation pathway as one of most significant synthetic lethal targets and 99 
resistant pathways to mTORi in HNSCC. To explore the translational potential of these findings, 100 
we observed a strong synergism between INK128 and palbociclib, which is a widely used 101 
approved CDK4/6 inhibitor, in vitro and in vivo. In turn, we found that CCND1 and Cyclin E1 102 
(CCNE1) accumulate upon palbociclib treatment, and that CCNE1 overexpression is sufficient 103 
to induce palbociclib resistance in HNSCC cells. Co-administration of INK128 and palbociclib 104 
could prevent the protein accumulation of CCNE1 by reducing its mRNA translation, and 105 
consequently, co-administration of these targeted agents can revert the resistance to palbociclib 106 
in CCNE1 overexpressing cells. Overall, our findings suggest that co-targeting mTOR and cell 107 
cycle signaling represents a potential therapeutic option for HNSCC. These findings may be 108 
also relevant for other cancer types characterized by the progressive acquisition of resistance to 109 
CDK4/6 inhibitors.  110 

Materials and methods  111 
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Cell lines, culture conditions and chemicals. Human HNSCC cell lines Cal27 112 
(RRID:CVCL_1107) and HN12 (RRID:CVCL_HN12) were genetically characterized as part of 113 
NIH/NIDCR Oral and Pharyngeal Cancer Branch cell collection given from  NIH/NIDCR in 2016, 114 
and have been described previously (10). Only cell lines of <20 passages were used for 115 
experiments. All cell lines are frequently tested for mycoplasma contamination. No presence of 116 
mycoplasma was found according to MycoAlert (#LT07-418, Lonza, ME, USA). All cell lines 117 
were cultured in DMEM (D-6429, Sigma-Aldrich, St. Louis, MO), 10% fetal bovine serum (FBS) 118 
(F2442, Sigma-Aldrich), 1% antibiotic/ antimycotic solution (A5955, Sigma-Aldrich), 5% CO2, at 119 
37°C. INK128 (I-3344) was purchased from LC Laboratories (Woburn, MA), and palbociclib 120 
(S1116) was purchased from Selleckchem (Houston, TX).   121 

CRISPR screen. CRISPR screen was performed as previously described (11-13).  122 

The two-vector system was used for this study. First, we generated Cas9-stably expressing 123 
Cal27 cells with lentiviral infection from lentiCas9-Blast. lentiCas9-Blast was a gift from Feng 124 
Zhang (Addgene plasmid # 52962; http://n2t.net/addgene:52962; RRID: Addgene_52962).  The 125 
infected cells were selected with blasticidin (10 µg/mL) for 10 days. After confirming Cas9 126 
expression by western blot, the Cal27-Cas9 cells were infected with two different gRNAs 127 
targeting AAVS locus, and were subjected to NGS to confirm cutting efficiency. The CRISPR 128 
cutting efficiency of Cas9 expressed cells was tested by two AAVS locus targeting sgRNA: gT1, 129 
and gT2 (Hygromycin B resistant). AAVS1 gene from genome DNA was amplified and then 130 
NEBnext primers (E7335S) were used to attach the sequencing adaptors. Sequencing data 131 
were analyzed using CRISPResso2 (http://crispresso.rocks/) (14). AAVS1 locus targeting 132 
sgRNA constructs (gT1/gT2) provided by Prashant’s lab. Primer sequences for NGS (Next 133 
Generation Sequencing): NGS_AAVS1_F: 134 
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCCCAGGGCCGGTTAATGTGG; 135 
NGS_AAVS1_R: 136 
GACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGCCTAACAGGAGGTGGGGGTTAG;  137 

Amplicon reference sequence (+- 30bp around the PAM seq): 138 
TGCCTAACAGGAGGTGGGGGTTAGACCCAATATCAGGAGACTAGGAAGGAGGAGGCCTAA139 
GGATGGGGCTTTTCTGTCACCAATCCTGTCCCTAGTGGCCCCACTGTGGGGTGGAGGGG.  140 

Next, Cal27-Cas9 cells were infected with Human Kinome CRISPR pooled library (Brunello, 141 
RRID:Addgene_75312) at representation of 650 and a multiplicity of infection (MOI) of 0.3. The 142 
viral titer of lentivirus was analyzed using qRT-PCR-titer kit (#631235, Takara, Mountain View, 143 
CA), and functional titration. Human Kinome CRISPR pooled library (Brunello) was a gift from 144 
John Doench & David Root (RRID:Addgene_75312). Cal27-Cas9-kinome library cells were 145 
treated with 2 different groups; vehicle treated or INK128 (10nM) treated group, with triplicate. 146 
For PD 0 and PD 20 samples, the barcode was PCR-recovered from genomic samples, and 147 
samples where sequenced to calculate abundance of the different sgRNA probes. PCR of 148 
sgRNA for Illumina sequencing protocol was obtained from the Broad Institute 149 
(https://portals.broadinstitute.org/gpp/public/resources/protocols). The change in the relative 150 
abundance of each sgRNA in the library over time is measured using PinAPL-Py software (15). 151 
Significantly changed hit sgRNAs were extracted with adjusted p value < 0.001. The hit sgRNAs 152 
were subjected to pathway analysis using Enrichr software (16). KEGG pathway combined 153 
score was calculated with p-value and z score as follows; c = log (p) * z, where c = the 154 
combined score, p = Fisher exact test p-value, and z = z-score (17). Next generation 155 
sequencing was conducted by IGM (Institute for Genomic Medicine) Genomics center in UC 156 
San Diego. Sequencing data from the CRISPR screen was deposited into SRA (BioProject ID: 157 
PRJNA1119544). 158 
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Antibodies. Antibodies against CCND1 (Cell Signaling Technology Cat# 2978, 159 
RRID:AB_2259616) , CCNE1 (Cell Signaling Technology Cat# 20808, RRID:AB_2783554), pRb 160 
(Cell Signaling Technology Cat# 9307, RRID:AB_330015), Rb (Cell Signaling Technology Cat# 161 
9309, RRID:AB_823629), pS6 (Cell Signaling Technology Cat# 2211, RRID:AB_331679), S6 162 
(Cell Signaling Technology Cat# 2217, RRID:AB_331355), pERK (Cell Signaling Technology 163 
Cat# 4370, RRID:AB_2315112), ERK (Cell Signaling Technology Cat# 9102, 164 
RRID:AB_330744), pAKT (Cell Signaling Technology Cat# 4060, RRID:AB_2315049), AKT 165 
(Cell Signaling Technology Cat# 9272, RRID:AB_329827), CDK4 (Cell Signaling Technology 166 
Cat# 12790, RRID:AB_2631166), eIF4E (Cell Signaling Technology Cat# 9742, 167 
RRID:AB_823488), Cas9 (Cell Signaling Technology Cat# 14697, RRID:AB_2750916), HA-Tag 168 
(Cell Signaling Technology Cat# 3724, RRID:AB_1549585), vinculin (Cell Signaling Technology 169 
Cat# 13901, RRID:AB_2728768), β-Actin (Cell Signaling Technology Cat# 4967, 170 
RRID:AB_330288) and GAPDH (Cell Signaling Technology Cat# 2118, RRID:AB_561053) were 171 
purchased from Cell Signaling Technology (Beverly, MA, USA).  Antibody against eIF4G (Santa 172 
Cruz Biotechnology Cat# sc-133155, RRID:AB_2095748) and CDK6 (Santa Cruz Biotechnology 173 
Cat# sc-177-G, RRID:AB_631226) were purchased from Santa Cruz Biotechnology (Dallas, TX, 174 
USA). CCND1 (Proteintech Cat# 26939-1-AP, RRID:AB_2880691) and CCNE1 (Proteintech 175 
Cat# 11554-1-AP, RRID:AB_2071066) were purchased from Proteintech (Rosemont, IL, USA). 176 
BrdU (Bio-Rad Cat# OBT0030S, RRID:AB_609570) was purchased from Bio-Rad (Hercules, 177 
CA, USA). 178 

DNA constructs and viral infection. pBABE puro cyclinD1 HA was a gift from William Hahn 179 
(Addgene plasmid # 9050; RRID:Addgene_9050). pInducer20 Cyclin E1 was a gift from Jean 180 
Cook (Addgene plasmid # 109348; RRID:Addgene_109348). Plasmids were packaged into 181 
retrovirus and lentivirus in HEK293T cells respectively, and cells were infected with viruses for 2 182 
days. The infected cells were selected with puromycin (1 μg/mL) for 3 days, or selected with 183 
G418 (1000 μg/mL) for 7 days, respectively. To overproduce CCNE1, cells were treated with 1 184 
μg/mL doxycycline for at least 48 hours. 185 

siRNA and transfection. SMARTpool si-CDK4 (#L-003238-00-0005) and si-CDK6 (#L-003240-186 
00-0005) were purchased from Dharmacon. siRNA Universal Negative Control #1 (#SIC-001) 187 
was from Sigma-Aldrich. All cells were transfected using Lipofectamine® RNAiMAX Reagent 188 
(#13778075, Invitrogen) and OPTI-MEM (#31985062, Gibco) according to the manufacturer’s 189 
instructions. siRNA transfection was performed as previously described (13,18). 190 

Cell viability assay. 3000 cells were seeded in 96 well plates, and treated as indicated after 191 
they attach to the plates. After treatment for 72 hours, culture medium was supplemented with 192 
1/100 of the culture volume of Aquabluer reagent (#6015, MultiTarget Pharmaceuticals LLC, 193 
Colorado Springs, CO, USA) for 1h to 4h. Absorbances were recorded at 570 nm in a Biotek 194 
Synergy Neo microplate reader.  195 

Synergy determination with the Chou-Talalay method and the Bliss delta score. The 196 
Chou–Talalay method was used to determine possible synergistic effects of selected drugs 197 
combinations (19). 3,000 cells per well were seeded in 96-well plates. Cells were treated with 198 
either single inhibitors or combinations thereof using seven different dilutions of each inhibitor 199 
and in technical triplicates. Cell viability was measured, after 72-hour treatment, with the 200 
AquaBluer Cell Viability Reagent (#6015, MultiTarget Pharmaceuticals LLC) with Tecan SPARK 201 
Multimode Microplate Reader (RRID:SCR_021897). Combination index (CI) values showing 202 
either synergy (<1) or antagonism (>1) were calculated using the Chou–Talalay method. The 203 
Bliss independence model assumes a stochastic process in which two drugs elicit their effects 204 
independently, and the expected combination effect was calculated using the following 205 
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equation: IAB= IA + IB – IA x IB, where IA and IB are the single-agent inhibition levels at fixed 206 
concentrations (20). If the experimentally measured effect of the drug combination was equal to, 207 
higher than, or lower than the expected effect (IAB), the combination was additive (∆Bliss= 0), 208 
synergistic (<0), or antagonistic (>0), respectively. 209 

 210 

Orosphere assay. Cells were seeded in 24-well ultra-low attachment culture plates (Corning, 211 
Corning, NY) at 500 cells per well. Medium consisted of DMEM/F12 Glutamax supplement 212 
medium (#10565042, Thermo Fisher Scientific), basic fibroblast growth factor (bFGF: 20 ng/ml, 213 
#13256029, Thermo Fisher Scientific), epithelial growth factor (EGF: 20 ng/ml, #PHG0313, 214 
Thermo Fisher Scientific), B-27 (1:50 dilution, #17504044, Thermo Fisher Scientific), and N2 215 
supplement (1:100 dilution, #17502-048, Thermo Fisher Scientific). Vehicle, INK128 (20 nM), or 216 
palbociclib (0.4 μM) were added when cells were seeded. Around ten days after seeding, 217 
photographies were obtained, and the sizes of sphere colonies on each well were counted using 218 
a microscope.  219 

Colony formation assay. 1,000 cells per well were seeded in 12-well plates and Vehicle, 220 
INK128 (20 nM) and/or palbociclib (0.4 μM) were added after they were attached. For 8-10 days 221 
treatment, the medium was changed every 2-3 days. Cell culture plates containing colonies 222 
were gently washed with PBS twice and fixed for 5 minutes with methanol/acetic acid solution 223 
(3:1) and stained for 15minutes with 0.5% crystal violet solution diluted in methanol.  Excess 224 
stain was removed by washing repeatedly with PBS. The colony area percentage was 225 
calculated using ImageJ.  226 

RNA isolation from HNSCC cells, and quantitative PCR. HNSCC cells were treated with 227 
INK128 (30 nM) and/or palbociclib (0.6 μM) for 24 hours. RNA was extracted from cells using 228 
RNeasy Plus kit (#74134, QIAGEN). Total RNA was converted to cDNA using SuperScript™ 229 
VILO™ cDNA Synthesis Kit (#11754250, ThermoFisher Scientific). qPCR was performed using 230 
PowerUp SYBR™ Green Master Mix (#A25742, ThermoFisher Scientific). mRNA levels were 231 
normalized by RPS18 expression. The following primers were used for qPCR. CCND1 fwd 5’- 232 
AGCTGTGCATCTACACCGAC, CCND1 rev5’- GAAATCGTGCGGGGTCATTG, CCNE1 fwd5’- 233 
CCATCATGCCGAGGGAGC, CCNE1 rev5’- GGTCACGTTTGCCTTCCTCT, RPS18 fwd5’- 234 
AGTCCCTGCCCTTTGTACACA, RPS18 rev5’- CGATCCGAGGGCCTCACTA. 235 

RNA immunoprecipitation (RIP) assay. HNSCC cells were treated with INK128 (30 nM) 236 
and/or palbociclib (0.6 μM) for 24 hours, and cell lysates were collected. RIP assay was 237 
performed using EZ-Magna RIP RNA-binding Protein Immunoprecipitation Kit (Sigma-Aldrich, 238 
#17-701) following the manufacturer’s instructions. Antibody against eIF4G (Santa Cruz 239 
Biotechnology Cat# sc-133155, RRID:AB_2095748) was used for the part of 240 
immunoprecipitation and mouse IgG antibody (Cell Signaling Technology Cat# 5415, 241 
RRID:AB_10829607) was used for isotype control. cDNA synthesis of input RNA and eIF4G 242 
binding RNA were followed by qPCR.  243 

Western blotting. Exponentially growing cells were washed in cold PBS, lysed on ice in lysis 244 
buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% NP-40, supplemented with Halt™ 245 
Protease and Phosphatase Inhibitor Cocktail (#78440, ThermoFisher Scientific). Cell extracts 246 
were collected, sonicated, and centrifuged to remove the cellular debris. Supernatants 247 
containing the solubilized proteins were quantified using the detergent compatible DC protein 248 
assay kit (#5000111, Bio-Rad, Hercules, CA, USA). Equal amounts of protein were separated 249 
by SDS-PAGE, and transferred to PVDF membranes. For immunodetection, membranes were 250 
blocked for 20 min at room temperature in 5% non-fat dry milk in TBST buffer, followed by 2h 251 
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incubation with the appropriate antibodies, in 3% BSA-T-TBS buffer. Detection was conducted 252 
by incubating the membranes with horseradish peroxidase–conjugated goat anti-rabbit IgG 253 
secondary antibody (Southern Biotech, Birmingham, AL, USA) at a dilution of 1:20,000 in 5% 254 
milk-T-TBS buffer, at room temperature for 40 min, and visualized with Immobilon Western 255 
Chemiluminescent HRP Substrate (EMD Millipore, Burlington, MA, USA).  256 

Immunoprecipitation. HNSCC cells were treated with INK128 (30nM) for 24 hours, and cell 257 
lysates were collected. Immunoprecipitation was performed using Pierce classic magnetic 258 
IP/Co-IP Kit (Thermo Scientific, #88804) following the manufacturer’s instructions. The input 259 
proteins and IP products were analyzed for indicated proteins by western blotting. 260 

Animal work. All the mice studies were approved by the Institutional Animal Care and Use 261 
Committee (IACUC), University of California, San Diego (protocol #S15195). To establish tumor 262 
xenografts, 2.0 × 106 cells were transplanted into the flanks of athymic nude mice (female, four 263 
to six weeks old) (Charles River Laboratories, Wilmington, MA), and when the tumor volume 264 
reached approximately 200 mm3, the mice were randomized into groups and treated by 265 
intraperitoneal injection (ip) with INK128 (1 mg/kg/day, five times a week) or oral gavage with 266 
palbociclib (50mg/kg/day, five times a week), or control diluent (10 tumors per each group). 267 
Tumor volume was calculated by using the formula length × width × width/2. The mice were 268 
euthanized at the indicated time points and tumors isolated for histologic and 269 
immunohistochemical evaluation. 270 

Immunohistochemistry staining. All samples were fixed in zinc formalin (Z-Fix) and 271 
embedded in paraffin; 5 μm sections were stained with Hematoxylin-Eosin for diagnostic 272 
purposes. For immunohistochemistry (IHC) studies, samples were deparaffinized, hydrated with 273 
graded ethanol, and the endogenous peroxidase was blocked with 3% H2O2 in 70% ethanol. 274 
After washing with distilled water, antigen retrieval was performed with IHC antigen retrieval 275 
solution (#00-4955-58, Invitrogen) in a microwave at the high setting. Slides were then washed 276 
with water and PBS, and incubated with the primary and secondary antibodies, and developed 277 
with the Elite® ABC kit (Vector Laboratories, #PK-6100) and the ImmPACT DAB substrate kit 278 
(Vector Laboratories, #SK-4105). The following antibodies were used: BrdU (Bio-Rad Cat# 279 
OBT0030S, RRID:AB_609570, 1:50), pS6 (Cell Signaling Technology Cat# 2211, 280 
RRID:AB_331679, 1:300), p4EBP1 (Cell Signaling Technology Cat# 2855, RRID:AB_560835, 281 
1:800), CCND1  (Proteintech Cat# 26939-1-AP, RRID:AB_2880691, 1:800) and CCNE1 282 
(Proteintech Cat# 11554-1-AP, RRID:AB_2071066, 1:400). Samples were scanned with Aperio 283 
AT2 microscope slide scanner (Leica) and analyzed using QuPath software.  284 

Genomic data analysis. mRNA and RPPA expression analyses where performed using 285 
publicly available data generated by The Cancer Gene Atlas consortium, accessed through 286 
cBioportal (www.cbioportal.org) (21,22) . 287 

Statistical analysis. All data analysis was performed using GraphPad Prism9 for MacOS 288 
(GraphPad Software, San Diego, CA, USA). Comparisons between experimental groups were 289 
made using one-way ANOVA with Tukey’s post hoc test or two-way ANOVA with Tukey’s post 290 
hoc test. Overall survival curves were plotted according to Kaplan–Meier method and compared 291 
by log-rank test. Asterisks denote statistical significance (non-significant or NS, P > 0.05; *P < 292 
0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001). All data are reported as mean ± standard 293 
error of the mean (SEM) with at least two biologically independent replicates. The detailed 294 
statistic for each plot was described in figure legends. 295 

Data Availability. The CRISPR screening data generated in this study are publicly available in 296 
Sequence Read Archive (SRA) at BioProject ID: PRJNA1119544. 297 
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 298 

Results 299 

CRISPR/Cas9 screening identifies cell cycle regulation as a synthetic lethal mechanism 300 
for mTORi in HNSCC 301 

To explore synthetic lethal targets and resistance mechanisms for mTORi in HNSCC, we took 302 
advantage of CRISPR screening. First, we generated Cas9-expressing Cal27 HNSCC cells 303 
(Cal27-Cas9) (Supplementary Fig. S1A) and confirmed cutting efficiency using two different 304 
sgRNAs (gT1/ gT2) targeting AAVS locus. Next generation sequencing (NGS) for these cells 305 
showed 83.0% and 98.3% of non-homologous end joining (NHEJ) frequency for gT1 and gT2, 306 
respectively (Supplementary Fig. S1B), indicating the cutting efficiency for Cal27-Cas9 was 307 
suitable to conduct the planned screening. Since our purpose was to identify druggable targets, 308 
and the kinome is the target of a large proportion of oncology-related drugs, we used a human 309 
kinome-wide CRISPR library, targeting 763 genes consisting of 4 sgRNAs for each gene (23). 310 
After infecting Cal27-Cas9 cells with the kinome-wide CRISPR library, we treated Cal27-Cas9-311 
kinome cells with vehicle or mTORi until total population doubling reached 20 (Fig.1A and 312 
Supplementary Fig. S1C). In this study, we applied INK128 (also known as MLN-0128 and TAK-313 
228), which is an mTOR ATP-competitive small molecule inhibitor, and reported to have 314 
excellent physiochemical properties (24,25). After extracting DNA from these cells, we 315 
performed PCR to amplify the barcodes, and NGS to identify depleted sgRNAs in mTORi-316 
treated cells compared with vehicle-treated cells (Fig. 1A). Quality control analysis of the sgRNA 317 
screen is shown in Supplementary Fig. S1D and S1E, and the configuration of PinAPL-Py 318 
software used is included in Supplementary Table S1. 319 

We show all dropout-sgRNAs in Figure 1B and Supplementary Table S2. As a specificity control, 320 
none of the 98 non-targeting sgRNA revealed any significant changes when comparing the 321 
control and INK128 treated cells (Supplementary Table S3). Next, hits with significant p-values 322 
less than 0.01 were selected, and 109 sensitizing hits were identified (Fig. 1C and 323 
Supplementary Table S4). Remarkably, the most depleted gene was mTOR, which is consistent 324 
with the fact that we used a low dose mTORi to identify synthetic lethal targets (Fig. 1D). We 325 
next applied pathway analysis for hit sgRNAs not only focusing on single sgRNAs but 326 
investigating hit sgRNAs as an integrated set of genes to find effective pathways to target. The 327 
109 sensitizing hits set was analyzed with KEGG pathway analysis using Enrichr 328 
(https://maayanlab.cloud/Enrichr/) (26) (Fig. 1E and Supplementary Table S5). The results 329 
revealed significant enrichment of ErbB signaling pathway and MAPK signaling pathway. 330 
Aligned with these findings, co-targeting ErbB signaling with mTORi for HNSCC has been 331 
investigated (27,28), including our combination study of cetuximab and rapamycin or everolimus 332 
(29), and our group reported by RNAi screening that MAPK signaling is synthetic lethal with first 333 
generation mTORi (rapamycin) (30). Of interest, we also found a highly significant enrichment of 334 
Cell cycle pathways (Fig. 1E). As progression through the cell cycle is regulated by cyclins and 335 
cyclin dependent kinases (CDKs), we first analyzed the association between cyclin expression 336 
and prognosis of HNSCC using TCGA data. The high mRNA and protein expression of Cyclin 337 
D1, which is encoded by the CCND1 gene, is a worse prognostic factor for overall survival in 338 
HNSCC patients (Fig. 1F and 1G), supporting an important role of cell cycle signaling for 339 
HNSCC. These results prompted us to explore the possibility of co-targeting cell cycle 340 
mechanisms and mTOR signaling in HNSCC.  341 

Combination of INK128 and palbociclib shows strong synergism in HNSCC cells in vitro 342 
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Although targeting CCND1 gene and protein levels may represent a therapeutic option in 343 
HNSCC, this may not be currently feasible, and instead we focused on targeting their 344 
associated kinases, CDKs, as CDK inhibitors are already approved for other indications thereby 345 
enhancing the translational potential of our studies. We first investigated the inhibitory effects of 346 
siRNA knockdown of CDK4 and CDK6, which are strongly associated with cyclin D 347 
(Supplementary Fig. S2A). Considering the enhanced clinical response of HPV- HNSCC 348 
patients (8), for these studies, we used representative HPV- HNSCC cells (Cal27 and HN12). 349 
These cells harbor typical TP53 mutations and exhibit persistent mTOR activation in the 350 
absence of PIK3CA mutations and PTEN genomic alterations that are more frequent in HPV+ 351 
HNSCC lesions, thus reflecting the human HPV- HNSCC oncogenome (10). Knockdown of 352 
CDK4 and/or CDK6 reduced cell viability only partially in HNSCC cells (Fig. 2A), which was 353 
increased by INK128 treatment. In this regard, individual CDK4 and CDK6 knockdown had 354 
limited impact on the response to INK128, but their growth suppressive activity was significantly 355 
increased when the knockdown of both kinases was combined (Fig. 2A). This likely redundancy 356 
may explain why these kinases were not initially identified individually as targets in our CRISPR 357 
screen. In turn, these observation provided an opportunity to investigate the use of palbociclib, 358 
an FDA-approved cell cycle-targeted agent that can specifically inhibit CDK4/CDK6, to block cell 359 
cycle signaling in combination with mTORi, and specifically in HPV- HNSCC cells as HPV-360 
positive cells are refractory to CDK inhibition due to the viral oncoprotein E7 causing Rb 361 
degradation (31).  362 

INK128 potently blocked the cell viability with growth inhibition of 50% (GI50) of 42 nM for Cal27 363 
cells (Fig. 2B), GI50 for palbociclib was 1.27 μM for Cal27 cells (Fig. 2C). Similarly, The GI50 for 364 
INK128 in HN12 was 28 nM, and 0.85 μM for palbociclib (Supplementary Fig. S2B and S2C). 365 
Next, we investigated the synergism between these drugs by the Chou-Talalay method (19). 366 
Fraction affected combination index (CI) plot showed CI of below 1 for most percentage of 367 
fraction when cells were treated with 1:10 or 1:20 concentrations of INK128 and palbociclib, 368 
respectively (Fig. 2D). These data suggest strong synergistic effect of this combination. Also, we 369 
performed a factorial dose matrix combinatorial drug treatment with INK128 and palbociclib, 370 
supporting synergism for this combination (Fig. 2E). Furthermore, we analyzed synergism using 371 
Bliss model (20), which suggested strong synergism with relatively higher INK128 concentration 372 
than GI50 (Fig. 2F). To confirm the synergism in another cell line, we used HN12 HNSCC cells. 373 
The combination index was below 1 when used 1:10 or 1:20 concentration of INK128 and 374 
palbociclib respectively, similar as Cal27 cells (Supplementary Fig. S2D). To further confirm the 375 
efficacy of combination therapy, we performed a colony formation assay and found that 376 
combination therapy significantly inhibited colony growth compared to treatment with INK128 or 377 
palbociclib alone (Fig. 2G and Supplementary Fig. S2E). To analyze the combination effect in 378 
conditions which are more reflective of cell growth in 3D, in vivo conditions, we tested orosphere 379 
assays which allows for the propagation of cancer cells that retained stemness and self-renewal 380 
(32). INK128 and palbociclib significantly reduced the size of sphere formation in Cal27 and 381 
HN12 cells, and co-administration of these two drugs could significantly block the sphere 382 
formation (Fig. 2H and Supplementary Fig. S2F). These data suggest the possibility of using the 383 
combination of INK128 and palbociclib for treatment of HNSCC.  384 

Upregulation of CCNE1 by palbociclib confers resistance to palbociclib, which can be 385 
reverted by INK128 386 

To investigate the mechanism for the synergism between INK128 and palbociclib in HNSCC, we 387 
explored changes in signaling components and cell cycle mechanisms. Based on our resuls 388 
above, we first focused on CCND1 and CCNE1 associated with CDK4/6. qPCR result showed 389 
that CCND1 and CCNE1 mRNA expression were significantly increased by palbociclib 390 
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treatment in Cal27 and HN12 (Fig. 3A and Supplementary Fig. S3A). On the other hand, 391 
CCND1 and CCNE1 expression were significantly decreased with INK128 alone and 392 
combination treatment. Next, we performed Western blotting to exam the protein expression. As 393 
expected, INK128 could effectively inhibit PI3K/ mTOR activation as judged by pAKT and pS6 394 
expression levels in Cal27 and HN12 (Fig. 3B and Supplementary Fig. S3B). As for cell cycle, 395 
INK128 increased phosphorylation of retinoblastoma protein (RB) and decreased CCND1 396 
expression. While INK128 suppresses the AKT/mTOR pathway, it promotes RB phosphorylation 397 
and activates cell cycle pathways. In contrast, palbociclib treatment prevented phosphorylation 398 
of RB, and caused upregulation of CCND1 and CCNE1.  We hypothesized CCND1 and CCNE1 399 
activation could represent a mechanism for palbociclib resistance in HNSCC, considering recent 400 
clinical data showing high CCNE1 as worse clinical outcome for palbociclib treated patients in 401 
breast cancer (33,34). In this regard, we engineered HNSCC cell lines which stably overexpress 402 
CCND1 and CCNE1 individually, and together (Supplementary Fig. S3C). This approach 403 
revealed increased resistance to palbociclib in Cal27-CCNE1 cells compared with Cal27-wt 404 
cells (Fig. 3C). However, no significant resistance to palbociclib was observed in Cal27-CCND1 405 
cells. CCND1/E1-overxpressing Cal27 cells were also resistant, however, the resistance was 406 
similar as CCNE1-Cal27 cells, which suggests that no additional resistance was conferred by 407 
CCND1 overexpression. Similar results were confirmed using HN12-wt, HN12-CCND1, HN12-408 
CCNE1, and HN12-CCND1/E1 and palbociclib (Supplementary Fig. S3D). These data indicate 409 
that CCNE1 overexpression may represent one of the mechanisms of resistance to palbociclib 410 
in HNSCC.  411 

Remarkably, although we observed upregulation of CCNE1 after treatment with palbociclib in 412 
HNSCC cells, the addition of INK128 together with palbociclib could revert this overexpression 413 
and downregulated CCNE1 (Fig. 3B and Supplementary Fig. S3B). Furthermore, the resistance 414 
of Cal27-CCNE1 and HN12-CCNE1 to palbociclib in terms of cell viability was completely 415 
abolished by addition of INK128 (Fig. 3D and Supplementary Fig. S3E). These results indicate 416 
that INK128 treatment suppresses palbociclib-induced CCNE1 elevation and prevents 417 
resistance acquisition. To gain a mechanistic insight into this process, we built on our previous 418 
observations that blockade of mTOR by INK128 leads to dephosphorylation of 4E-BP1, which in 419 
turn reduces eIF4E and eIF4G binding, resulting in reduced mRNA translation of proliferating 420 
proteins (24). This was confirmed in the present study (Supplementary Fig. S3F). Next, we 421 
performed RNA immunoprecipitation (RIP) assays to directly investigate the binding of 422 
endogenous eIF4G to CCND1 and CCNE1 mRNAs. Indeed, INK128 treatment reduced the 423 
binding of eIF4G to CCNE1 mRNA in Cal27 and HN12 cells (Fig. 3E and Supplementary. Fig. 424 
S3G). Binding of eIF4G to CCND1 mRNA was reduced by INK128 treatment in Cal27, but not in 425 
HN12 (Fig. 3F and Supplementary. Fig. S3H), which suggests a cancer heterogeneity in this 426 
response and a more general impact on CCNE1. On the other hand, palbociclib significantly 427 
increased binding of eIF4G to the mRNA for CCND1 and CCNE1 in both Cal27 and HN12 cells. 428 
Thus, we hypothesized INK128 could revert the overexpression of CCNE1 caused by 429 
palbociclib treatment by reducing binding of eIF4G and CCNE1. As shown in Fig. 3E and 430 
Supplementary. Fig. S3G, combination treatment with INK128 and palbociclib potently reduced 431 
CCNE1 mRNA binding to eIF4G compared with control or palbociclib treatment. These data 432 
suggest that CCNE1 activation or overexpression represents one of the resistance mechanisms 433 
to palbociclib, and that mTOR acts upstream of CCNE1, controlling its mRNA translation (Fig. 434 
3G). Together, these data provide a rationale for the combination therapy of INK128 and 435 
palbociclib for HNSCC. 436 

Combination therapy with INK128 and palbociclib is effective against HNSCC xenograft 437 
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Next, we asked if this combination of INK128 and palbociclib is effective in vivo. Using Cal27 438 
and HN12 xenograft models, we started treatment with INK128, palbociclib, or combination after 439 
tumors were established. Since high frequency of myelosuppression has been reported for 440 
palbociclib in clinical trials (35), we used relatively low dose palbociclib for this in vivo study. In 441 
our Cal27 xenograft model, INK128 or palbociclib treatment as a single agent did not inhibit 442 
tumor growth, but the combination of these drugs significantly inhibited tumor growth 443 
(Supplementary Fig. S4A). As for HN12 xenograft, palbociclib did not inhibit tumor growth, and 444 
INK128 was relatively effective as a single agent, but combination therapy had significantly 445 
stronger effect than single agents (Fig. 4A). The H&E staining of these tumors showed that 446 
mTOR inhibition together with palbociclib caused tumor collapse with smallest residual tumor 447 
masses at the end of the treatment (Fig. 4B and Supplementary Fig. S4B). To assess the 448 
inhibition of proliferation in vivo, we used BrdU staining for tumors with short-term treatment of 449 
palbociclib, INK128, or combination. The combination therapy demonstrated the lowest 450 
percentage of BrdU positive cells in both Cal27 and HN12 xenograft which indicate strong 451 
inhibition of cell proliferation in co-administered tumors (Fig. 4C and Supplementary Fig. S4C). 452 
In addition, we used immunohistochemistry to confirm protein expression in the tumors (Fig. 4D 453 
and Supplementary Fig. S4D). INK128 treatment decreased expression of phospho-S6 and 454 
phospho-4EBP1, and palbociclib treatment increased the expression of CCND1 and CCNE1. In 455 
contrast, these increases were suppressed by INK128 in the combination treatment. 456 
Furthermore, despite only five days of treatment, combination therapy induces tumor collapse 457 
(Supplementary Fig. S4D). These results indicate that even in vivo, the cyclin upregulation 458 
induced by palbociclib is rescued by mTORi, thereby displaying a strong synergistic effect. 459 

 460 

Discussion 461 

The frequent genomic alterations in CDKN2A and CCND1 in HPV-negative clinical HNSCC 462 
cases suggest that there is a strong rationale to target CDK4/6 to inhibit tumor progression in 463 
HNSCC. Several selective CDK4/6 inhibitors are available in the clinic, such as abemaciclib, 464 
ribociclib, and palbociclib. Among them, palbociclib is the first FDA-approved CDK4/6 specific 465 
inhibitor, inducing G1 arrest, with a concomitant reduction of phosphorylation of the Rb protein 466 
(36). It is approved for advanced or metastatic hormone receptor-positive (HR+) and human 467 
epidermal growth factor receptor 2-negative (HER2-) breast cancer (BCa), in combination with 468 
endocrine therapy (34,37). For HPV-negative HNSCC, several clinical trials have been 469 
conducted using CDK4/6 inhibitors. In selected patients with CDKN2A-altered HNSCC, 470 
palbociclib monotherapy showed modest antitumor activity (4). Also, in the PALATINUS study, 471 
the combination of palbociclib and cetuximab did not prolong the OS in unselected patients (5). 472 
To strengthen the anti-tumor activity of palbociclib in HNSCC, novel strategies are needed. In 473 
the subgroup analysis in PALATINUS patients, trends for better OS were observed in patients 474 
with CDKN2A mutations or CDK4/6 amplification, but in the absence of PIK3CA alterations (5). 475 
Consistent with these data, basic studies showed that PIK3CA-mutant HNSCC cells are less 476 
responsive to palbociclib (38). These results are consistent with the results of our study showing 477 
that mTORi and palbociclib could have beneficial combinatory effects on HNSCC.  478 

The therapeutic potential of mTORi for HNSCC has been extensively studied. Our group 479 
pioneered the use of rapamycin as a single agent to treat HNSCC xenograft (6). In this early 480 
study, we showed that phosphorylated S6, the most downstream target of the Akt-mTOR 481 
pathway, is frequently accumulated in HNSCC clinical specimens. Furthermore, we used 482 
rapamycin to treat four different types of HNSCC xenografts, resulting in tumor regression. 483 
Following this study, several groups have reported the effectiveness of mTORi for HNSCC (39-484 
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41). In turn, these analyses from basic research led to multiple clinical trials including single 485 
agent mTORi, or combined treatment with mTORi and other agents (9,42-45). Our group has 486 
recently shown the efficacy of rapamycin as monotherapy for previously untreated patients. 21 487 
days treatment for 16 patients with rapamycin resulted in 1 complete response, 3 partial 488 
response, and 12 stable disease, supporting the potential role of mTORi for HNSCC (7). 489 
Furthermore, clinical trials with administration of metformin, which has been shown to regulate 490 
mTOR via AMPK, to premalignant lesions of HNSCC has been conducted, and it shows 491 
promising results as judged by pathological responses (46). Similarly, we have recently shown 492 
that mTOR inhibition with everolimus in the adjuvant setting after definitive treatment of locally 493 
advanced HNSCC lesions reduces significantly tumor relapse, specifically in HPV negative 494 
cases (8). However, a clinical trial targeting mTOR in heavily pretreated HNSCC patients did not 495 
show clinical benefit with everolimus (9). These findings suggest that previous treatments may 496 
cause genetic alterations and epigenetic changes in cancer cells; consequently, more 497 
complicated mechanisms driving cell growth may be active in these lesions when compared to 498 
the use of mTORi in newly diagnosed HNSCC cases, or as an adjuvant post-surgery and/or 499 
radiation. In addition, in these early clinical trials mainly three mTORi were used; rapamycin 500 
(sirolimus), everolimus and temsirolimus. These three mTORi are often referred as first 501 
generation mTORi, blocking only mTORC1. In our study, we used INK128, which is a second 502 
generation mTORi that binds to the ATP-binding site of mTOR and inhibits the catalytic activity 503 
of both mTORC1 and mTORC2 without inhibiting other kinases (25). In this regard, INK128 is 504 
different from previous mTORi, and the anti-tumor effect of second generation mTORi is 505 
promising (47).  506 

To overcome potential mechanisms limiting the response to mTORi, we hypothesized that the 507 
administration of mTORi to HNSCC combined with targeting agents suppressing resistance 508 
pathways may provide better outcomes. In this study, we applied an unbiased approach to find 509 
synthetic lethal and resistance targets for INK128 and showed that the cell cycle pathway can 510 
be a synthetic lethal target with INK128. Xenograft experiments using human HNSCC cells 511 
showed promising results with the co-administration of INK128 and palbociclib.  Mechanistically, 512 
we showed that INK128 could inhibit the adaptive accumulation of CCNE1 caused by 513 
palbociclib. Since INK128 blocks mTORC1 and mTORC2, it can inhibit phosphorylation of 4E-514 
BP1 strongly, which in turn reactivates the tumor suppressive activity of 4E-BP1 (24,25). 515 
Dephosphorylated 4E-BP1 associates with eIF4E, and inhibits binding between eIF4E and 516 
eIF4G, resulting in reduced translation of mRNAs that are essential to cell proliferation for tumor 517 
(24). In this case, one of the eIF4G-biding mRNAs reduced by INK128 is CCNE1. This may 518 
explain the reduced level of CCNE1 protein after INK128, and the efficacy of combination 519 
therapy with INK128 and palbociclib (see Fig. 5).  520 

Our findings may now provide a mechanistic framework on how the interplay between 521 
CDK4/CDK6 blockade and mTORi can result in increased tumor control and prevent the 522 
acquisition of palbociclib resistance. Aligned with this perspective, recent studies suggest that 523 
enhanced CCNE1 mRNA expression levels in BCa patients are associated with resistance to 524 
palbociclib (33,48), which was recapitulated by our current findings supporting that CCNE1 525 
overexpression is sufficient to induce palbociclib resistance in HNSCC cells. Similarly, the 526 
PI3K/mTOR pathway was found to be overactivated in palbociclib-resistant breast cancer cells, 527 
with increased levels of cyclin D1 and CDK4 translation that could be reverted by PI3K/mTOR 528 
inhibition (49), and palbociclib-based high-throughput combination drug screens showed a 529 
significant synergistic effect when palbociclib was combined with PI3K, EGFR, or MEK inhibitors 530 
in HNSCC (50). Furthermore, in PIK3CA mutant HNSCC cells a combination of a PI3K/mTOR 531 
inhibitor and palbociclib was reported to be effective xenograft tumors (38), albeit by a poorly 532 
understood mechanism. These results support that the use of palbociclib alone has limited 533 
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activity in HNSCC likely due to the rapid acquisition of adaptive resistance through a positive 534 
feedback loop resulting in increased CCNE1 expression, which can be prevented by the 535 
concomitant mTOR pathway blockade (see Fig. 5). 536 

In summary, our unbiased genetic library screen approach revealed that concomitant mTOR 537 
blockade reverts the adaptive resistance to palbociclib. Specifically, CCNE1 overexpression 538 
caused by palbociclib can be abolished by co-administration of INK128. Ultimately, our findings 539 
may provide a novel strategy for HPV negative HNSCC patients by co-targeting mTOR and key 540 
cell cycle regulating molecules, which can also have an impact in multiple cancer types that fail 541 
to respond to CDK4/6 inhibitors as single agents. 542 
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Figure Legends  715 

Figure 1. CRISPR screening identified cell cycle pathway as synthetic lethal pathway for 716 
mTORi in HNSCC 717 

A. Scheme for CRISPR screening. Cal27-Cas9 cells were infected with human kinome CRIPSR 718 
knockout library, targeting 763 genes consisting of 4 gRNAs for each gene, and subjected to 719 
vehicle treatment or INK128 treatment. At population doubling (PD) 20, genomic DNA was 720 
extracted from cells, and PCR and NGS were performed. B. The volcano plot of all sgRNA hits. 721 
C. Extraction sequence of sgRNA hits. The sensitizing hits and resistance driving hits were 722 
extracted with p-value < 0.01 and analyzed with KEGG pathway analysis. D. Selected 109 hits 723 
plot. The hits included genes related to PI3K/mTOR and cell cycle pathways. E. KEGG pathway 724 
analysis for sensitizing hits. KEGG pathway analysis was applied for significant 109 hits. The 725 
top 15 pathways are represented, the color intensity of the bar represents the enrichment score. 726 
F. Cyclin D1 (CCND1) mRNA expression and overall survival in TCGA-HNSC patients. Patients 727 
with high (Z-score > 0.5, n=124) and low (Z-score < 0.5, n=73) expression of each mRNA were 728 
compared by Log-rank test. G. CCND1 RPPA expression and overall survival in TCGA-HNSC 729 
patients. Patients with high (Z-score > 0.5, n=120) and low (Z-score < 0.5, n=120) expression of 730 
each mRNA were compared by Log-rank test. 731 

Figure 2. Combination of INK128 and palbociclib showed strong synergism in HNSCC 732 
cells in vitro 733 

A. Cell viability of Cal27 and HN12 that treated with siRNAs for 24 hours, after that added 734 
INK128 (30nM) and treated for another 48 hours was measured (mean ± SEM, n = 4). B. The 735 
effect of INK128 on Cal27 HNSCC cells. INK128 potently blocked the cell viability with growth 736 
inhibition of 50% (GI50) of 42 nM for Cal27 HNSCC cells (mean ± SEM, n = 3). C. The effect of 737 
palbociclib on Cal27 HNSCC cells. GI50 for palbociclib was 0.89 μM for Cal27 cells (mean ± 738 
SEM, n = 3). D. Analysis for synergism between INK128 and palbociclib by Chou-Talalay 739 
method for Cal27 cells. CI was below 1 for most percentage of fraction when cells were treated 740 
with 1:10 or 1:20 concentration of INK128 and palbociclib, respectively. E. Factorial dose matrix 741 
for INK128 and palbociclib. F. Analysis for synergism between INK128 and palbociclib by Bliss 742 
model. Strong synergism was observed with relatively higher INK128 concentration than GI50. G. 743 
Colony formation abilities of Cal27 treated with INK128 (20nM) and/or palbociclib (0.4µM) were 744 
measured. Representative stained colony image of each treatment group. Colony area of each 745 
treatment group was compared relative to controls (mean ± SEM, n = 3). H. Orosphere 746 
formation abilities of Cal27 treated with INK128 (20nM) and/or palbociclib (0.4µM) were 747 
measured. Representative sphere image of each treatment group. Orosphere volume of each 748 
treatment group was compared (mean ± SEM, n = 9).  ****P < 0.0001, ***P < 0.001, **P < 0.01, 749 
*P < 0.05, ns = non-significant.  p-value was determined by one-way ANOVA with Tukey’s post 750 
hoc test in Figure 2G and 2H. p-value was determined by two-way ANOVA with Tukey’s post 751 
hoc test in Figure 2A. 752 

Figure 3. Upregulation of CCNE1 by palbociclib confers resistance to palbociclib, which 753 
can be reverted by INK128 754 

A. Relative mRNA levels of CCND1 and CCNE1 in Cal27 treated with INK128 and/or palbociclib 755 
for 24 hours. B. Signaling change with INK128 and/or palbociclib treatment. Cal27 was treated 756 
with 50 nM of INK128, 1µM of palbociclib, or both for 48 hours after serum starvation overnight, 757 
and were analyzed for indicated proteins by western blotting. C. Cell viability of Cal27 cells 758 
treated with palbociclib. Comparison of wild type, overexpressing CCND1, CCNE1 and both 759 
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(mean ± SEM, n = 3). D. Cell viability of Cal27 cells treated with palbociclib. Comparison of wild 760 
type, overexpressing CCNE1, CCNE1+INK128 treatment (mean ± SEM, n = 3). E. eIF4G 761 
binding assay with INK128 and/or palbociclib treatment for CCNE1. Proteins from each treated 762 
Cal27 were immunoprecipitated by eIF4G. RNA was extracted from the IP product and 763 
expression of CCNE1 was determined by qPCR (mean ± SEM, n = 3). F. eIF4G binding assay 764 
with INK128 and/or palbociclib treatment for CCND1. Proteins from each treated Cal27 were 765 
immunoprecipitated by eIF4G. RNA was extracted from the IP product and expression of 766 
CCND1 was determined by qPCR (mean ± SEM, n = 3). G. Schema for CCND1 and CCNE1 767 
mRNA translation. mTORC1 phosphorylates 4EBP1 and suppresses mRNA translation. ****P < 768 
0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns = non-significant. p-value was determined by 769 
one-way ANOVA with Tukey’s post hoc test in Figure 3A. p-value was determined by two-way 770 
ANOVA with Tukey’s post hoc test in Figure 3E and 3F. 771 

Figure 4. Combination therapy with INK128 and palbociclib is effective against HNSCC 772 
xenograft 773 

A. Tumor growth curve for Cal27 xenograft with INK128, palbociclib, and combination (mean ± 774 
SEM, n = 10). B. H&E staining of Cal27 xenograft tumors. C. BrdU staining for Cal27 xenograft 775 
tumors. The percentage of BrdU-positive cells was compared by treatment group (mean ± SEM, 776 
n = 3). D. Representative IHC staining images of HN12 xenografts (strongly magnified). Tumors 777 
were stained with HE, pS6, p4EBP1, CCND1 and CCNE1. ****P < 0.0001, ***P < 0.001, **P < 778 
0.01, *P < 0.05, ns = non-significant. p-value was determined by one-way ANOVA with Tukey’s 779 
post hoc test in Figure 4A and 4C. 780 

Figure 5. Schematic representation of the mechanism for combination treatment with 781 
INK128 and palbociclib.  782 

Schema for untreated HNSCC, on palbociclib treatment and on combination treatment. 783 
Schematic representation of the mechanism of combination treatment with INK128 and 784 
palbociclib. See Discussion for details. 785 

 786 
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