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Abstract

We demonstrate that inhibition of cyclin dependent kinases 4/6 (CDK4/6) leads to senescence in 

human papillomavirus (HPV)-negative (−) head and neck squamous cell carcinoma (HNSCC), but 

not in HPV-positive (+) HNSCC. The BCL-2 family inhibitor, navitoclax, has been shown to 

eliminate senescent cells effectively. We evaluated the efficacy of combining palbociclib and 

navitoclax in HPV- HNSCC. Three HPV- HNSCC cell lines (CAL27, HN31, PCI15B) and three 

HPV+ HNSCC cell lines (UPCI-SCC-090, UPCI-SCC-154, UM-SCC-47) were treated with 

palbociclib. Treatment drove reduced expression of phosphorylated Rb (p-Rb) and phenotypic 
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evidence of senescence in all HPV- cell lines, while HPV+ cell lines did not display a consistent 

response by Rb or p-Rb and did not exhibit morphologic changes of senescence in response to 

palbociclib. In addition, treatment of HPV- cells with palbociclib increased both β-galactosidase 

protein expression and BCL-xL protein expression compared to untreated controls in HPV- cells. 

Co-expression of p-galactosidase and BCL-xL occurred consistently indicating elevated BCL-xL 

expression in senescent cells. Combining palbociclib with navitoclax led to decreased HPV- 

HNSCC cell survival and led to increased apoptosis levels in HPV- cell lines compared to each 

agent given alone.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) accounts for approximately 90 percent 

of all cases of head and neck malignancy 1, and there are an estimated 53,000 new cases of 

HNSCC diagnosed in the United States each year, with more than 10,000 deaths occurring 

annually 2. Approximately two-thirds of patients are diagnosed with advanced stage disease 

upon initial presentation 3,4 and these patients require an aggressive multi-modality 

treatment approach including surgery, radiation, and cisplatin-based chemotherapy. Despite 

aggressive treatment, there remains high morbidity and mortality 5, with a 30 percent rate of 

locoregional recurrence, distant failure in 25 percent of patients, and five-year survival of 

approximately 40 percent 6,7.

Loss of normal cell cycle regulation is a hallmark of HNSCC 8. With human papillomavirus 

positive (HPV+) disease, the viral oncoproteins E6 and E7 produced by HPV lead to the 

functional inactivation of the p53 and Rb tumor suppressor proteins, respectively. This 

disruption allows unchecked progression of the cell cycle, even while the CDKN2A gene, 

which encodes the p16INK4A (p16) cell cycle inhibitor, remains intact 9,10. In HPV-negative 

(HPV-) disease, loss or inactivation of CDKN2A/p16 is an early and common event in 

HNSCC tumorigenesis, with disruption of this gene occurring in 58% of cases 11. P16 is 

immediately upstream of cyclin dependent kinase 4 and 6 (CDK4/6). Loss of functional p16 

allows CDK4/6 to complex with D-type cyclins in order to phosphorylate and inactivate Rb, 

leading to release of E2F and subsequent progression through the G1 checkpoint to the S 

phase of the cell cycle 9,12,13. Loss of regulation of this critical checkpoint leads to cell cycle 

dysregulation and unchecked cell proliferation.

These key genomic and molecular differences between HPV+ and HPV- HNSCC lead to 

squamous cancers with different clinical behavior and responses to therapy 14,15. HPV+ 

HNSCC is primarily located in the oropharynx, most often occurs in younger and healthier 

patients, and carries a much better prognosis compared to HPV- disease, which occurs in an 

older population and tends to be associated with tobacco or alcohol use 16–18. Because of 

these differences, molecularly targeted treatment strategies should be tailored to the specific 

biologic and genomic characteristics inherent to these HNSCC subtypes. As outcomes 
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among patients with HPV- HNSCC are substantially worse, there is a specific unmet need 

for improved strategies among these patients.

Targeting CDK4/6 with specific inhibitors seems to be a logical strategy in HPV- HNSCC. 

We hypothesized that HPV- HNSCC cells would be more sensitive to CDK4/6 inhibition 

than HPV+ HNSCC given the key molecular differences between the two HNSCC subtypes. 

Palbociclib, a selective CDK4/6 inhibitor, has already been approved by the Federal Drug 

Administration (FDA) for the treatment of estrogen receptor (ER)-positive and HER2-

negative advanced/metastatic breast cancer. CDK4/6 inhibitors have been shown to arrest 

cell cycle progression beyond the G1 phase, promoting either cellular quiescence or 

senescence 19–23. However, senescent cells undergo significant changes in their gene 

expression profile, many of which are pro-tumorigenic 24,25. Specifically, senescent tumor 

cells have been shown to upregulate pro-survival pathways and inhibit apoptosis to maintain 

survival 26–28. Senescent tumor cells that persist in the tumor microenvironment have been 

shown to resist traditional cytotoxic chemotherapy and secrete cancer-promoting signals 29. 

Clearing senescent cells would reduce the ability of those cells to promote a pro-tumorigenic 

microenvironment. Thus, a treatment strategy combining the senescence-promoting effects 

of CDK4/6 inhibitors with an additional modality that could exploit the vulnerabilities of 

senescent cells and lead to their selective elimination would be beneficial 30. ‘Senolytic 

agents’, which selectively kill senescent cells, have gained recent interest. ABT-263 

(Navitoclax), which targets the BCL-2, BCL-xL, and BCL-w pro-survival proteins 31, is a 

known senolytic drug 32. We hypothesized that inducing a senescent-like state with CDK4/6 

inhibition would sensitize HPV- HNSCC cells to senolytic treatment with navitoclax.

In this study, we demonstrate that CDK4/6 inhibition with palbociclib in HPV- HNSCC cells 

consistently induces a senescent state, with upregulation of the pro-survival BCL-2 family 

protein, BCL-xL. The induction of senescence is absent in HPV+ HNSCC cells, 

demonstrating that the approach is specific to the HPV- HNSCC molecular subtype. Further, 

we show that coupling navitoclax with palbociclib results in profound apoptosis in HPV- 

HNSCC cells.

MATERIALS AND METHODS

Cell Culture

HNSCC cell lines CAL27, UPCI-SCC-090, and UPCI-SCC-154 were obtained from the 

American Type Culture Collection (ATCC), and the cell lines HN31, PCI15B, and UM-

SCC-47 were obtained from a repository maintained by Jeffrey N. Myers, MD, PhD, at the 

University of Texas, MD Anderson Cancer Center, with additional required permissions 

(HN31: John Ensley, MD, Wayne State University; PCI15B: Jennifer Grandis, MD, 

University of Pittsburgh; UM-SCC-47: Thomas Carey, PhD, University of Michigan). All 

cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM), except for UPCI-

SCC-154, which was grown in Minimum Essential Eagle’s Medium (MEM). All media 

were supplemented with 10% Fetal Bovine Serum (FBS), non-essential amino acids, sodium 

pyruvate, and 1% antibiotic: penicillin / streptomycin (DMEM) or gentamicin (MEM). The 

cells were incubated at 37°C and 5% CO2, with all experimentation performed within 20 

passages after thawing frozen stock cells. Stock samples for all cell lines were authenticated 
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with short tandem repeat (STR) genotyping immediately prior to the establishment of bank 

samples for each cell line for experimental use. Cells obtained from ATCC (CAL27, UPCI-

SCC-090, and UPCI-SCC-154) were reported Mycoplasma tested by ATCC prior to receipt 

and establishment of bank samples for experimental use. Cells obtained from a repository 

maintained by Jeffrey N. Myers, MD, PhD, (HN31, PCI15B, and UM-SCC-47) were 

similarly Mycoplasma tested prior to receipt and establishment of stocks. In addition, before 

stock samples were frozen, all cells were treated with Plasmocure™ (InvivoGen, San Diego, 

CA) per manufacturer specifications. Samples were used for experiments after recovery 

from freezing (within 2–3 passages) and were not extended for experiments beyond 20 

passages. All lines utilized for this study were authenticated subsequent to experimentation 

using STR genotyping to confirm they remained valid.

Antibodies

Antibodies against β-actin (8H10D10), β-galactosidase (E2U2I), BCL-2 (124), BCL-xL 

(54H6), BCL-w (31H4), and phosphorylated retinoblastoma (Ser780) protein (9307S) were 

obtained from Cell Signaling Technology (Danvers, MA). Antibody against retinoblastoma 

protein (MA5-11387) (Thermo Fisher Scientific, Waltham, MA) was also obtained.

Drugs

Palbociclib was obtained from Selleck Chemicals (PD-0332991; Houston, TX) and 

dissolved in water. Navitoclax was also obtained from Selleck Chemicals (S1001; Houston, 

TX) and dissolved in dimethyl sulfoxide (DMSO). Any time navitoclax was used in the 

treatment condition, the control condition was treated with a proportional amount of DMSO 

as the vehicle-control.

Western Blot

Cells were seeded and incubated with palbociclib 1μM for 24 hours. This dosage was 

utilized to measure distinct molecular changes, and the early timepoint was required to 

capture cells before cell death occurred. Cells were lysed using radioimmunoprecipitation 

(RIPA) buffer containing protease and phosphatase inhibitors (Pierce, Thermo Fisher 

Scientific, Rockford, IL). Protein concentrations of the cell lysates were determined by DC 

Protein Assay (Bio-Rad Laboratories, Hercules, CA). Protein samples were loaded onto 

10% polyacrylamide gels in equivalent amounts and separated by electrophoresis at 80V, 

then transferred onto polyvinylidene fluoride (PVDF) membranes (Merck Millipore, 

Burlington, MA) overnight at 4°C at 35V. The membranes were blocked in 1% Bovine 

Serum Albumin in Tris-buffered saline with 0.1% Tween 20 (Thermo Fisher Scientific, 

Waltham, MA) and probed with several primary antibodies overnight at 4°C, including 

antibodies against β-actin, phosphorylated retinoblastoma protein, and retinoblastoma 

protein. All primary antibodies were diluted at 1:500 in 1% BSA/TBS-T, except for β-actin, 

which was used as a loading control protein and was diluted 1:5000 in 1% BSA/TBS-T. The 

membranes were washed and probed for 1 hour with the following fluorescent secondary 

antibodies: IRDye goat anti-mouse IgG and IRDye goat anti-rabbit IgG (LI-COR 

Biosciences, Lincoln, NE), which were diluted 1:2500 in 1% BSA/TBS-T. The membranes 

were washed again prior to the visualization of immunoreactive proteins using the LI-COR 

Odysey FC Imaging System (LI-COR Biosciences, Lincoln, NE).
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When evaluating β-galactosidase and the BCL-2 family proteins, the cells were incubated 

with Palbociclib 1μM for 48 hours prior to harvesting. Here, the primary antibodies utilized 

were β-galactosidase, BCL-2, BCL-xL, and BCL-w. All of these primary antibodies were 

diluted 1:500 in 1% BSA/TBS-T. After incubation with secondary antibody and 

visualization of the immunoreactive proteins, quantification of protein bands was performed 

using Image Studio software (LI-COR Biosciences, Lincoln, NE). Experimental data is 

comprised of at least three biological replicates performed on different days.

Cellular Morphology Assessment

Cellular morphology was observed in the HNSCC lines with and without treatment with 

palbociclib 1μM. Brightfield microscopy images were taken on day of drug addition (day 0), 

then day 3 and day 5 of incubation in drug-treated media. Incubation with palbociclib was 

continued throughout the 5-day period, with media and drug replaced at 72 hours.

Real-time Imaging of HNSCC Cells Treated with Palbociclib

Time-lapse videos were captured using the Personal Automated Lab Assistant (PAULA) 

(Leica Microsystems, Wetzlar, Germany). Cells were plated and observed with and without 

administration of palbociclib 1μM treatment. 24 hours after drug administration, videos were 

recorded at 15-minute intervals for 48 hours. Videos were processed using HitFilm Express 

software and compressed into 10 second videos.

Clonogenic Assay

Cells were treated with palbociclib 0.05μM, 0.1μM, or 0.5μM. Palbociclib doses used in the 

clonogenic survival assays were reduced as compared to western blot or 

immunofluorescence assays in order to observe measurable differences in cell viability using 

this assay, which by design requires drug treatment of cells plated at low density over a 

course of several days. Plates were assessed for clonal expansion, with replacement of media 

and drug every 72 hours. After approximately 10 days (CAL27, HN31, PCI15B, UM-

SCC-47), or 14 days (UPCI-SCC-090 and UPCI-SCC-154), media was removed, and plates 

were washed. Cells were fixed and stained with 0.25% Cresyl Violet. Plates were scanned 

and the results were quantified with ImageJ software 33, with a colony defined as consisting 

of at least 50 cells 34. Plating efficiency was calculated for each cell line, and surviving 

fractions were determined per standard methods 34. Statistical significance was determined 

using ANOVA and Dunnett’s multiple comparisons test comparing treatment conditions to 

control, which was calculated with GraphPad Prism 8 (GraphPad Software, San Diego, CA). 

For a pooled analysis of all HPV+ lines compared with all HPV- lines, each treatment 

condition was compared to control using matched-pairs t-tests. Experimental data is 

comprised of three biological replicates performed on different days, with three technical 

replicates per biological replicate.

Immunofluorescence

Cells were seeded onto cover slips and were treated with palbociclib 1μM or DMEM for 48 

hours prior to fixation with 4% paraformaldehyde in PBS (Santa Cruz Biotechnology, 

Dallas, TX). Cover slips were washed, incubated with 0.1% Triton-X (Fischer Scientific, 
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Fair Lawn, NJ), and blocked in 5% BSA in TBS-T. Next, the cover slips were probed with 

primary antibody overnight at 4°C: β-galactosidase (1:400 in 1% BSA/TBS-T with 0.3% 

Triton-X) or BCL-xL (1:200 in 1% BSA/TBS-T with 0.5% n-octyl-glucoside), followed by 

probing with fluorescent secondary antibody. Secondary antibodies were diluted 1:500 in 

1% BSA/TBS-T and were either anti-rabbit IgG Alexa Fluor 488 (4412) (Cell Signaling 

Technology, Danvers, MA) or anti-rabbit IgG Alexa Fluor 647 (ab150079) (Abcam, 

Cambridge, MA). The cover slips were then washed and mounted with Antifade Mounting 

Medium with DAPI (Enzo Life Sciences, Farmingdale, NY). The slides were examined 

utilizing an epifluorescent microscope, ZEISS AxioObserver CLEM, with DAPI, Alexa 488, 

or Cy5 fluorescent filters. For each cell line and condition, 5 representative fields were 

captured, with each field containing approximately 100 cells. The total fluorescent signal 

from each field was quantified using Volocity Software (Quorum Technologies, Puslinch, 

ON) and normalized by the number of cells within that field. A two-tailed t-test was 

calculated comparing the control and treatment groups. Finally, the averages of the amounts 

of signal per cell were compared in order to quantify the fold change in the amount of 

fluorescent signal. Experimental data is comprised of at least three biological replicates 

performed on different days.

Confocal Microscopy

For dual color visualization of β-galactosidase and BCL-xL, we utilized antibody against β-

galactosidase diluted 1:400, and BCL-xL Alexa Fluor 546 antibody (sc-8392 AF546) (Santa 

Cruz Biotechnology, Dallas, TX) diluted 1:200. Both were diluted in 1% BSA/TBS-T with 

0.3% Triton-X. After overnight incubation at 4°C, cover slips were washed and probed with 

fluorescent secondary antibody, anti-rabbit IgG Alexa Fluor 488 (4412) (Cell Signaling 

Technology, Danvers, MA), for 2 hours at room temperature. The cover slips were then 

washed and mounted with Antifade Mounting Medium with DAPI (Enzo Life Sciences, 

Farmingdale, NY). The slides were examined utilizing a Leica SP5 Confocal microscope, 

with 405 nanometer, 488 nanometer, and 543 nanometer lasers. For each cell line and 

condition, 5 representative fields were captured, with each field containing approximately 

100 cells. 10 cells were selected from identical XY coordinates in each field, and the 

fluorescent signal from each channel was quantified using FIJI Image J software 35. The 

fluorescent signal values were normalized by the median of each experimental replicate. All 

values were plotted, and a Pearson correlation coefficient was calculated with GraphPad 

Prism 8 (GraphPad Software, San Diego, CA). Experimental data is comprised of at least 

three biological replicates performed on different days.

Cell Viability Assay

Cells were seeded and treated 24 hours after plating with palbociclib 0.5μM, navitoclax 

1μM, or a combination of the two. Vehicle-treated control wells were maintained in the 

DMSO dissolvent for navitoclax. The cells were incubated in drug for a total of 144 hours, 

with replacement of cell media after the first 72 hours. Cells were then washed and stained 

with 0.25% Cresyl Violet. Plates were scanned and the results were quantified with ImageJ 

software 33. The percentage of cresyl violet staining in relation to the total surface area of 

the well was used to estimate cell density for each well as a measure of cell number, and 

data was normalized to vehicle-treated control wells. Statistical significance was determined 
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by two-tailed paired t-tests, calculated comparing the control and combination treatment 

groups, as well as comparing single-treated and combination treatment groups. Experimental 

data is comprised of three biological replicates performed on different days, with three 

technical replicates per biological replicate.

Annexin V Apoptosis Assay

Cells were seeded and treated with palbociclib 0.5μM, navitoclax 1μM, or palbociclib 

0.5μM / navitoclax 1μM combination, as well as the positive control, staurosporine 1μM 

(AdipoGen Life Sciences, San Diego, CA). Vehicle-treated control wells were maintained in 

DMSO of the same proportion as used in the treatment condition. Cells were incubated for 

72 hours in drug. Media and any detached cells were harvested from wells and included in 

the analysis. Attached cells were harvested with Accutase Cell Detachment Solution (BD 

Biosciences, San Jose, CA), and combined with the media from each respective well. All 

cells were washed and stained with the PE Annexin V Apoptosis Detection Kit I (BD 

Biosciences, San Jose, CA). Analysis was performed using a flow cytometer, BD LSRII UP. 

Flow cytometer data was analyzed using FlowJo software (FlowJo, Ashland, OR). 

Experimental data comprised of three biological replicates performed on different days. 

Statistical significance was determined using two-tailed paired t-tests comparing the 

combination treatment group with each single agent treatment groups for each line.

Statistical Analysis

All experiments comprised of at least three assays performed independently on different 

days. Mean average, standard deviation (SD), or standard error of the mean (SEM) was 

calculated where appropriate. Statistical significance was calculated with unpaired t-tests, 

unless otherwise indicated, and a two-sided p-value < 0.05 was considered statistically 

significant. Other analyses or statistical methods utilized for specific assays are detailed in 

their respective sections in the methods.

RESULTS

Initial experiments were performed using six HNSCC lines, including 3 HPV- lines (CAL27, 

HN31, and PCI15B) and 3 HPV+ lines (UM-SCC-47, UPCI-SCC-090, UPCI-SCC-154). 

The origin of each line is described in more detail in Table 1. HPV-16 infection has been 

confirmed in UM-SCC-4736, UPCI-SCC-09037, and UPCI-SCC-15437 and reported as 

negative for CAL27, HN31, and PCI15B36.

Effects of Palbociclib

To demonstrate the molecular activity of palbociclib we assessed protein levels of total Rb 

and phosphorylated Rb at baseline and after 24 hours of exposure to palbociclib 1μM for all 

cell lines. In the HPV- cell lines, phosphorylation of Rb was markedly reduced after 

palbociclib treatment, while there was no observable change in the level of Rb 

phosphorylation in the three HPV+ cell lines, as shown in Supplemental Figure 1.

Using light microscopy, we observed that the cellular morphology of HPV- cells following 

exposure to palbociclib is dramatically altered. Figure 1a reveals that with palbociclib 
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exposure, HPV- cell lines undergo flattening and enlargement, and appear grossly to 

proliferate at a slower rate in comparison to untreated cells, all of which are characteristic 

features of cellular senescence 24,25. These morphological changes are not present in the 

HPV+ cell lines with or without palbociclib treatment, and the cells appear to proliferate at a 

similar rate under both conditions, as seen in Figure 1b. These striking differences are also 

demonstrated on real-time imaging of these cells provided as Supplemental Files linked to 

this manuscript. One can clearly see that HPV- cells treated with palbociclib lack cell 

division and appear to enlarge as compared to untreated controls, while HPV+ cells exhibit 

similar proliferation and gross morphology in both treated and untreated conditions.

To further assess the cellular response to palbociclib, clonogenic survival was measured after 

treatment with palbociclib, as displayed in Figure 2a and 2b. HPV- cell lines were 

significantly more susceptible to palbociclib than the HPV+ cell lines, once again illustrating 

a differential effect of palbociclib based upon HPV status. At palbociclib 0.5 pM, surviving 

fraction (mean percent ± SEM) compared to control was decreased among HPV- cell lines 

(CAL27: 0% ± 0%, HN31: 51.89% ± 3.96%, PCI15B: 3.35% ± 1.08%), and comparatively 

less effective in HPV+ cell lines (UM-SCC-47: 77.67% ± 5.22%, UPCI-SCC-090: 116.89% 

± 9.85%, UPCI-SCC-154: 72.28% ± 3.84%). Analysis pooling data for HPV+ and HPV- 

lines demonstrated clear differential responses to palbociclib between the two HNSCC 

molecular sub-types (Figure 2c).

To verify that the palbociclib-treated cells with morphological features of senescence were 

in a senescent state, we assessed senescence associated β-galactosidase (SA β-Gal) activity, 

a known surrogate marker for cellular senescence 24,25,38,39. As displayed in Figure 3a and 

3b, SA β-Gal expression was significantly increased after treatment with palbociclib in the 

HPV- cell lines. This result was corroborated using immunofluorescence, when significantly 

increased SA β-Gal expression was visualized in palbociclib-treated HPV- cell lines in 

comparison to untreated controls (Figure 3d and 3e).

Expression of Pro-Survival / Anti-Apoptotic Proteins

After observing the molecular and cellular response to palbociclib, as well as noting the 

pattern of differential response based upon HPV- status, we then focused on HPV- HNSCC. 

We hypothesized that palbociclib-induced senescence would result in the upregulation of 

pro-survival BCL family proteins based on previous reports that senescent cells demonstrate 

increased BCL-xL levels 26–28. Baseline protein expression levels of three pro-survival / 

anti-apoptotic proteins, BCL-2, BCL-xL, and BCL-w, (molecules targeted by the senolytic 

agent, navitoclax) were measured using western blot and compared to expression levels 

following 48 hours of treatment with 1 μM palbociclib. BCL-2 and BCL-w appeared to be 

absent or very low in both the untreated and treated conditions for all lines tested 

(Supplemental Figure 2). Thereafter, BCL-xL was examined in subsequent experiments. 

Quantification of BCL-xL demonstrated significantly increased expression levels in all HPV- 

cell lines when treated with palbociclib (Figure 3a and 3c). We utilized immunofluorescence 

to evaluate if there was a subset of cells upregulating BCL-xL in response to palbociclib 

treatment, or if this response was consistent across all treated cells. The upregulation of 

BCL-xL in response to 48 hours of 1 μM palbociclib treatment was widely distributed across 
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the population, of a significant increase, and consistent across all HPV- cell lines (Figure 3f 

and 3g).

Next, we hypothesized that individual cells affected by palbociclib treatment would respond 

by concurrently increasing expression levels of both SA β-Gal and BCL-xL. Conversely, 

cells that were relatively unaffected by palbociclib treatment would have lower levels of SA 

β-Gal and BCL-xL. Using confocal microscopy and co-expression analysis, Figure 4a–f 

illustrates that intracellular levels of β-Gal and BCL-xL levels correlate strongly for all of 

the cell lines examined.

Targeting Pro-Survival / Anti-Apoptotic Proteins as a Senolytic Approach

Since HPV- HNSCC cells appear to upregulate BCL-xL following palbociclib treatment, we 

hypothesized that this was a protective mechanism to resist cell death. As such, we 

hypothesized that inhibiting BCL-xL in HPV- HNSCC cells treated concurrently with 

palbociclib would result in profound apoptosis. ABT-263 (navitoclax) is a specific inhibitor 

of the anti-apoptotic BCL-2 family proteins, BCL-2, BCL-xL, and BCL-w 31. Cell viability 

assays using cresyl violet were used to assess the response of HPV- HNSCC cells to the 

combination of palbociclib and navitoclax treatment. In comparison to treatment with either 

agent alone, the combination of the two agents led to significantly lower levels of viable 

cells (Figure 5).

Senolysis via Induction of Apoptosis

To determine the method of cell death following drug exposure, we assayed apoptosis using 

Annexin V and 7-AAD following treatment with palbociclib alone, navitoclax alone, or after 

concurrent treatment. We hypothesized that navitoclax would induce cell death by apoptosis 

in the palbociclib treated senescent-like cells. Combination treatment of palbociclib and 

navitoclax significantly increased levels of apoptosis when compared to treatment with 

either single agent palbociclib or navitoclax (Figure 6). In fact, combination treatment of 

palbociclib and navitoclax reached levels of apoptosis that were similar to the positive 

control, staurosporine.

DISCUSSION

In this study, we demonstrate that HPV- HNSCC cells respond consistently to the CDK4/6 

inhibitor palbociclib. This response was largely absent among HPV+ HNSCC lines. We 

observed that palbociclib is biologically active in HPV- lines through a decrease in 

phosphorylated Rb, and these cells appeared to undergo senescence based on consistent 

morphologic changes and increased expression of SA-βGal. Examination of BCL-2 family 

pro-survival proteins showed that HPV- HNSCC cells increase expression of BCL-xL in 

response to palbociclib-induced senescence. We further studied a novel combination 

treatment strategy for HPV- HNSCC that utilizes palbociclib as a sensitizer for the senolytic 

agent, navitoclax. Navitoclax is a specific inhibitor of the anti-apoptotic BCL-2 family 

proteins that is currently undergoing evaluation in multiple clinical trials, however none are 

focused on HNSCC 31,40. Our proof-of-concept study shows that palbociclib treated HPV- 

HNSCC cells undergo senescence and seem to upregulate BCL-xL to maintain cell survival. 

Gadsden et al. Page 9

Mol Cancer Res. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We show that combining navitoclax with palbociclib leads specifically to profound levels of 

apoptotic cell death in HPV- HNSCC.

HNSCC has now been clearly stratified into two distinct entities based on HPV-status, as 

evidenced by newly established staging criteria for HPV+ oropharynx cancer and HPV- 

disease17. Cell cycle disruption is a key hallmark in HNSCC, but, as already discussed, the 

means by which this is accomplished between HPV- and HPV+ HNSCC are starkly 

different. The CDKN2A gene and/or the function of its product, p16INK4A, is lost in over 

80% of HPV- HNSCC tumors 11. Molecular inhibitors of CDK4/6, in effect, re-establish p16 

function, providing a rationale for their utility in this setting. Because the downstream cell 

cycle regulator, Rb, is disrupted by the E7 oncoprotein in HPV+ HNSCC, one would expect 

CDK4/6 inhibition to be ineffective. This is indeed what we observed. There was a subtle 

response to palbociclib noted in 2 HPV+ cell lines, particularly at higher doses of 

palbociclib, but these responses were limited in contrast to the HPV- lines, suggesting the 

primary action may be secondary to Rb activity. It is true that CDK4/6 signal on downstream 

targets other than Rb, such as FOXM1 41, which may contribute to responses to palbociclib 

in both HPV+ and HPV- HNSCC. We plan to detail the mechanism of response in HNSCC 

to inhibition of CDK4 and CDK6 in more comprehensive future studies. Our current study is 

the first to our knowledge to demonstrate the activity of CDK4/6 inhibitors in both HPV- and 

HPV+ HNSCC in a series of proof-of-concept experiments across multiple HNSCC cell 

lines. Our results provide support for a biomarker-driven strategy based on HPV status that 

is potentially effective in HNSCC.

Overall, there is insufficient data examining CDK4/6 inhibition in HNSCC, either in 

preclinical or clinical work 42. A study by Gong and colleagues described that among a large 

panel of cancer cell lines subjected to CDK4/6 inhibition with abemaciclib, with 28 HNSCC 

lines among this panel (including CAL27, but no other overlapping lines), there were modest 

responses overall 43. Unlike the study by Gong et al., we specifically focused on HNSCC 

and compared HPV- and HPV+ lines. Similar to the findings of Gong and colleagues, the 

responses to palbociclib alone that we observed were modest and limited to HPV- lines only. 

It is also notable that abemaciclib has more selectivity for CDK4, which may have 

implications for reduced activity in HNSCC 44,45.

In general, because palbociclib is an anti-proliferative, cytostatic agent, it is often most 

effective in eliminating cancer cells when used in combination with other drugs 19,46,47. For 

instance, palbociclib is approved for treatment of ER+/HER2- breast cancer in combination 

with anti-estrogen therapy 48. Two preclinical studies in HNSCC have shown improved 

results when CDK4/6 inhibitors are combined with a second agent 49,50. and multiple 

clinical trials evaluating CDK4/6 inhibitors in combination with additional agents are 

currently underway, including a study examining palbociclib and cetuximab in HNSCC 
30,51,52. While CDK4/6 inhibition as a part of a combination strategy has high potential as an 

effective treatment in HNSCC, the ideal agents to combine in HNSCC remain yet to be 

established 42. This motivated our interest in targeting specific biological vulnerabilities 

among HPV- HNSCC when exposed to palbociclib.
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Consistent but limited activity in HNSCC led us to examine combining a rationally effective 

agent with palbociclib. We chose the senolytic agent, navitoclax. There are limited data 

studying navitoclax in HNSCC. At the time of writing this manuscript, there are a total of 5 

active trials studying navitoclax registered on clinicaltrials.gov, with several more that are 

not yet recruiting patients. No trials are specifically studying this agent in HNSCC. Most 

studies are focused either on lymphoproliferative disease, hematologic cancers, or in the 

treatment of myelofibrosis. Trials in solid tumors focus mostly on either lung cancers or any 

tumor with recurrent/metastatic disease. Trials studying combination navitoclax with 

molecularly targeted agents include agents targeting mTOR (NCT03366103), EGFR 

(NCT02520778), or other RAS pathway targets (NCT02079740, NCT01989585). No trials 

have explored combining CDK4/6 inhibitors with navitoclax. Notably, several trials are 

focused on examining the senolytic properties of navitoclax to combat fibrosis. We thus 

hypothesized that the senescence we observed in HPV- HNSCC cells after palbociclib 

treatment might increase the cancer cells’ susceptibility to navitoclax.

Palbociclib treatment appears to consistently induce senescence in HPV- HNSCC. Our 

findings are in accord with what has been seen previously described in other cancer models, 

where CDK4/6 inhibitors halt progression beyond G1 phase and promote either a transient 

quiescent state or permanent proliferative arrest in senescence 19–23. The cytostatic and 

senescence-inducing nature of CDK4/6 inhibition may underly the limited effects of 

CDK4/6 inhibitors as monotherapeutic agents. Our knowledge of the role that senescent 

cancer cells play in tumor biology and treatment response continues to evolve, and it is now 

thought to potentially contribute to both tumor suppression and tumor progression 24,29. One 

biological phenomenon that has been recently described is that the senescent state can lead 

to the upregulation of pro-survival BCL-2 family proteins 26–28. It is known that the relative 

abundance and balance between pro-survival and pro-apoptotic members of the BCL-2 

family helps determine cell survival, and it seems that senescent cancer cells may rely on 

these molecules to persist in the senescent state 28,53. We found that this to be particularly 

important in HPV- HNSCC. Recent work by our laboratory has suggested that anti-apoptotic 

BCL-2 family proteins BCL-xL and MCL-1 are overexpressed in HNSCC, and that targeting 

these proteins results in synergistic cell death 54. Our previous work, combined with our 

current study, suggests that palbociclib may exacerbate the dependence of HPV- HNSCC on 

BCL-xL.

BCL-2 family pro-survival proteins are well known to influence tumorigenesis and tumor 

progression in cancer, and they appear to influence cell fate between senescence and 

apoptosis 55. For example, colorectal cancer cells that would normally undergo drug-induced 

senescence following treatment with a topoisomerase I inhibitor, instead undergo apoptosis 

when first subjected to BCL-xL knockdown 56. A study by Zhu et al. also showed that 

siRNA silencing of BCL-xL expression selectively killed senescent cells 27. Work by Yosef 

et al. showed that cells that have become senescent (either by etoposide treatment, extensive 

replication, or oncogene expression) upregulate BCL-xL, and that inhibition of BCL-xL in 

these senescent cells by either siRNA or ABT-737 specifically induces apoptosis in vitro 32. 

They further showed that in vivo, ABT-737, an early analogue of navitoclax, eliminates 

senescent cells that had accumulated in the lungs of mice following radiation 32. Pan et al. 

illustrated that navitoclax selectively cleared senescent pneumocytes following lung 
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radiation, and demonstrated that ABT-263 treatment reversed pulmonary fibrosis several 

months after irradiation 57. Finally, Chang et al. showed that ABT-263 selectively targeted 

and induced apoptosis in bone marrow hematopoietic stem cells that had been induced to 

senescence by irradiation, subsequently promoting the expansion of the remaining normal 

hematopoietic stem cells and allowing rejuvenation of the hematopoietic system 58. This 

body of research supports a potential dual role for senolytic therapy as a strategy to treat 

cancer, eliminating senescent cells while protecting host organ systems from the toxicity of 

cytotoxic agents. Our work supports the efficacy of this strategy in HNSCC and warrants 

closer evaluation in both in vivo and clinical studies.

Targeting and eliminating senescent cells has become an area of growing interest 59. Cancer 

cells can undergo senescence following exposure to cytotoxic chemotherapy, allowing them 

to serve as a reservoir for sustained pro-tumorigenic signaling, which enhances the 

surrounding cells’ tumorigenic potential and leads to relapses and metastases 60–62. 

Additionally, persistent senescent cells contribute to a local and systemic inflammatory state, 

exacerbating both the side effects of chemotherapy and the premature aging and frailty seen 

in cancer survivors 60,61. Clearing senescent cells is especially relevant in HNSCC, given 

that treatment currently relies on cytotoxic cisplatin chemotherapy combined with 

radiotherapy. Radiotherapy induces cellular senescence, and persistent senescent cells can 

create a chronic inflammatory state that ultimately contributes to fibrosis in the tissues of the 

irradiated field 63,64. Those same persistent cells may also facilitate tumor relapse and 

metastasis 63,64. Given that senescence is a known resistance mechanism and cause of 

treatment morbidity in HNSCC, a strategy targeting and eliminating senescent cells in this 

setting would therefore fill an unmet need, improving both treatment efficacy while possibly 

decreasing toxicity.

To our knowledge, we are the first to report a strategy combining the induction of 

senescence by CDK4/6 inhibition with the specific senolytic clearance of those senescent 

cells by targeting anti-apoptotic BCL-2 family proteins with navitoclax. This study presents 

a preliminary exploration of the potential of this dual-agent combination. We acknowledge 

several limitations of this work. Though we confirmed our findings across several HNSCC 

lines, broader evaluation in a larger panel of cell lines with more widely characterized 

molecular and genomic alterations is warranted to establish clear biomarkers for response to 

our proposed therapeutic strategy. We plan to expand our future evaluation to a larger cell 

line panel and translational models (e.g. primary tumor cell cultures) to accomplish these 

goals. Despite this limitation, our work suggests that in HNSCC response to palbociclib is 

dependent on HPV status, and we are the first to leverage a pervasive molecular 

characteristic (loss of p16 function) to design a senolytic treatment strategy for this disease. 

We further acknowledge that this study does not include demonstration of efficacy and 

toxicity of the palbociclib and navitoclax combination in vivo. These studies are planned in 

our ongoing work.

In conclusion, this preclinical in vitro study provides significant insight into the underlying 

biology of HPV- HNSCC. These cancers appear to be susceptible to palbociclib-induced 

senescence that depends on BCL-xL, which then leads to an inherent vulnerability to 

navitoclax. Our proof-of-concept work is the first describe this approach in HNSCC. Future 
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studies that optimize this biomarker-driven strategy in HPV- HNSCC are warranted, as the 

current strategies to treat this disease continue to lead to high morbidity and a consistent rate 

of treatment failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications:

This work exploits a key genomic hallmark of HPV- HNSCC (CDKN2A disruption) 

using palbociclib to induce BCL-xL dependent senescence, which subsequently causes 

the cancer cells to be vulnerable to the senolytic agent, navitoclax.
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Figure 1. 
Cell morphology observed via light microscopy in HNSCC lines after incubation with 

palbociclib. 24 hours following plating, cells were incubated in 1μM palbociclib or left 

untreated (controls). Images were taken on day of drug addition (Day 0), as well as Day 3, 

and Day 5 of drug incubation. Representative images, at the same magnification throughout, 

at each time point are shown for both palbociclib treated and untreated control groups. Data 

presented for HPV- HNSCC lines (A) demonstrate flattening and enlargement, as well as 

decreased numbers, all characteristic features of senescence morphology, while HPV+ 

HNSCC lines appear similar to controls (B).

Gadsden et al. Page 18

Mol Cancer Res. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Clonogenic survival of head and neck squamous cell carcinoma (HNSCC) lines following 

treatment with increasing concentrations of palbociclib. Cells were incubated with 0.05, 0.1, 

and 0.5 μM palbociclib for 10 days (HPV- lines) or 14 days (HPV+ lines), and then assessed 

for colony formation. Colonies were counted and surviving fraction was standardized 

against the untreated control. Percent surviving fraction of each cell line is presented for 

each palbociclib concentration as indicated. Data presented as mean ± standard error of the 

mean (SEM) from three biological replicates performed on different days, with three 

technical replicates per biological replicate. Data are presented for HPV- (A) and HPV+ (B) 

HNSCC lines, as well as a pooled analysis comparing HPV+ and HPV- lines (C). Statistical 

significance is indicated: * if p < 0.05, ** if p < 0.01, *** if p < 0.001, comparing treatment 

groups with control group as determined by ANOVA and Dunnett’s multiple comparisons 

test (A) and (B), and a pooled analysis comparing each treatment condition with control 

using a matched paired t-test (C).
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Figure 3. 
β-galactosidase and BCL-xL expression following palbociclib treatment among the panel of 

HPV- head and neck squamous cell carcinoma (HNSCC) lines. Representative western blot 

showing protein expression for β-galactosidase (β-gal), BCL-xL, and β-actin, with (+) 

designating treatment condition with 1 μM palbociclib (A). Fold changes shown in β-gal (B) 

and BCL-xL (C) relative to untreated controls. HPV-lines were exposed to 1 μM palbociclib 

for 24 hours prior to immunofluorescent staining. Representative epifluorescence 

microscopy images shown for both β-gal (D) and BCL-xL (F), with DAPI in blue, β-gal in 

green, and BCL-xL in red. Fold changes in β-gal (E) and BCL-xL (G) relative to untreated 

controls. Scale bar indicates 50μm. Data in (B) and (C) displayed as mean ± standard 

deviation; data in (E) and (G) displayed as mean ± standard error of the mean. All data 

represent at least three biological replicates performed on different days. Statistical 

significance is indicated: * if p < 0.05, ** if p < 0.01, comparing treatment group with 

control group using unpaired t-test.
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Figure 4. 
Co-expression of β-galactosidase and BCL-xL following palbociclib treatment among the 

panel of HPV- head and neck squamous cell carcinoma (HNSCC) lines. Cells were exposed 

to 1 μM palbociclib for 24 hours before immunofluorescent staining. Representative 

confocal microscopy images for control and treatment conditions shown (A, C, E), with 

DAPI in blue, β-gal in green, and BCL-xL in red. Co-expression analysis for each cell line 

(B, D, F), with every point on the graph representing the pixel intensity per cell for one cell 

for β-gal and BCL-xL, and overall illustrating strong correlation for all lines. Scale bar 

indicates 50μm. Data displayed from three biological replicates performed on different days.
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Figure 5. 
Cell viability assay following treatment with palbociclib, navitoclax, or combination of the 

two agents among the panel of HPV- head and neck squamous cell carcinoma (HNSCC) cell 

lines. Cells were exposed to 0.5 μM palbociclib, 1 μM navitoclax, or combination of the two 

agents for 6 days prior to harvest. Data displayed as mean ± standard error of the mean 

(SEM) from three biological replicates performed on different days, with three technical 

replicates per biological replicate. Statistical significance is indicated: * if p < 0.05, ** if p < 

0.01, *** if p < 0.001, comparing combination treatment group with control group, as well 

as comparing each single treated group with the combination treatment group, all using two-

tailed paired t-tests.
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Figure 6. 
Annexin V apoptosis assay following treatment with palbociclib, navitoclax, or combination 

of the two agents among the panel of HPV- head and neck squamous cell carcinoma 

(HNSCC) cell lines. Cells were exposed to 0.5 μM palbociclib, 1 μM navitoclax, or 

combination of the two agents, or 1 μM staurosporine (positive control). Cells were 

harvested after 72 hours and analyzed by flow cytometry. Representative flow cytometry 

analysis graphs (A, C, E) illustrate staining with 7-AAD and Annexin V-PE under each drug 

treatment condition for each line. Proportions of viable and apoptotic cells in each drug 

treatment condition for each line (B, D, F), with data displayed as mean ± standard deviation 

from three biological replicates performed on different days. Statistical significance is 

indicated: * if p < 0.05, ** if p < 0.01, comparing combination treatment group with each 

single agent all using two-tailed paired t-tests.
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Table 1.

Head and Neck Squamous Cell Carcinoma Cell Lines

Cell Line HPV Status Site of Origin

CAL27 Negative Oral Cavity

HN31 Negative Pharynx*

PCI15B Negative Pharynx*

UM-SCC-47 Positive Oral Cavity

UPCI-SCC-090 Positive Oral Cavity

UPCI-SCC-154 Positive Oral Cavity

Abbreviations:
HPV: Human papillomavirus

*
Metastatic Lymph Node derived
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