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A large body of evidence shows that p16INK4a overexpression predicts improved survival and increased

radiosensitivity in HPV-mediated oropharyngeal squamous cell carcinomas.(OPSCC). Here we demonstrate that

the presence of transcriptionally active HPV16 in oral cavity squamous cell carcinomas does not correlate with

p16INK4a overexpression, enhanced local tumor immunity, or improved outcome. It is interesting that HPV-

mediated oropharyngeal squamous cell carcinomas can be categorized as having a ‘nonaggressive’ invasion

phenotype, whereas aggressive invasion phenotypes are more common in HPV-negative squamous cell

carcinomas. We have developed primary cancer cell lines from resections with known pattern of invasion as

determined by our validated risk model. Given that cell lines derived from HPV-mediated oropharyngeal

squamous cell carcinomas are less invasive than their HPV-negative counterparts, we tested the hypothesis that

viral oncoproteins E6, E7, and p16INK4a can affect tumor invasion. Here we demonstrate that p16INK4a

overexpression in two cancer cell lines (UAB-3 and UAB-4), derived from oral cavity squamous cell carcinomas

with the most aggressive invasive phenotype (worst pattern of invasion type 5 (WPOI-5)), dramatically decreases

tumor invasiveness by altering expression of extracellular matrix remodeling genes. Pathway analysis integrating

changes in RNA expression and kinase activities reveals different potential p16INK4a-sensitive pathways.

Overexpressing p16INK4a in UAB-3 increases EGFR activity and increases MMP1 and MMP3 expression, possibly

through STAT3 activation. Overexpressing p16INK4a in UAB-4 decreases PDGFR gene expression and reduces

MMP1 and MMP3, possibly through STAT3 inactivation. Alternatively, ZAP70/Syk might increase MUC1

phosphorylation, leading to the observed decreased MMP1 expression.
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Oral cavity squamous cell carcinoma (OCSCC)
represents one of the most common malignancies
of the head and neck. Over 20 000 cases and 5000
deaths in the United States were attributed to this
disease in 2009.1 Currently, the Risk Model is the

only validated prognosticator that predicts
treatment failure for low-stage high-risk oral cavity
squamous cell carcinoma, adjusted for con-
founders.2–4 We recently published a validation
study on stage I/II patients showing a 42% positive
predictive value with respect to locoregional
recurrence associated with WPOI-5 worst pattern
of invasion type 5 (WPOI-5, see below). Unfor-
tunately, few treatment options are available after
failure of first-line therapy of oral cancers.

Oral cavity squamous cell carcinomas typically
arise after the accumulation of genetic insults
caused by cumulative lifestyle ‘chemical’ exposures
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(ie, smoking and drinking), whereas many orophar-
yngeal squamous cell carcinomas (OPSCC) developing
in never-smoker/drinkers are human papillomavirus
mediated (HPVþ ). It is well established that HPVþ
oropharyngeal squamous cell carcinomas are asso-
ciated with improved outcome compared with
HPV-negative counterparts.5–10 A large body of
published data show that p16INK4a overexpression,
a downstream effect of high-risk HPV E7-Rb
binding, predicts improved survival and increased
radiosensitivity; however, the underlying mech-
anisms of this improved outcome remain
controversial.11–18 Furthermore, the reasons why
oral cavity squamous cell carcinomas harboring
transcriptionally active (ie, ‘driver infection’)
HPV are not associated with improved outcomes
remain to be elucidated. Here we demonstrate that
transcriptionally active HPV in oral cavity squamous
cell carcinoma does not correlate with either the
overexpression of p16INK4a tumor suppressor
protein or enhanced local tumor immunity. This is
in direct contrast to HPVþ oropharyngeal squamous
cell carcinomas that typically overexpress p16INK4a

and manifest evidence of enhanced acquired tumor
immunity.

Here we propose an additional mechanism for the
improved outcome of HPVþ oropharyngeal squa-
mous cell carcinomas, related to less aggressive
tumor invasion. Histopathological invasion pheno-
type (termed WPOI) is one element of the
Risk Model.2–4 Typically, HPVþ oropharyngeal
squamous cell carcinomas can be categorized as
having a ‘nonaggressive’ invasion phenotypes,
whereas aggressive invasion phenotypes are more
common in oral cavity squamous cell carcinomas.
The aggressive invasion phenotypes can be sub-
classified into ‘WPOI-4’ and ‘WPOI-5,’ and the latter
category is reserved for carcinomas with a dispersed
pattern of invasion. Using tumor invasion assays,
we demonstrated that cell lines derived from
HPV-mediated cancers are less invasive than their
HPV-negative counterparts. We then tested the
hypothesis that p16INK4a overexpression in WPOI-5
cell lines suppresses invasion by modifying expres-
sion of extracellular matrix (ECM) remodeling genes.
This was achieved using invasion assays, and
assessing p16INK4a-responsive pathways by the
nCounter Human Cancer reference kit (NanoString
Technologies), kinomic profiling (PamStations12,
PamGene International), and integrated network
modeling of p16INK4a altered gene expression and
kinase activity with GeneGo MetaCore (Thompson
Reuters).

Materials and methods

This study was approved by the Institutional
Review Boards of the University of Alabama at
Birmingham (UAB), Maurice and Gabriela
Goldschleger School of Dental Medicine, Tel-Aviv

University (Tel Aviv, Israel), and Department of
Pathology, Continuum Health Partners, Beth Israel
Medical Center (New York, NY). Tumors sites were
classified as either oral cavity or oropharynx
according to ICD-O-3 topography codes.19 Con-
secutive patients (total 156) diagnosed with
primary oral cavity cancer were identified (UAB:
104 patients; Beth Israel: 28 patients; and Tel Aviv
University: 24 patients). Pathological diagnoses
were confirmed. Carcinomas were categorized with
respect to WPOI, lymphocytic host response, and
perineural invasion, and assigned an overall risk
score; those with scoresZ3 points were classified as
high risk.2–4 Electronic medical record data
regarding patient age, gender, tumor site, self-
reported race, AJCC TNM stage (seventh edition),19

and treatment (primary surgery, ±adjuvant
treatment, primary chemotherapy/radiation) were
abstracted. Histological criteria for exclusion
included limited tumor depth of invasion (r4mm)
and spindle cell variant of squamous cell carcinoma.
All available data on smoking and alcohol intake
were collected (ever smoked yes/no, pack-years,
prior smoking, number of years quit smoking, any
alcohol intake, ounces per week). Unfortunately, the
smoking and alcohol data often lacked quantitative
detail; therefore, they were analyzed only as cate-
gorical variables (yes/no). The study entry point was
the date of primary treatment. Disease progression
was classified as either locoregional recurrence or
distant metastases, and entered as date of first event
versus last known date without evidence of disease.
Overall survival and disease-specific survival were
assessed through the electronic medical records and
Social Security Death Index (SSDI) as date of death
versus last known date alive. Patients not found
within the SSDI were coded as alive as of the last
visit date.

To compare immune response with HPV
between tumor organ sites, 20 HPV-positive and
21 HPV-negative oropharyngeal squamous cell
carcinomas were selected randomly to compare
CD4þ and CD8þ populations with HPV-positive
and HPV-negative oral cavity squamous cell carci-
nomas. The nature of this patient cohort and the
methods for HPV analysis have been recently
reported.20

Sample Procurement

The glass pathology slides were used to morpholo-
gically guide tumor procurement from archival
paraffin blocks and avoid sampling overlying
squamous mucosa whenever present. Multiple
1mm cores were procured and sterile technique
was used to prevent contamination between
specimens and great care was taken to avoid con-
taminating samples with adjacent squamous
mucosa. The methodologies are detailed in our
recent publications.20,21
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Assessment of Transcriptionally Active HPV16/18:
RNA Extraction

Procured samples were deparaffinized, centrifuged,
rehydrated, and centrifuged. Tissue was incubated
in lysis buffer overnight to maximize digestion. RNA
extraction was performed using TRIzol and chloro-
form. The upper aqueous RNA phase was removed,
combined with 10 ml of 1mg/ml glycogen (Roche
Applied Science) and 1ml of isopropanol, and
stored overnight at � 20 1C. The RNA was further
purified by centrifuging and washing the pellets
with 1ml 70% ethanol (4 1C), at 12 000 r.p.m. for
30min at 4 1C. The supernatant was removed and
70% ethanol washing step was repeated. The
supernatant was again removed, and the RNA pellet
was dried for 15min at room temperature and
resuspended in 30 ml RNase-free water. Any remain-
ing residual genomic DNA was digested by DNase
using the Turbo DNA-Free kit (Ambion) for 15min at
37 1C, for a final volume of 50 ml. The extracted total
RNA was stored at � 80 1C. Total RNA concentra-
tions were measured by NanoDrop Epoch Spectro-
photometer System (BioTech, USA). Specimen
preparation was performed in a room separate from
the nucleotide extraction area, with regular decon-
tamination (DNA AWAY and RNaseAWAY Surface
Decontaminants, Molecular BioProducts) of all
surfaces and pipettes.

Reverse Transcription, First Amplification, and
Nested Real-Time Amplification

Type-specific nested primers were used to detect
transcripts for HPV16 E6 and E7 and HPV18 E6 and
E7, as previously described.20,21 Primers to detect
GAPDH transcripts were used as internal controls.
The Bio-Rad iScript cDNA synthesis kit was used
for reverse transcription of total RNA into cDNA.
Only GAPDH-positive samples were studied for
HPV. Samples were first screened for GAPDH
expression. All samples that were GAPDH negative
after first PCR were submitted to a second round of
PCR. Cross-contamination was prevented by using
separate sterile tips for each sample; for nested PCR,
real-time PCR (RT-PCR) amplicon tubes were spun
before the tubes were opened, and separate
Eppendorf tube openers were used for transferring
RT-PCR products to the nested PCR mix. The first
amplifications for HPV16E6, HPV16E7, HPV18E6,
and HPV18E7 were performed using 30 cycles of
PCR; the 50 ml samples contained at least 50 ng of
cDNA, 0.3 mM final concentration of each of the first
primer set (B250 bp) and 1.25U of Terra PCR Direct
Polymerase Mix (Clontech, USA). The following
thermocycler conditions were used: denaturation at
94 1C for 2min, 40 cycles of denaturation at 94 1C for
30 s, annealing at 57 1C for 60 s, extension at 72 1C
for 2min, and final extension at 72 1C for 10min.
The initial denaturation step in ‘hot start’ RT-PCR
occasionally results in sample dropout due to

evaporation; therefore, all reactions were run
in triplicate. Samples were deemed positive
if two of three reaction wells were positive. Every
reaction included the following controls: HeLa
(HPV18), SiHa (HPV16), formalin-fixed, paraffin-
embedded (FFPE) HPV16þ oropharyngeal car-
cinoma, formalin-fixed, paraffin-embedded pancrea-
tic carcinoma (HPV negative), and a blank sample
without template. The second amplifications used
RT-PCR, the Maxima SYBR Green/Fluorescein qPCR
master Mix (Fermentas), and the Opticon2 detection
system (Bio-Rad). This reaction contained 1:50
volumes of the first direct PCR reaction, 0.3 mM of
the second set of nested primers, and the Maxima
SYBR Green/Fluorescein qPCR Master Mix. These
assays were performed in triplicate as follows:
10min preincubation at 95 1C, 40 cycles of
denaturation at 95 1C for 15 s, annealing at 58.6 1C
for 30 s, extension at 72 1C for 30 s, and final
extension at 72 1C for 5min. The same positive and
negative controls were used as described above.
Amplicons were verified by D cycle threshold
(DCT). False-positive results were avoided by (1)
adhering to sterile technique, (2) requiring the
detection of both type-concordant transcripts (E6
and E7) in order to designate specimens as positive,
and (3) performing melting curve analysis on the
amplicons from the final reaction. All negative
control reactions were appropriate, including HeLa
(HPV18) as a negative control for HPV16 RT-PCR
and SiHa (HPV16) as a negative control for HPV18
RT-PCR.

Immunohistochemistry (IHC): p16INK4a

Epitope retrieval was performed with 0.02M con-
centration of citrate buffer (pH 6.0) heated at 97 1C
for 20min. The E6H4 clone of p16INK4a antibody was
used (MTM Laboratories, Westborough, MA, USA)
in a 1:2 dilution. Positive controls consisted of
HPV16þ tonsillar carcinoma with strong diffuse
nuclear and cytoplasmic p16INK4a expression. The
negative control slides consisted of tissue sections
processed without primary antibody. IHC was
performed with a semi-automated immunostainer
(Thermo Scientific, Labvision 720, Fremont, CA,
USA) and the UltraVision LP polymer system and
diaminobenzidine tetrachloride (DAB) chromagen
was used to visualize the antibody–antigen com-
plex; slides were counterstained with hematoxylin.
The p16INK4a expression was categorized for stain-
ing intensity (scale 0 to 4) as well as percent staining
distribution for both nuclei and cytoplasm. of both
squamoid and mucinous tumor elements.Tumors
were classified as p16INK4a positive if they expressed
both nuclear and cytoplasmic p16INK4a with Zþ 2
intensity and Z75% distribution; any amount of
staining less than this cutoff was classified as
negative.22 The slides were examined blinded to
HPV status.
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CD4 and CD8

To compare local immune response with HPV
status, 46 oral cancers were randomly selected
and compared with resection specimens from 41
oropharyngeal cancers with known transcriptionally
active HPV16/18 status.29 H&E slides were reviewed
and one section with the strongest cancer-associated
lymphocytic response was selected from each case
for study. Tissue sections were pretreated with heat-
induced epitope retrieval with 10mM EDTA, pH
8.0, for 20min at 98 1C followed by cooling at room
temperature for 20min. Endogenous peroxidase
activity was blocked by incubation in the hydrogen
peroxide block (Thermo Scientific). After washing
in Tris-buffered saline with 0.1% Tween-20, a
nonserum protein block was applied for 15min
at room temperature (Ultra V Block; Thermo
Scientific/LabVision). For detection of CD4 and
CD8, we used the primary antibodies with a ready-
to-use MultiVision polymer cocktail consisting of
anti-mouse/horseradish peroxidase and anti-rabbit/
alkaline phosphatase (Thermo Scientific MV-
2001R7). Whole slide scanning was performed
(BioImagene); ten � 400 fields were selected from
the regions of densest tumor-infiltrating-lympho-
cytes (TILS), and densest immune response at the
tumor interface. CD4 and CD8 positive cells were
quantified as percent cells per � 400 field.

Immunofluorescence of FOXP3

To better characterize the nature of the CD4 cells,
Tregs were quantified by double staining immuno-
fluorescence with FOXP3/CD4 antibodies (Thermo
Scientific). A total of 20 oropharyngeal squamous
cell carcinomas (9 HPV-positive and 11 HPV
negative) were randomly selected for study from
among the 41 cases above. After rehydration, heat-
mediated citrate buffer antigen retrieval was
performed. Slides were incubated overnight with

5mg/ml FOXP3 antibody (Abcam, ab4728), washed,
and stained with Alexa Fluor 594 goat anti-rabbit
antibody (Life Technologies, 45min, 1:500 dilution).
After extensive washing, the second overnight
incubation with CD4 antibodies (Thermo Scientific,
MS-1528-S) was performed. Slides were washed and
incubated with goat anti-mouse secondary antibody
conjugated to Alexa 488 (Life Technologies) for
45min in a 1:500 dilution. Diamidino-2-phenylin-
dole hydrochloride (DAPI) staining was performed
to localize nuclei. Negative control tissues were
treated in the same way, but incubated only with
secondary Alexa Fluor-labeled antibody. Slides
were washed and mounted in Vectashield medium
for fluorescence (Vector Labs, CA, USA). Double-
stained FOX3Pþ /CD4þ (Treg) cells appeared as
yellow fluorescence, and were quantified by cell
counting in the ten � 40 fields with the greatest
number of cells.

UAB Cell Lines and Transfection

We have developed unique squamous carcinoma
cell lines from primary head and neck cancer
resections with known tumor ‘WPOI’ (Table 1 and
Figure 1). The cell lines were double sorted using
PE-A-conjugated Epcam/CD326 antibody (epithelial
cell adhesion molecule), and their epithelial nature
was confirmed on cytospin preparations that were
fixed and permeabilized in cold acetone and stained
with keratin cocktail antibodies (not shown).
HPV status was confirmed by PCR with GP5þ /6þ
primers plus reverse transcription and PCR with
HPV16/HPV18-type specific E6 and E7 primers.

To examine the impact of HPV viral oncoproteins
and p16INK4a on tumor invasion, HPV-negative cell
lines were Lipofectamine transfected with plasmid
vectors containing cloned HPV16E6, HPV16E7, and
p16INK4a. pCMV-Sport2 vector was used for HPV16E6
and HPV16E7 transfection. pCMV6-CDKN2A plasmid
was used for p16INK4a transfection.

Table 1 Definitions of patterns of invasion (Risk Model), UAB cell lines, and transcriptionally active HPV status

Worst pattern of invasion (WPOI) Definition

Nonaggressive pattern of invasion WPOI- 1 Pushing tumor border
WPOI- 2 Finger-like tumor border
WPOI- 3 Large islands (415 cells/island), convincingly detached

and close (o1mm) to main tumor
Aggressive pattern of invasion WPOI- 4 Convincingly detached small (r15 cells) tumor islands,

close (o1mm) to the main tumor
WPOI- 5 Dispersed tumor satellites (Z1mm) away from main

tumor, of any size

UAB cell lines, site of tumor origin, and WPOI

UAB-1 UAB-2 UAB-3 UAB-4 UAB-5 UAB-6

Oropharynx Oral Oral Oral Oral Oropharynx
HPV16þ HPV-neg HPV-neg HPV-neg HPV-neg HPV16þ
WPOI-3 WPOI-3 WPOI-5 WPOI-5 WPOI-4 WPOI-3
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Figure 1 Worst patterns of invasion (WPOI). (a) Tongue squamous cell carcinoma, WPOI-5, �2 magnification. Satellite (S) is 43mm
away from the next closest wave of tumor satellites (T). Note the interspersed large muscle bundles in region T, typical of a WPOI-5
squamous cell carcinoma. (b) Another WPOI-5 tumor with strand-like dispersed tumor islands, the requisite distance (Z1mm) is not
illustrated in this photomicrographic field. (c) In contrast, WPOI-3 is a nondispersed, nonaggressive pattern of invasion. (d, e) Another
way of visualizing WPOI-5 and WPOI-3 in the same cancers as (b) and (c). White indicates carcinoma and black indicates stroma. Images
generated by IHC for keratin, whole slide digital scanning, and processing with ImageJ program. (f) HPV-mediated tonsil carcinoma. At
low-power magnification, the nonkeratinizing squamous cell carcinoma is barely discernible from the tonsillar lymphoid tissue. (g) Same
tumor, immunohistochemistry for p16. The pattern of p16 expression distinguishes tumor islands (brown) from lymphoid tissue (blue).
Histological examination of the tumor interface at high-power allows for the classification of this tumor as WPOI-3.
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To determine whether the impact of overexpres-
sing p16INK4a is specific to p16INK4a, and reversible,
cells were co-transfected with p16INK4a expression
vector and silencing hairpin RNA. RNA silencing
was achieved by lentiviral plasmid transfection
(pLenti X2 Hygro/sHp16 (w192-1) vector (Addgene)).
Lentiviral plasmid transfection with sH scramble RNA
was used as a negative control. SCC-90, an HPV16-
positive cell line from squamous cell carcinoma of the
tongue base, was transfected with either sH scramble
or sH p16INK4a as control. Transfection efficiency was
estimated by performing either immunofluorescence
or IHC for the relevant protein on cell line cytospin
preparations. All invasion experiments were per-
formed within 48h of transfection.

Transwell Invasion Assay

Invasion was measured using BD BioCoat Matrigel
Invasion Chambers (BD Biosciences, San Jose, CA,
USA) with 8mm diameter, matrigel-coated polycarbo-
nate membrane (8mm pore size). A total of 105 tumor
cells were seeded into the upper chamber of the well.
Chemotaxis was achieved with 100pg/ml of TGF-b1 for
36h. Then, the cells on the upper surface of the filter
were wiped off using a cotton swab, and the cells that
had invaded the underside of the filter were fixed,
stained with DiffQuick, and counted under bright-field
microscopy at � 10 magnification in five random fields
of view. Each condition was assayed in triplicate.

FlouroBlok Invasion System

The FlouroBlok invasion system was also used to
study the invasiveness of the tumor cells. 3T3 cells,
the mouse fibroblast cell line (ATCC) of low
invasivity, were used for control. The FluoroBlok
invasion system consists of a BD Falcont Fluoro-
Blok 24-multiwell insert plate with an 8 mm pore
size and polyethylene terephthalate membrane that
has been uniformly coated with BD Matrigel Base-
ment Membrane Matrix. 105 tumor cells were
seeded into upper chamber of the well. The bottom
chambers contained DMEM with 10% fetal calf
serum as a chemoattractant. The plates were
incubated at 37 1C, 5% CO2 atmosphere for 48 h.
Following incubation, the medium was removed
and inserts were transferred into a second 24-well
plate containing 0.5ml/well of 4mg/ml Calcein AM
in Hanks’ buffered salt solution (HBSS). Plates were
incubated for 1 h at 37 1C, 5% CO2. Invasive cells
were quantified as relative fluorescence units and
read in a fluorescence plate reader Synergy 2
(BioTek) at 485/530nm. Each condition was studied
with three to five replicates. Sham transfection with
empty vector (EV) served as negative controls with
transfection experiments. Multiple invasion assays
were performed comparing replicates of p16INK4a

UAB-3, p16INK4aUAB-4, sh-RNA-p16INK4aUAB-3,
sh-RNAp16INK4aUAB-4, double transfectants of

p16INK4a plus sh-RNA-p16INK4a, plus appropriate
controls.

Cell Proliferation Assay

Cells were seeded in 96-well plates (2� 103) and
allowed to attach overnight. Cell proliferation was
measured at 0, 24, 48, and 72h using the CellTiter
96s AQueous One Solution Cell Proliferation Assay
CellTiter 96 Aqueous kit (Promega). Assays were
performed by adding 20ml of the CellTiter 96
AQueous One Solution Reagent to 100 ml of cell
culture, incubating for 1h, and then recording
absorbance at 490nm with a 96-well plate reader
(Epoch, BioTek). The concentration of the reaction
product, formazan, was directly proportional to the
number of living cells in culture product.

RNA Expression Analysis

The nCounter Human Cancer reference kit (Nano-
String Technologies) was used to study changes in
gene expression after p16INK4a overexpression or
silencing. The Human Cancer reference kit queries a
broad set of 230 genes relevant to cancer-related
processes including invasion, cell cycle, prolifera-
tion, apoptosis, etc. Total RNA at 100ng was analyzed
from each of the following: empty vector control-
UAB-3, p16INK4aUAB-3, sH RNA p16INK4aUAB-3,
empty vector control-UAB-4, p16INK4aUAB-4, and
sH RNA p16INK4aUAB-4. Gene expression data were
normalized to six internal housekeeping genes.
Changes in gene expression were analyzed as
(p16INK4a overexpression)/(empty vector transfec-
tants) and (sH RNA p16INK4a silencing)/(empty vector
transfectants). The data were examined for the
impact of p16INK4a overexpression alone or com-
pared with the impact of p16INK4a silencing. The
cutoff for evaluation was taken as a ratio of r0.66 or
Z1.5. If the ratios for overexpression and silencing
were significant and reciprocal (eg, decreased gene
expression with p16INK4a overexpression plus
increased gene expression with p16INK4a silencing),
then that gene is considered potentially interesting.

Western Blot

Tumor cell lines were lysed in the cold lysis buffer
(Pierce) containing protease and phosphatase in-
hibitors (Thermo Scientific). Equal amounts of
protein (40 mg) were separated on 10% polyacryla-
mide gel. Proteins were then transferred from the gel
to nitrocellulose membrane (Amersham, GE Health-
care) using the Bio-Rad Laboratories Mini Protein 3
system. The membranes were treated with blocking
buffer (Li-COR) for 1 h at room temperature and the
primary antibodies diluted in the blocking reagent
were applied. Antibodies were diluted according
to the manufacturers’ recommendation (p16 and
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MMP1, Millipore and b-actin, Genetex). After over-
night incubation at 4 1C, membranes were washed
extensively with TBST and incubated for 1 h at room
temperature with a secondary antibody Goat anti-
Rabbit IRDye 680 or Goat anti-mouse IRDye 800
(1:10 000 dilution; Li-COR) in blocking buffer.
Finally, membranes were washed extensively with
TBST and imaged using Odyssey imaging system.

Kinomics Analysis

Kinomic profiling of p16INK4aUAB-3, empty vector
control-UAB-3, p16INK4aUAB-4, and empty vector
control-UAB-3 lysates was performed utilizing a
high-throughput phosphorylatable-peptide microar-
ray platform, the PamStation12 (PamGene, Hertogen-
bosch, The Netherlands), within the UAB Kinome
Core (www.kinomecore.com). This fluorescent-detec-
tion system measures the ability of the active kinases
in a specimen to phosphorylate specific peptides,
imprinted on multiplex arrays, in real time with
kinetic evaluation allowing for kinomic profiling of
cells and tissue. Monolayer cultures were lysed in
M-PER lysis buffer with protease and phosphatase
inhibitors at 4 1C for 30min. Then, 15mg of protein
was combined with kinase buffer, ATP, and fluores-
cently labeled anti-PY20 antibodies per UAB Kinome
Core standard operating procedure and then loaded
in triplicate into each well of the tyrosine (PTK)
PamChipss. The samples were run on the PamSta-
tion12 kinomics workstation using the standard PTK
PamChip protocol using Evolve12 Software v. 1.5
(PamGene). Image analysis and quantitation includ-
ing heatmaps and unsupervised hierarchical cluster-
ing were performed using BioNavigator v. 6.0
(PamGene). Raw signal intensity data per each of
the 144 spots were captured over multiple 50ms
exposures sequentially as ‘prewash’ kinetic values,
and then over multiple exposure times (10, 20, 50,
100, and 200ms) as ‘postwash’ values. These post-
wash values were converted to slopes of intensity by
exposure time, and slopes were multiplied by 100 and
log2 transformed for visualization and are labeled
‘postwash’ values. Significantly altered peptides
(Po0.05, by paired Student’s t-test), generated from
±p16INK4a overexpressing lysates with acceptable
phosphorylation curves, were plotted as prewash
values. Significantly altered peptides were cross-
compared for recurrent upstream kinases as listed
per residue in Kinexus kinase predictor (www.
phosphonet.ca), and scored according to percent
occurrence. Upstream kinases and altered genes were
uploaded to GeneGo MetaCore (portal.genego.com, a
Thomson Reuters Company), a networking tool with
curated biological interactions, for network analysis.

Statistical Analysis

Associations between HPV16þ status, p16INK4a

status, pathological T stage, lymph node status

(positive versus negative), cigarette and alcohol
intake, high-risk status, disease progression, and
disease-specific mortality were assessed by Fisher’s
exact test or w2 test; all tests were two tailed unless
stated, with a probability value of o0.05 considered
statistically significant. Univariate Kaplan–Meier
analysis was performed to assess time to disease
progression and overall survival for HPV status,
race, and other demographics. Multivariate model-
ing was performed for both HPV16 and p16INK4a,
adjusted for age (continuous variable), gender,
smoking, alcohol, high risk, race, and center. Paired
t-tests were performed comparing for mean cell
counts between CD8 tumor-infiltrating lymphocytes,
CD4 at the interface, and Foxp3þ /CD4þ cells, and
with altered peptides in the kinomics analysis;
significance was set as Po0.05.

Results

p16 Overexpression, HPV16, and Outcome

With respect to HPV, a total of 155 and 120 patients
were studied for HPV16 and HPV18, respectively;
112 patients were studied for p16. Overexpression
of p16INK4a is uncommon in oral cavity squamous
cell carcinoma (17/112 or 15.2%) and did not
correlate with HPV16 status. HPV16 and HPV18
were detected in 22.6% (35/155) and 11% (13/120)
patients, respectively (Figure 2). Table 2 presents the
frequency distribution of p16INK4a overexpression
and HPV16 by clinicopathologic features, expressed
as actual patient numbers. Multivariate modeling
demonstrated a protective effect with p16INK4a over-
expression and disease progression, when adjusted
for confounders (Table 3, bold font: Po0.05, hazard
ratio 0.11, 95% CI 0.02–0.63). Kaplan–Meier analy-
sis and multivariable modeling confirmed the lack
of association with disease progression or disease-
specific mortality (not shown).

Local Adaptive Immunity and HPV Status

Figure 3 compares local adaptive immunity with
HPV status in a subset of 46 patients with oral cavity
squamous cell carcinoma, and 41 patients with
oropharyngeal squamous cell carcinoma, respec-
tively. No association is seen with HPVþ and
CD4þ or CD8þ cells for oral cavity squamous cell
carcinomas. In contrast, HPVþ oropharyngeal squa-
mous cell carcinomas are significantly more likely to
be infiltrated with more intratumoral cytotoxic
CD8þ cells and tumor interface CD4þ cells than
HPV� counterparts. The nature of the CD4þ cells,
studied further in a subgroup of oropharyngeal
squamous cell carcinomas, demonstrated a signifi-
cant and inverse relationship between Tregs and
CD8þ cells. HPVþ oropharyngeal squamous cell
carcinomas harbored low Tregs (Foxp3þ /CD4þ )
and high CD8þ tumor-infiltrating lymphocytes

Modern Pathology (2015) 28, 631–653

p16INK4a decreases invasion WPOI-5 kinomics pathway analysis

T Isayeva et al 637

www.kinomecore.com
www.phosphonet.ca
www.phosphonet.ca
www.portal.genego.com


compared with HPV� oropharyngeal squamous
cell carcinomas that harbored high Tregs and low
CD8þ tumor-infiltrating lymphocytes (Figure 4,
P¼ 0.0007, paired two-tailed t-test).

Taken together, the above data suggest that the
lack of a protective effect for patients with oral
cavity squamous cell carcinoma harboring HPV16

can also be ascribed to: (1) the lack of association
between HPV16 and p16INK4a overexpression, and
(2) the absence of increased local adaptive tumor
immunity associated with HPV infection. The
multivariate modeling data also confirm a signifi-
cant survival advantage with respect to disease
progression for p16INK4a overexpression.

Figure 2 Oral squamous cell carcinoma, transcriptionally active HPV, and p16. (a) Reverse transcription, PCR with primers for HPV16E6
(left) and HPV16E7 (right). Lanes 1 and 2: HPV16þ oral cavity squamous cell carcinoma; lane 3: SiHa (HPV16þ ); lane 4: HeLa
(HPV18þ ); lane 5: formalin-fixed, paraffin-embedded negative tissue control. (b) Rare p16þ WPOI-5 oral cavity squamous cell
carcinoma, �4, �10, immunohistochemistry. (c) p16-negative oral cavity squamous cell carcinoma, � 4, � 10, immunohistochemistry.
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Tumor WPOI and Cell Line Invasion

The p16INK4a was overexpressed in 2/39 cancers
classified as WPOI-5 (Figure 2), and 11/47 cancers
classified as WPOI-4. The overexpression of p16INK4a

was significantly less likely to coincide with WPOI-5
compared withWPOI-4 (P¼ 0.032, Fisher’s exact test,
two tailed). Multiple pilot transwell invasion assays
and subsequent FluoroBlok invasion assays demon-
strated that cell lines derived from carcinomas with
WPOI-4 and WPOI-5 (UAB-3, UAB-4, and UAB-5;
Table 1) demonstrate greater invasiveness compared
with cell lines derived from carcinomas with WPOI-3
(UAB-1 and UAB-6 (both HPV16þ ), as demonstrated
in Figure 5).

HPV-negative cell lines (UAB-4 and UAB-5)
co-transfected with HPV16E6/E7 (transfection
efficiency at 50%) were significantly less invasive
than pilot transwell invasion studies (Figure 6).

Subsequent invasion experiments with UAB-3 and
UAB-4 (both WPOI-5) transfected with E6, E7, or
E6E7 were assessed by the FluoroBlok invasion
assay. Multiple experiments confirmed that sham
transfection with empty vector (EV) controls did not
affect invasion. E7-UAB-3 demonstrated 10.7%
decreased invasion (P¼ 0.0016) (not shown).

The cell lines UAB-3 and UAB-4 were confirmed
as p16INK4a nonexpressors, and then phenotypic
alterations associated with p16INK4a overexpression
were demonstrated in these cell lines (transfection
efficiency at 50%). Histologically, p16INK4a transfec-
tants appear more mature with greater cytoplasm
and lower nuclear/cytoplasmic ratio compared
with sham transfectants. Overexpression of p16INK4a

significantly decreased tumor invasion for all
experiments (Figure 7).

The efficiency of p16INK4a silencing was 495%
(Figure 8). The p16INK4a silencing alone did not

Table 2 HPV16 and p16INK4a status versus clinicopathologic features in oral cavity carcinoma

HPV16 p16INK4a WPOI

Positive Negative P Overexpressed Not P WPOI-5 WPOI-4 WPOI-3 P Total (%)

Mean age 62.0 59.4 NS 55.4 60.5 NS
Male:female 17:13 62: 17 0.031 3: 1 2.8: 1
Smoking
Ever 22 (62.8) 83 (74.8) NS 14 (100) 67 (85.9) NS 105 (71.9)
Never 13 (37.2) 28 (25.2) 0 (0) 11 (14.1) 41 (28.1)

Drinking
Ever 14 (45.2) 66 (64.7) NS 11 (91.7) 59 (79.7) NS 80 (60.2)
Never 17 (54.8) 36 (35.3) 1 (8.3) 15 (20.3) 53 (39.8)

HPV16 þ
Positive 4 (16.7) 20 (83.3) NS 10 (28.6) 19 (54.3) 6 (17.1) NS 35 (30.4)
Negative 13 (16.3) 67 (83.7) 30 (25.6) 56 (47.9) 31 (26.5) 80 (69.6)

p16INK4a

Overexpressed 4 (16.7) 13 (16.3) NS 2 (11.8) 12 (70.6) 3 (17.6) 0.0001 17 (15.2)
No expression 20 (83.3) 67 (83.7) 39 (41.5) 38 (40.0) 18 (18.9) 95 (84.8)

WPOI
WPOI-5 10 (28.6) 30 (25.6) NS 2 (11.8) 39 (41.5) 0.0001 40 (26.3)
WPOI-4 19 (54.3) 56 (47.9) 12 (70.6) 38 (40.0) 75 (49.3)
WPOI-3 6 (17.1) 31 (26.5) 3 (17.6) 18 (18.9) 37 (24.4)

T stage
T1/T2 26 (74.3) 87 (72.5) NS 10 (58.8) 53 (60.9) NS 25 (22.3) 49 (43.8) 38 (33.9) 0.0001 113 (72.9)
T3/T4 9 (25.7) 33 (27.5) 7 (41.2) 34 (39.1) 9 (28.1) 19 (59.4) 4 (12.5) 42 (27.1)

Lymph nodes
Negative 19 (54.3) 77 (64.7) NS 11 (64.7) 34 (39.1) NS 17 (17.0) 46 (46.0) 37 (37.0) 0.0001 96 (61.9)
Positive 16 (44.4) 43 (35.8) 6 (35.3) 53 (60.9) 17 (37.8) 23 (51.1) 5 (11.1) 42 (27.1)

Disease-free status
DP 11 (30.6) 38 (30.4) NS 4 (23.5) 34 (39.1) NS 18 (43.9) 20 (48.8) 3 (7.3) 0.0001 49 (30.4)
NED 25 (69.4) 87 (69.6) 13 (76.5) 53 (60.9) 16 (15.6) 48 (46.6) 39 (37.8) 112 (69.6)

Disease-specific mortality
DSM 6 (19.3) 24 (20.7) NS 4 (25.0) 22 (27.2) NS 11 (45.8) 12 (50) 1 (4.2) 0.0001 30 (20.4)
Alive or dead of other
causes

25 (80.7) 92 (79.3) 12 (75.0) 59 (72.8) 23 (20.2) 51 (44.7) 40 (35.1) 117 (79.6)

Abbreviations: DP, disease progression; DSM, disease-specific mortality; NED, no evidence of disease; NS, not significant.
Distribution expressed as N (%), actual patient numbers (percent frequency).
P-value determined by two-tailed Fisher’s exact test or w2 test.
NS, P40.05.
DP defined as either first locoregional recurrence or distant metastasis or disease persistence despite curative intent.
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affect invasion. Figure 9 demonstrates that p16INK4a

overexpression significantly decreased invasion by
68.1% and 61.0% for UAB-3 and UAB-4, respec-
tively. The impact of p16INK4a overexpression on
invasion was abrogated by co-transfection with
p16INK4a and silencing hairpin p16INK4a RNA
(Figure 9a). The rate of proliferation of p16INK4a-

UAB-3 and p16INK4a-UAB-4 was decreased 24% and
14%, respectively, at 48h, corresponding to the
same time point as the invasion experiments
(Figure 9c and d).

Expression Array Analysis

For both cell lines, overexpressing p16INK4a resulted
in significant downregulation of multiple genes,
whereas fewer genes were upregulated. Interest-
ingly, different gene expression response patterns
were observed for UAB-3 and UAB-4, even though
the magnitude of dampened invasion with p16INK4a

overexpression was similar for both cell lines. For
instance, p16INK4a overexpression silenced MMP1 in
UAB-4, but upregulated MMP1 in UAB-3. Similarly,
MMP3 demonstrated opposite response patterns to
p16INK4a overexpression for both cell lines. The heat
map analysis (Figure 10d) imposes an additional
level of stringency; that is, the impact of p16INK4a

overexpression and silencing are reciprocal. Three
of the seven genes of interest that are common to
both cell lines are directly involved in extracellular
matrix remodeling: TIMP3, COL1A1, and PDGFRA.

Kinomics Analysis

Overexpression of p16INK4a in UAB-3 and UAB-4
increased overall general kinase activity compared
with controls (preponderance of red vs blue cells in
p16-labeled columns); unsupervised hierarchical
clustering of the full tyrosine kinome demonstrated
that sample replicates clustered primarily by cell

line (Figure 11). The differences in kinase activities
altered by p16INK4a overexpression between UAB-3
and UAB-4 predicted different upstream kinases
(Figure 12), reflecting differences seen between the
two in terms of the gene expression array data.
Whereas UAB-3 demonstrated increased EGFR-type
signaling with p16INK4a overexpression, UAB-4 cells
demonstrated increased ZAP70-type signaling.

Network mapping of the predicted upstream
kinases with the gene expression data (limited to
genes with Z10-fold change) further identified
different pathways that could explain the observed
differences between the UAB-3 and UAB-4 with
respect to p16INK4a-sensitive changes in metallopro-
teinase expression. For UAB-3, the most straightfor-
ward pathway linking the kinase and gene
expression changes is EGFR stimulation of STAT3
that can then upregulate MMP1 and MMP3 (listed as
stromelysin 1 in the network maps, Figure 13b). For
UAB-4, two potential pathways can lead to de-
creased MMP1 expression (Figure 13d). First, the
observed decreased PDGFR expression could lead to
decreased STAT3 activation, thereby reducing
MMP1 and MMP3 expression and activity. Alterna-
tively, ZAP70/Syk phosphorylation of MUC1 could
lead to decreased expression of MMP1.

Discussion

Genetic profiling reveals significant differences
between HPV-negative and HPV-mediated head
and neck squamous cell carcinoma. Chromosomal
losses at 3p11.2–26.3, 5q11.2–35.2, 9p24–9p21.1
(region of CDKN2A or p16INK4a), and 17p (region of
p53) and gains or amplifications at 11q12.1–11q13.4
(region of CCND1 (cyclin D1)) are more common in
HPV-negative head and neck squamous cell carci-
noma than HPVþ counterparts.23–25 This supports
the idea that different pathways of carcinogenesis
affect treatment response and outcomes. The high

Table 3 Multivariable modeling for p16INK4a status and outcomes in oral cavity carcinomas

Disease progression (N¼ 68) Disease-specific mortality (N¼ 66)

Hazard ratio 95% CI Hazard ratio 95% CI

Age 0.93 0.88–0.97 1.02 0.97–1.07
Gender (female) 1.40 0.34–5.82 0.16 0.03–0.93
Smoking 1.94 0.27–13.64 a a

Alcohol 0.92 0.20–4.30 1.79 0.18–17.26
High risk 9.69 2.20–42.74 4.57 0.99–21.14
T (1þ2 vs 3þ4) 3.45 1.11–10.70 3.37 1.05–10.81
N (0 vs þ ) 1.99 0.63–6.27 3.62 0.96–13.66
Race 5.29 0.96–29.05 a a

Center a a a a

P16INK4a overexpression 0.11 0.02–0.63 1.01 0.26–3.98

High risk, score Z3 points.2
aVariable dropped from model because of colinearity.
Bold values indicate Po0.05.
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prevalence of wild-type tumor suppressor p53, Rb,
and p16INK4a in HPV-mediated oropharyngeal
squamous cell carcinoma represents one mech-
anism for the observed improved outcomes.

Overexpression of p16INK4a is a well-accepted
surrogate biomarker of transcriptionally active HPV
in the context of the cervix and oropharynx. High-
risk (HR) HPV E7 oncoprotein binds Rb, targeting it
for degradation; the oncogenic stress of Rb func-
tional loss leads to p16INK4a promoter derepression
and overexpression, shifting cells into replicative
senescence, and preventing further cell cycling.26,27

A large body of published data in the context of
oropharyngeal and supraglottic squamous cell
carcinoma confirm that p16INK4a overexpression
predicts increased radiosensitivity and improved
survival.11–18 Published data specific to oral cavity
squamous cell carcinoma examining p16INK4a, HPV
status, and outcome are more limited.

Most HPV/p16INK4a studies include oral cavity
squamous cell carcinoma among other head and
neck anatomic sites and are underpowered to
observe any association when limited to oral cavity
alone.28 There is a wide range in the reported
frequencies of strong and diffuse p16INK4a over-
expression in oral cavity squamous cell carci-
noma.29–38 Here, in studying a large cohort of
patients with oral cavity squamous cell carcinoma,
we confirm that p16INK4a overexpression is
uncommon (15.5%). Furthermore, we demonstrate
that p16INK4a overexpression has a protective effect
with respect to disease progression (hazard ratio
0.11, 95% CI 0.02–0.63). Our data are consistent
with those of other large studies; Lingen et al30 and
Jayasurya et al29 demonstrated p16INK4a over-
expression in 11.2% of 409 patients, and 15.8%
of 448 patients, respectively. A number of oral
cavity squamous cell carcinoma studies confirm

Figure 3 Local adaptive immunity to squamous carcinoma by HPV status and anatomic subsite. Brown cells: CD4þ , blue cells: CD8þ .
Counterstain enhanced for purposes of demonstrating carcinomas. (a) HPV16þ oral cavity squamous cell carcinoma (�10
magnification). (b) Limited immune response in this HPV16þ oral cavity squamous cell carcinoma (� 200 magnification). (c) HPV-
negative oral cavity squamous cell carcinoma (� 10 magnification). Note CD4þ cells (brown) predominantly at interface. (d) Note
intratumoral cytotoxic CD8þ cells (blue). No significant relationship is found between immune response and HPV status for oral cavity
squamous cell carcinoma (� 200 magnification). (e) HPVþ tonsil carcinoma (�10 magnification). Quantification of CD4þ /CD8þ cells
confirm that mean cytotoxic tumor-infiltrating lymphocytes and interface CD4 cells are significantly greater in HPVþ oropharyngeal
squamous cell carcinomas as compared with HPV-negative counterparts. (f) HPVþ tonsil carcinoma (�200 magnification). (g) HPV-
negative tonsil carcinoma (� 10 magnification). (i) HPV-negative tonsil carcinoma (�200 magnification).
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a direct relationship between p16INK4a and
outcome.29,32–34,39

We also demonstrate that p16INK4a status does not
correlate with transcriptionally active HPV16 for
oral cavity squamous cell carcinoma; 20 of 24 (83%)
HPV16-positive oral cavity squamous cell carcino-
ma did not overexpress p16INK4a. This is likely
because of promoter methylation or homozygous
deletion of CDKN2A; somatic point mutations
of CDKN2A are very rare.37–42 Conversely, 11 of
80 (13.8%) oral cavity squamous cell carcinoma
overexpressed p16INK4a, yet harbored neither HPV16

nor HPV18 (HPV18 data not shown). The mech-
anism promoting p16INK4a overexpression in these
circumstances is unknown. Importantly, classifica-
tion of HPV status based on DNA assays and
p16INK4a IHC expression can be misleading. HPV
DNAþ / p16INK4a IHC-negative tumors are usually
classified as harboring ‘passenger HPV’. We demon-
strate that this profile does not exclude the
possibility of transcriptionally active HR-HPV in
the presence of silenced p16INK4a.

The weighted prevalence of HPV DNA in 4195
oral cavity squamous cell carcinoma patients is

Figure 4 Tregs in oropharyngeal carcinomas by HPV status. To better characterize the nature of the CD4 cells that were significantly
elevated in HPVþ oropharyngeal squamous cell carcinomas, Tregs were quantified by immunofluorescence as FOXP3þ /CD4þ in a
subgroup of 20 oropharyngeal squamous cell carcinomas (9 HPVþ and 11 HPV negative). Foxp3þ /CD4þ cells (right panel, yellow
fluorescence, arrows) represent Tregs. A significant inverse relationship is seen between higher CD8þ and lower Treg populations in
HPVþ oropharyngeal squamous cell carcinomas, compared with lower CD8þ and higher Treg populations in HPV-negative counterparts
(paired two-tailed test P¼ 0.0007).
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20.2%, (95% CI 16.0–25.2), most commonly con-
sisting of HPV16.28 There is a paucity of published
data on HR-HPV E6/E7 RNA expression in oral
cavity squamous cell carcinoma, directly relevant to
virally mediated carcinogenesis.22,23,30,43–45 Here we
show that HPV16 and HPV18 are present in 22.6%
(35/155) and 11% (13/119) of patients, respectively,
consistent with the weighted prevalence of HPV
DNA. Recently, a large study demonstrated a lower
prevalence of HR-HPV E6/E7 expression that
was demonstrated in 24/409 cases (5.9%, 95% CI
3.6–8.2).30

Three published studies report that HPVþ oral
cavity squamous cell carcinoma are associated with
poorer prognosis; two studies are from the same
group in Taiwan and include an expanded cohort.46–48

The strengths of the combined Taiwanese study are
the large patient numbers and multivariate analysis;
study weaknesses include the lack of p16INK4a

analysis and absence of validation for the HPV
genotype data. The Taiwan study demonstrated an
overall HPV prevalence of 21.2% among 410
patients; HPV16 was the most common subtype
followed by HPV18.47 This group reported that HR-
HPV was associated with decreased disease-free and
disease-specific survivals at 2 years. Racial differ-
ences may contribute to these unusual findings.

Curiously, they also found a significant association
between low-risk HPV (HPV42, HPV43, HPV44,
HPV53, HPV62, HPV66, HPV70, HPV71, HPV72,
and HPV81) and distant metastases. As mentioned,
HPV was genotyped using only a blot hybridization
assay, and not validated.47 Duray et al48 reported on
147 patients with oral cavity squamous cell carci-
noma; HPV was detected by PCR with consensus
and type-specific primers. HR-HPV was associated
with decreased disease-free survival on Kaplan–
Meier analysis; no multivariate analysis was
performed.48 Two studies showed nonsignificant
trends of improved survival;49,50 and three other
studies found no association between HPV and
outcome.35,51,52

Enhanced local adaptive immunity is known to
have a protective impact on outcome in oral cavity
squamous cell carcinoma and directly associates
with cytotoxic CD8 cells.3,4,53 Here we show that
HPV16/18 in oral cavity squamous cell carcinoma is
not associated with enhanced local adaptive immunity.
In contrast, we and others have demonstrated
enhanced local immune response in HPV-mediated
oropharyngeal squamous cell carcinoma.54,55

Circulating and intratumoral HPV16-specific
T cells are significantly increased in patients
with HPV-mediated oropharyngeal squamous cell

Figure 5 Invasiveness of tumor cell lines by HPV status and worst patterns of invasion (WPOI). Transwell invasion assays (a) and
FluoroBlok invasion assays (b) demonstrate that HPV16þ UAB-1 and UAB-6 are significantly less invasive than UAB-3 and UAB-4, both
of which are HPV negative and derived from WPOI-5 oral cavity squamous cell carcinoma.
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carcinoma.56,57 Taken together, our data support that
transcriptionally active HPV16 in oral cavity
squamous cell carcinoma does not affect outcome,
as two protective mechanisms for HPV-mediated
oropharyngeal squamous cell carcinoma (p16INK4a

overexpression and enhanced tumor immunity) are
not relevant in this context.

It was the histological differences in patterns of
invasion (POI) seen in HPV-mediated oropharyngeal

squamous cell carcinomas versus oral cavity squa-
mous cell carcinoma that led us to test the hypoth-
esis that HPV oncoproteins, E6/E7, and downstream
p16INK4a affect tumor invasion. The role of p16INK4a

as an inhibitor of tumor invasion is not as well
appreciated as its other tumor suppressor functions.
Decreased glioma invasion was demonstrated with
p16INK4a transfection.58 This change was not
merely because of p16INK4a-mediated growth arrest,

Figure 6 Impact of E6/E7 on cell line invasion. (a) Confirmation of E6/E7 cloning into plasmid vector: nontransfected and E6/E7-
transfected plasmid vectors, lane 1 versus lanes 2 and 3, respectively. PCR was performed using E6 primers and E7 primers, lanes 1 and 2
versus lane 3, respectively. (b) Confirmation of HPV transfected in cell lines: reverse transcription and PCR was performed using HPV16
E6 primers on Sham-UAB-4, E6E7-UAB-4, Sham-UAB-5, and E6E7-UAB-5, with SiHa (HPV16þ ) as positive control. (c) Transwell
invasion assay: tumor cells that invade through the 8 mm round pores (circles, *) are visually after Diff-Quik counterstain (black arrows).
Left panel: Sham-UAB-5; right panel: transfected E6E7-UAB-5. Fewer invasive cells are seen in UAB-5 after E6E7 co-transfection. WPOI,
worst pattern of invasion; D, change; 95% CI, 95% confidence interval.
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as transfection with p21Waf1, another cyclin-
dependent kinase inhibitor, also induced G1 arrest
but did not affect invasion.58 Similarly, over-
expressing p16INK4a in A549 lung cancer cells
suppressed MMP-2, yet transfection with p27Kip1,
another cyclin-dependent kinase inhibitor, did not

affect MMP-2.59 Overexpressing p16INK4a in breast
cancer cells similarly decreases invasion under
hypoxic conditions via HIF pathway suppression.60–62

Moreover, migration and invasion of cancer-
associated stromal fibroblasts is enhanced by
p16INK4a silencing, through protein kinase Akt and

Figure 7 Overexpressing p16INK4a increases maturation. Sham-transfected-UAB-3 (a, b) and p16INK4a-UAB-3 (c, d) cytospin preparations.
(a, c) Stained with hematoxylin and eosin (H&E), �20 original magnification. (b, d) Immunohistochemistry (IHC) for p16, �40 original
magnification. p16INK4a-UAB-3 demonstrates increased maturation with decreased nuclear to cytoplasmic ratio. Sham-transfected UAB-3
is p16 negative, and p16INK4a-UAB-3 is confirmed as an p16INK4a expressor. Successful p16INK4a transfection was also confirmed by
western blot analysis (lane 1, Sham-transfected-UAB-3; lane 2, p16INK4a-UAB-3).
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Figure 8 Silencing p16INK4a. (a) Cytospin preparation of SCC-90 (HPV16þ ), H&E. (b) Transfection with sH scramble RNA, IHC for
p16INK4a. (c) Transfection with sH p16INK4a RNA, IHC for p16INK4a.

Figure 9 Overexpressing p16INK4a decreases invasion. (a) FluoroBlok invasion assays for UAB-3 and UAB-4, comparing empty vector
(EV) transfection, p16INK4atransfection, and double transfection with p16INK4a, and p16INK4a silencing hairpin RNA. The p16INK4a

overexpression decreased invasion by 68.1% for UAB-3 and 61.0% for UAB-4. This effect was abrogated by co-transfection with p16 and
sh p16RNA (y axis¼ relative fluorescent units, FluoroBlok invasion assay, 48h, EV¼empty vector). (b) Undersurface of the FluoroBlok
membranes from these experiments. The cells that invade through the 8mm pores are labeled with calcein (fluprexon). (A) UAB-3 control,
(B) p16INK4aUAB-3, (C) UAB-4 control, and (D) p16INK4aUAB-4. The numbers of invading tumor cells are significantly decreased with
p16INK4a overexpression. (c, d) Tumor proliferation assays for UAB-3 (3) and UAB-4 (4). The p16INK4a overexpression also decreased
tumor proliferation by 24% for p16INK4aUAB-3 and 14% for p16INK4aUAB-4 at day 2, corresponding to the same time point as the
invasion experiments. The p16INK4a overexpression decreased tumor invasion in excess of the degree of decreased tumor proliferation.
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Figure 10 For caption see page 648.
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VEGF-A.63 Taken together, these data support the
concept that p16INK4a can specifically regulate
invasion pathways.

By manipulating p16INK4a expression in cancer
cell lines derived from oral cavity squamous cell
carcinoma with WPOI-5, which represents the most
aggressive pattern of invasion,2–4 we show that
p16INK4a overexpression decreases tumor invasi-
veness by modulating a number of ECM remodel-
ing genes. Interestingly, different gene expression
and kinomic profile response patterns were
observed for the two cell lines, even though the
magnitude of dampened invasion was similar for
both; this speaks to the expected heterogeneity of
the aggressive invasive phenotype and expression
profile. For instance, p16INK4a overexpression
silenced MMP1 in UAB-4, but upregulated MMP1

in UAB-3. Similarly, MMP3 had reciprocal response
patterns to p16INK4a overexpression in the two
cell lines.

We looked at genes with response patterns to
p16INK4a overexpression and silencing with fold
change of r0.66 or Z1.5 and reciprocal (gene
silencing and overexpression, or overexpression
and silencing, in response to p16INK4a overexpres-
sion and silencing, respectively). Seven potentially
interesting genes were common to both cell lines;
three are directly involved in extracellular matrix
remodeling: TIMP3, COL1A1, and PDGFRA. Three
other common genes (FOLR1, FLK-1, and LYN) have
also been linked to invasion.64–66 FOLR1 encodes
FRa, folate receptor-a; stable FRa knockdown
decreases invasiveness in ovarian carcinoma cell
lines.64 FLK-1 (also known as KDR, VEGFR,

Figure 10 Differences in p16INK4a-sensitive invasion pathways. (a) Fold decreased gene expression with p16INK4a overexpression for
UAB-3 (blue) and UAB-4 (red). MMP1 and COL1A1 were decreased more than 40-fold in UAB-4. (b) Decreased MMP1 protein was
confirmed by western blot (empty vector-UAB-4 versus p16INK4a-UAB-4). (c) Fold increased gene expression with p16INK4a

overexpression for UAB-3 (blue) and UAB-4 (red). MMP3 and MMP1 expression were significantly increased for UAB-3, but decreased
for UAB-4 under the same conditions. (d) For a given gene, if (sH RNA transfectants)/(empty vector transfectants) r0.66 or Z1.5, and
(p16INK4a transfectants)/(empty vector transfectants) r0.66 or Z1.5, with a reciprocal relationship, then that gene is considered
potentially interesting. For both cell lines, overexpressing p16INK4a resulted in significant downregulation of multiple genes, but
upregulation of fewer genes. Genes that are significantly downregulated by p16INK4a and common to both cell lines are highlighted in
yellow. This includes three genes involved in extracellular matrix remodeling: TIMP3, COL1A1, and PDGFRA.

Figure 11 The p16INK4a-sensitive kinomic signatures. Unsupervised hierarchical clustering of full tyrosine kinome (144 peptides, one
peptide per row, y axis; one cell line replicate per column, x axis). Red indicates increased and blue indicates decreased relative signal
deviation from experimental mean (log2 transformed slope� 100).
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VEGFR2) encodes a VEGF receptor tyrosine kinase;
VEGF neutralization or knockdown decreases
invasiveness of lung adenocarcinoma cell lines.65

LYN encodes Lyn (Lck/Yes novel tyrosine kinase),
a member of the Src family of protein tyrosine
kinases (SFK); Lyn silencing decreases migration
and invasion of head and neck squamous cell
carcinoma cell lines.66 Recently, Basu et al67

established tumor cell lines from patient-derived
xenografts originally procured from oral squamous
carcinomas with ‘low-risk and high-risk invasion
patterns’ and showed that patient-derived xeno-
grafts from high-risk cancers contained more
evidence of epithelial–mesenchymal transforma-
tion. These epithelial–mesenchymal-transformed
cells were resistant to EGFR-targeted therapy.
Thus, it would be interesting to compare patient
response with EGFR inhibition with tumor pattern
of invasion.

It is interesting that gene expression was
predominantly reduced by p16INK4a overexpression,
whereas kinase activity was predominantly
increased. On closer inspection of individual cell
lines, we noted that the UAB-3-p16INK4a cells had a
preponderance of receptor tyrosine kinase (RTK)
activity, whereas the UAB-4-p16INK4a was more
related to nonreceptor tyrosine kinases (NRTKs).
Although both RTKs and NRTKs have been asso-
ciated with head and neck cancers, NRTKs are often
linked with integrin signaling, well known for
affecting migration/invasion.68,69 Our integrated
network modeling approach confirmed distinct
signaling networks at work in these cell lines

despite the very similar phenotype. Further evalua-
tion of the signaling cascades at work within these
model systems will help elucidate the mechanism
by which p16INK4a promotes better outcomes
and may also reveal novel targets for therapeutic
development.

In summary, we present clinical data from a large
cohort of oral cavity squamous cell carcinoma
patients with respect to transcriptionally active
HPV16, p16INK4a overexpression, local adaptive
tumor immunity, and outcome. We demonstrate that
HPV16 in oral cavity squamous cell carcinoma
correlates with neither p16INK4a overexpression nor
enhanced local tumor immunity, in contrast to
HPVþ oropharyngeal squamous cell carcinomas
that typically overexpress p16INK4a and demonstrate
enhanced acquired tumor immunity. Multivariate
modeling in our oral cavity squamous cell carcino-
ma cohort demonstrates a protective effect with
p16INK4a overexpression and disease progression.
Histological differences in patterns of invasion seen
in HPV-mediated oropharyngeal squamous cell
carcinomas versus oral cavity squamous cell carci-
noma led us to test the hypothesis that HPV E6/E7,
and downstream p16INK4a, affect tumor invasion.
First, we demonstrated that primary carcinoma cell
lines derived from oropharyngeal squamous cell
carcinomas are less invasive than SCC cell lines
from oral cavity squamous cell carcinoma. Over-
expressing p16INK4a caused reproducible, dramati-
cally decreased invasiveness in UAB-3 and UAB-4,
two WPOI-5 oral cavity squamous carcinoma cell
lines. Integrating p16INK4a-responsive RNA expression

Figure 12 The p16INK4a-sensitive peptide phosphorylation and kinase activities. Kinase activity (amount of phosphorylation) for
significant source peptides for UAB-3 (top) and UAB-4 (bottom) shown with (a) kinetic curves for altered phosphopeptides (increased
phosphorylation denoted by height on the x axis, and time on the y axis per cell line replicate) and (b) increased upstream kinases from
scores derived from the Kinexus database for UAB-3 (top) and UAB-4 (bottom). Control is green, and p16 overexpression samples are
light blue. A full color version of this figure is available at the Modern Pathology journal online.

Modern Pathology (2015) 28, 631–653

p16INK4a decreases invasion WPOI-5 kinomics pathway analysis

T Isayeva et al 649



and kinase profiling data yielded a number of
interesting p16INK4a-responsive invasion-related
genes, whereas kinomic profiling revealed signaling
networks that may be driving these invasion-related
processes. Taken together, the data support that

p16INK4a overexpression is protective for patients
with oral cavity squamous cell carcinoma, unrelated
to transcriptionally active HPV, and support the role
of p16Ink4A protein as an inhibitor of invasion for
head and neck squamous cell carcinoma.

Figure 13 Networking p16INK4a-sensitive genes with peptide phosphorylation and kinase activities. UAB-3 altered genes (a) and network
modeling combined with altered upstream kinases (b). UAB-4 altered genes (c) and network modeling combined with altered upstream
kinases (d). Actual data in round blue ‘nodes’, annotated with either pink circles (increased kinase), dark red circles (increased RNA), or
dark blue circles (decreased RNA). Direction of interactions is denoted by arrowheads; positive interactions are green and negative
interactions are red. A full color version of this figure is available at the Modern Pathology journal online.
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