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Simple Summary: The early treatment of oral cancer is a high priority, as improvements in this area

could lead to greater cure rates and reduced disability due to extensive surgery. Oral cancer is very

difficult to detect in over 70% of cases as it develops unseen until quite advanced, sometimes rapidly.

It has become apparent that there are at least two types of epithelial cells (keratinocytes) found in

oral tissue on the road to cancer (premalignant). One type secretes molecules called prostaglandins

but the other does not and the former may stimulate the latter to progress to malignancy, either by

stimulating their proliferation or encouraging the influx of blood vessels to feed them. Additionally,

we have identified regulators of prostaglandin secretion in premalignant oral cells that could be

targeted in future therapies, such as inducers of cellular senescence, drugs which kill senescent cells

(senolytics), steroid metabolism, cyclo-oxygenase 2 (COX2) and p38 mitogen-activated protein kinase.

Abstract: Potentially pre-malignant oral lesions (PPOLs) are composed of keratinocytes that are

either mortal (MPPOL) or immortal (IPPOL) in vitro. We report here that MPPOL, but not generally

IPPOL, keratinocytes upregulate various extracellular tumor-promoting cytokines (interleukins 6

and 8) and prostaglandins E1 (ePGE1) and E2 (ePGE2) relative to normal oral keratinocytes (NOKs).

ePGE upregulation in MPPOL was independent of PGE receptor status and was associated with

some but not all markers of cellular senescence. Nevertheless, ePGE upregulation was dependent

on the senescence program, cyclo-oxygenase 2 (COX2) and p38 mitogen-activated protein kinase

and was partially regulated by hydrocortisone. Following senescence in the absence of p16INK4A,

ePGEs accumulated in parallel with a subset of tumor promoting cytokine and metalloproteinase

(MMP) transcripts, all of which were ablated by ectopic telomerase. Surprisingly, ataxia telangiectasia

mutated (ATM) function was not required for ePGE upregulation and was increased in expression in

IPPOL keratinocytes in line with its recently reported role in telomerase function. Only ePGE1 was de-

pendent on p53 function, suggesting that ePGEs 1 and 2 are regulated differently in oral keratinocytes.

We show here that ePGE2 stimulates IPPOL keratinocyte proliferation in vitro. Therefore, we propose

that MPPOL keratinocytes promote the progression of IPPOL to oral SCC in a pre-cancerous field

by supplying PGEs, interleukins and MMPs in a paracrine manner. Our results suggest that the

therapeutic targeting of COX-2 might be enhanced by strategies that target keratinocyte senescence.
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1. Introduction

Oral cancer, predominantly oral squamous cell carcinoma (OSCC), is the sixth most
common cancer worldwide and the management of this cancer has barely improved in
decades [1]. One of the problems in treating OSCC is that they frequently develop from
a field of genetically and phenotypically diverse cells that are clinically and sometimes
histologically undetectable [2]. Advanced cancers, and even some high-risk potentially pre-
malignant lesions (PPOLs), have extensive gene copy number variations [3] and develop
genetic heterogeneity and consequently a platform for drug resistance [4]. Recent evidence
suggests that this genetic heterogeneity [5] and the induction of cellular senescence [6] de-
velops prior to most OSCCs becoming clinically identifiable [5] and immortal keratinocytes
with extensive gene copy number variations have been demonstrated in PPOLs of a low
histological grade [7].

It has long been known that even advanced OSCCs contain both mortal and immortal
keratinocytes [8,9] and the same is true for PPOLs [7,10]. Moreover, despite the fact that both
mortal (MPPOL) and immortal (IPPOL) keratinocytes have neoplastic-like phenotypes [8],
altered transcriptional [10] and metabolic [11] profiles, MPPOLs have no gene copy number
variations, gene methylation and few classical ‘driver’ mutations [12]. Similar keratinocytes
have been detected in OSCC [7,8,10,12]. MPPOLs and IPPOLs may often be completely
distinct lesions as their transcriptional profiles appear to diverge upon progression to mortal
and immortal OSCC keratinocytes, although in some instances MPPOLs may be precursor
lesions of IPPOLs [13–15]. In addition, MPPOL and MOSCC are associated with a different
class of cancer-associated fibroblasts [16]. Whilst a considerable amount is known about
cancer-associated fibroblasts and their role in modulating carcinoma behaviour, including
OSCC [17], far less is known about the different types of keratinocytes that exist within
cancerous and pre-cancerous fields and how they may influence each other’s behaviour.

Senescence can be induced by a variety of cellular stresses but is bypassed in normal
keratinocytes by the dual reduction of p53 and p16INK4A function and telomerase deregula-
tion [18]. Genetic alterations in all of these pathways are common in OSCCs in vivo [19]
and in immortal cell lines derived from PPOL [7] and OSCC [20]. In addition, under the
conditions we have used here, keratinocyte senescence and differentiation can be reversibly
bypassed by treating cells with the Rho-activated kinase (ROCK) inhibitor Y27632 (ROCKi)
without changing karyotype or the DNA damage response [21].

Senescence is induced by certain oncogenes [22], yet not others [23], and this is
sometimes referred to as oncogene-induced senescence (OIS). There is evidence suggesting
that to overcome OIS in vitro, an intracrine function involving interleukin 6 (IL-6) and
interleukin 8 (IL-8) must be inactivated [24]. The cytokine network is orchestrated in both
normal and OIS by interleukin-1 alpha (IL-1α) [25] and is responsible for the clearance of
pre-malignant cells in vivo in concert with the innate and adaptive immune systems [26].

We recently conducted an unbiased metabolomic screen of the extracellular metabolites
of normal, MPPOL and IPPOL keratinocytes and identified extracellular elevation of a
number of metabolites in MPPOL, including extracellular prostaglandins E1 and E2 (ePGEs1
and 2 respectively) and their related metabolites [11]. PGEs 1 and 2 are generated from
arachidonic acid and gamma dihomo-linolenate by the enzymes cyclooxygenases 1 (COX1)
and 2 (COX2), which are the established drug targets of the selective non-steroidal anti-
inflammatory drug (NSAID), celecoxib [27,28]. However, the source of PGE1 and PGE2 in
what is a complex mixture of cells is difficult to ascertain.

We have confirmed the results of the metabolic screen in that ePGEs 1 and 2 are
strikingly upregulated in most MPPOL keratinocytes but in very few of the IPPOL ker-
atinocytes. The aim of the present study was to investigate the regulatory mechanisms
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underpinning the earlier observations and in particular to identify new approaches to
oral cancer prevention and/or therapy. We provide evidence that ePGE upregulation is
dependent on the keratinocyte senescence program and pathways known to regulate the
senescence associated secretory phenotype (SASP). We also show that exogenous ePGE2
increases IPPOL keratinocyte proliferation at physiologically relevant doses. We conclude
that ePGEs 1 and 2, in conjunction with SASP cytokines [10,29], may contribute to IPPOL
progression in a paracrine manner and suggest that targeting of these keratinocytes by
anti-senescence therapies might be a novel approach to the management of PPOL, field
cancerisation and OSCC.

2. Materials and Methods

2.1. Cell Culture

The normal, ATM−/− and PPOL human keratinocytes were cultivated using lethally
irradiated 3T3 feeders as described previously [7,8]. Briefly, keratinocytes were cultured in
Dulbecco’s Modified Eagles Medium (DMEM) containing 10% vol/vol fetal bovine serum
(FBS–Hyclone foetal clone II) supplemented with 0.4 µg/mL hydrocortisone (HC), 2 mM
glutamine ((GE Healthcare, PAA Laboratories GmbH, Pasching, Austria) and antibiotics
(streptomycin 50 U/mL Penicillin and 50 µg/mL Streptomycin, Sigma, Poole, Dorset, UK)
in an atmosphere of 10% CO2/90% air. Keratinocytes were sub-cultured once weekly at a
density of 1 × 105 cells per 9 cm plate to prohibit confluence. Human oral fibroblasts were
cultured similarly in DMEM without HC.

2.2. Cell Lines Used in the Study

The characteristics and clinical details of the M- and IPPOL lines and patient donors
used in the study have been published previously [7,10,11,15]. Immortal normal oral ker-
atinocytes from the floor of the mouth, OKF6/TERT-1 (OKF6) [14], OKF4/CDK4R/P53DD/
TERT (OKF4) [18] were a generous were gift of James Rheinwald (Brigham and Women’s
Hospital Boston U.S.A.) and have been described previously. The normal gingival ker-
atinocytes (NHOK810) were a generous gift of Angela Hague (University of Bristol, Bris-
tol, UK) and have been described previously [11]. The Ataxia Telangiectasia Mutated
(ATM−/−) epidermal keratinocytes were obtained from a foreskin of patient AT5BI [30].
The H157 keratinocytes [31] were a generous gift of Professor Stephen Prime (University
of Bristol, UK), HeLa cells were a generous gift Professor Margaret Stanley (University of
Cambridge, Cambridge, UK) and have been characterized [32,33], the HEK293 Phoenix
A cells were obtained from Nolan Laboratory, Stanford, CA and the HCA/C29 (HCA-7
colony 29) cells were obtained from Sigma-Aldrich cat# 02091238. Normal human epi-
dermal keratinocytes NHEK92 and NHEK131 were obtained from Gibco Thermo-Fisher
scientific UK and consisted of two batches (batch #92 and batch #131, respectively) each
of which was derived from 3–6 donors. Normal human fibroblast line NHOF-1 [34] was
obtained from a biopsy of buccal mucosa.

The details of the number of lines analyzed (n) are given in the figure legends, but
ranged from between two and four in the case of MPPOL and between two and eight in
the case of IPPOL. The different classes of cell lines were color-coded as indicated.

2.3. Collection of the Conditioned Medium and Cell Pellets for Analysis of the Extracellular
Metabolites and Proteins

The collection of the conditioned medium and cell pellets was carried out as described
previously [35,36] except that the keratinocytes were allowed to reach confluence before the
collection began to more accurately represent the state of the epithelium in vivo. 3T3 feeders
were removed as described previously [7,8]. The keratinocytes were plated in such a way as
to reach confluence within 72 h in T25 flasks before adding 3 mL fresh medium to each flask
for 24 h and snap freezing the fresh medium at zero time to elucidate the background [35,36].
To achieve confluence in 72 h, the cells were disaggregated, trypsin/EDTA neutralized,
cells were counted on a at hhaemocytometer, pelleted by centrifugation at 300 g and the
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amount of protein in each cell pellet was measured and the results expressed in pg or
ng/mL medium/mg cell protein. The cell densities plated to achieve confluence have been
reported [11] (see also supplementary methods).

Total cell protein concentration was measured using the DC Protein Assay kit (Bio-
Rad Laboratories, Hertfordshire, UK) and the results were expressed as amount/mL/mg
cell protein. In some experiments, the 3T3s were removed and the keratinocytes were
allowed to reach confluence on the 3T3-deposited matrix and the data were expressed as
pg/mL/105 cells or pg or ng/mL medium/mg cell protein. This method yielded more
reproducible data but did not affect the pattern of the results.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

Two types of ELISA were used to measure the SASP cytokines released from the
cells. To measure PGE1 and PGE2, a competitive ELISA technique was utilized (Abcam,
Cambridge, UK) and for the cytokines (IL-1α, IL-1β, IL-6 and IL-8), a sandwich ELISA
method (Quantikine® ELISA Immunoassay, R&D Systems, Abingdon, UK) was employed
to measure these proteins. The manufacturer’s protocol was followed in both ELISA
types. The detection limits for PGE1 and PGE2 are 4.88–5000 pg/mL and 39.1–2500 pg/mL
respectively. The detection limits of the Quantikine® ELISA Immunoassay kits were
3.9–250 pg/mL IL-1α/β; 3.13–300 pg/mL IL-6 and 3.13–2000 pg/mL IL-8.

2.5. Knockdown of p53, COX-1 and COX-2 in OKF6

To deliver the p53/COX-1/COX-2 siRNA into OKF6 cells, Dharmacon DharmaFECT
1 transfection reagent (GE Healthcare, Manchester, UK) was used following the manu-
facturer’s siRNA transfection protocol with slight modification. Each experiment was
performed in triplicate with the following samples: untreated cells (mock), test siRNA
(p53/COX-1/COX-2) and negative control siRNA (non-targeting/scramble).

When siRNA is processed by the RNA-Induced Silencing Complex (RISC), off-target
effects may occur and the downregulation of unintended targets occurs. Off-target activity
changes in gene expression which complicates the interpretation of phenotypic effects in
gene-silencing experiments and can potentially lead to unwanted toxicities [37]. To avoid
off-target effect activity, pooling of multiple siRNAs is essential as previously described [37].
In this study, ON-TARGETplus Human TP53/PTGS1/PTGS2 siRNA SMARTpool by Dhar-
macon (GE Healthcare, Manchester, UK) was used. The target sequences of the siRNAs
were detailed as below in Supplementary Table S1.

2.6. Western Blotting

Cell pellets were thawed on ice before adding 50–100 µL radio immunoprecipitation
assay (RIPA) buffer (Sigma, Dorset, UK) with protease and phosphatase inhibitors (Roche,
Hertfordshire, UK) and were lysed for 30 min at 4 ◦C. In some experiments, lysis buffer was
added directly to the plate. Following removal of cell debris by centrifugation at 12,000 rpm
for 20 min at 4 ◦C, the protein quantitated by the DC Protein Assay and total cellular protein
was separated based on molecular weight on 4–12% gradient SDS sodium dodecyl sulphate
polyacrylamide gels under denaturing and reducing conditions. Following protein transfer,
the nitrocellulose membrane was blocked with 5% weight/vol milk protein prepared in
Tris Buffer Saline and Tween 20 (TBS-T) for 1 h at room temperature (RT). The primary
antibodies were diluted in 5% wt/vol milk protein in TBS-T and the membrane/blot
was incubated/probed overnight with primary antibody at 4 ◦C, washed 3 times in TBS-
T for 5 min at RT under agitation. The membranes were incubated with appropriate
immunoglobulin G horseradish peroxidase (IgG HRP)—conjugated secondary antibody,
and diluted as above for 1 h at RT. Antigen-antibody complexes were detected by incubating
with ECL Western Blotting Substrate for 1 min or for sensitive detection, ECL Prime
Western Blotting Detection Reagent or SuperSignal® West Femto Maximum Sensitivity
Substrate for 5 min according to manufacturer’s protocols. Membranes were exposed to
the Amersham Hyperfilm ECL and were developed in the dark using a standard film
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developer machine. Densitometry analysis was performed on scanned films using Image J.
The relative intensities of the bands of interest were normalized against the values obtained
from the corresponding loading controls. The primary antibodies, secondary antibodies,
the suppliers, and the positive and negative controls are given in the supplementary
methods (Supplementary Tables S2 and S3). The whole western blots were shown in
Supplementary Figure S5.

2.7. Metabolomic Analysis, Normalisation and Data Presentation as Scaled Intensity

The details of the metabolomics analysis have been published previously [35,36]. See
supplementary methods for details.

2.8. Drug Treatment of the Keratinocyte Cultures

Salicylic acid (Sigma-Aldrich, Dorset, UK) and Y-27632 (ROCKi; Enzo Life Sciences,
Exeter, UK) were dissolved in growth medium or double distilled water, filter sterilized
and used at the stated dose. SB203580 (Tocris Chemical Co., Bristol, UK) and KU55933
(R&D systems, Abingdon, UK), NS398 (Santa Cruz Biotechnology, Dallas, TX, USA) and
celecoxib (Sigma-Aldrich, Dorset, UK) were dissolved in DMSO and used at the stated
doses. The final concentration of DMSO was 0.1% vol/vol and DMSO alone was used as
the vehicle control. PGE1 and PGE2 were purchased from Cayman Chemical (Michigan,
USA). PGE1 and PGE2 were dissolved in 100% ethanol (Sigma-Aldrich, Dorset, UK) as
a stock solution of 50 mg/mL and 100 mg/mL respectively and further diluted in 100%
ethanol to the desired concentration. 0.1% Ethanol was used as the vehicle control. The
function of Y-27632 was confirmed by Western blotting of the following antigens: NOTCH1
(ab87982) and Integrin α6 (ab181551) (Abcam, Cambridge, UK).

2.9. Statistical Analysis

A Student’s unpaired two-sided t-test was used to test the statistical difference between
two data sets of even numbers, a Welch’s t test to test the difference between two data sets
of uneven numbers and one-way ANOVA was used to test the difference between multiple
data sets. A p value of <0.05 was considered significant.

3. Results

3.1. Extracellular PGEs 1 and 2 (ePGEs 1 and 2) Are Upregulated in MPPOLs

We confirmed and extended our observations obtained from the unbiased metabolomic
screen to a larger panel of cell lines using ELISA assays for ePGEs 1 and 2. Three out of
four MPPOL lines (D6, D30 and D25) had elevated levels of both ePGEs relative to the
NOKs, which reached significance for ePGE1. However, six out of seven of the IPPOL
lines (Figure 1a) and D17 (Figure 1b) did not over-express ePGEs, with the exception of
line D4, which expresses one wild type p53 allele. D17 is interesting because although it
has lost p16INK4A expression [15] and possesses a NOTCH1 mutation [11], it retains a wild
type and functional p53 protein and regulates telomerase normally [38]. This pattern was
independent of oral site (Figure 1b) as all these lines were from non-tongue sites. These
data suggest that the breakdown of senescence leads to a loss of expression of the ePGEs.

3.2. ePGEs 1 and 2 Are Regulated by Senescence and Its Breakdown

3.2.1. Ablation of Senescence with the Rho-Activated Kinase Inhibitor Y 27632 (ROCKi)
Abolishes ePGE Expression in MPPOL Keratinocytes

We tested the levels of the senescence marker, senescence-associated beta galactosi-
dase (SA-βGal), in the cell line panel (Supplementary Figure S1). The MPPOL lines and
senescent NOKs had higher levels of SA-βGal-positive cells than early passage NHOK810
keratinocytes, especially in the centers of keratinocyte colonies where the cornified and
late terminally differentiated cells are located. However, the mid lifespan MPPOL line D17,
which does not express p16INK4A [7], and the immortal lines D19, DOK and OKF6/TERT-1
(OKF6) did not show elevated levels of SA-βGal-positive cells. We used three independent
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strategies to assess the role of the senescence program in the regulation of the ePGEs. Firstly,
to address the role of senescence in the upregulation of the ePGEs in D6 and D30 MPPOLs
we immortalized the cells by treating them with ROCK inhibitor Y-27632 (ROCKi), which
has been reported to immortalize keratinocytes without changing their genotype [21] and
then measuring the levels of the PGEs and SA-βGal. Figure 2a,b show that culturing
the keratinocytes for 2 weeks with ROCKi eliminated the SA-βGal in the center of D30
colonies but had no effect on IPPOL line D19. Ablating the senescence program in D6
and D30 reduced the level of both ePGE1 (Figure 2c,d) and ePGE2 (Figure 2e,f) to the
level of normal keratinocytes and the IPPOLs did not show any changes in the last two
groups. In a separate series of experiments where the cultures were allowed to grow to
confluence on 3T3 extracellular matrix, ROCKi dramatically reduced both ePGEs in D30,
NOKs and D17, which were all capable of senescence but had little effect on the PGE levels
of the immortal lines D19 and DOK. ROCKi also had a much reduced effect on OKF6
which, despite being immortal and expressing telomerase, did express considerable levels
of both ePGEs, indicating that ROCKi generally only affected ePGE levels if the senescence
program was intact (Figure 2g–j).

3.2.2. Ablation of Replicative Senescence with ROCKi Abolishes ePGE Expression in

p16INK4A-deficient Line D17

Next, we cultured the p16INK4A-deficient line D17 to the point where it approached
senescence and compared its extracellular PGE levels with the same line cultured with
ROCKi or the ectopic expression of the catalytic subunit of telomerase, TERT. Senescence
was monitored by SA-βGal staining as before. The results showed that although the
extracellular levels of the ePGEs (Figure 2g,i) and levels of SA-βGal rose as D17 approached
senescence in the absence of p16INK4A they failed to do so in the cultures treated with
ROCKi.

3.2.3. Ectopic TERT Expression in the Absence of p16INK4A Bypasses Replicative
Senescence and Suppresses the Production of ePGEs

The cell line D17 has been extensively characterized. It lacks p16INK4A expression but
possesses functional wild type p53 and normal telomerase regulation [15] plus NOTCH1
mutation [11]. The ectopic expression of TERT restores telomerase activity and bypasses
senescence [15]. We therefore compared the levels of ePGEs in senescent D17 with those
of D17 TERT cells and showed that ectopic TERT expression ablated ePGE1 (Figure 2k)
expression and drastically reduced that of ePGE2 (Figure 2l). TERT expression also ablated
SA-βGal levels although they were not high in the controls (Figure 2m). These data suggest
that telomerase can suppress ePGE expression in the absence of p16INK4A.

3.2.4. Ectopic TERT Expression in the Absence of p16INK4A Is Insufficient to Completely
Suppress the Production of ePGEs

Finally, to address the role of senescence effectors in the regulation of the PGEs we
compared two cell lines that both originated from the floor of the mouth [14] and had been
immortalized by ectopic expression of TERT and CDKN2A/p16INK4A dysfunction either
with (OKF4), or without (OKF6), the inactivation of p53 [14,18]. Figure 1b shows that whilst
both ePGE1 and ePGE2 are elevated in OKF6 relative to normal keratinocytes, OKF4 shows
normal expression (Figure 1b). The conclusion from these three sets of data is that ePGEs
are regulated by telomerase and the senescence program but may also be independently
regulated by TP53 and NOTCH1.
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(a) 

(b) 

Figure 1. (a) The levels of ePGE1 (left panel) and ePGE2 (right panel) in normal (NHOK810 pale blue

bars), a subset of the MPPOL (green bars) and IPPOL (red bars) keratinocytes. (b) NHOK810 (pale

blue bars) compared with the p16INK4A
−/− MPPOL line D17 (orange bar) at early passage and the

normal keratinocyte lines were immortalized with defined genetic elements OKF4 and OKF6 (purple

bars) assayed with NHOK810 separately. The data are expressed as the level of ePGE in ng/mL/mg

cell protein and was derived from 3 independent experiments (n = 3) ± standard deviation assayed

in duplicate except for NHOK810 (n = 5); D6 (n = 5); D30 (n = 2); D17 (n = 1). * p < 0.05; ** p < 0.01;

*** p < 0.001; **** p < 0.0001 when compared to the normal keratinocyte line NHOK810. Line

over the graphs is an analysis of the data sets by one-way ANOVA. MPPOL = mortal PPOL lines;

IPPOL = immortal PPOL lines; INormal normal oral keratinocytes immortalized by defined genetic

elements and/or TERT.
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β −
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Figure 2. Ablation of the senescence program by ROCKi or ectopic TERT expression inhibits the

expression of ePGEs. (a) SA-β staining of MPPOL line D30 +/− ROCKi that showed reduced staining

by ROCKi. Scale bar = 100 µm. (b) SA-β staining of IPPOL line D19 as in (a) at the same magnification

showing essentially no staining of the cells and unaffected by ROCKi. (c–j) The effect of ROCKi on normal
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(NHOK810), normal immortal OKF6, MPPOL (D6, D30 and E4), D17 MPPOL p16INK4A
−/− (at 28

(mid) and 36 (late) mean population doublings). IPPOL lines showing a striking reduction in ePGE1

(c,d,g,h) and PGE2 (e,f,i,j) in mortal, but not in immortal, keratinocyte lines. ePGE1 (k) and ePGE2 (l)

was strongly suppressed by the ectopic expression of TERT in D17 along with SA-β staining scale

bar = 100 µm (m). The data are means +/− standard deviation; n = 3 except for D30 where n = 2.

The color codes are the same as in Figure 1. The unpaired Student’s t test was used to compare two

groups (ROCKi versus control) and one-way ANOVA (upper bar in (c,e,g,i)) to compare multiple

groups * = p < 0.05; ** = p < 0.01; **** = p < 0.0001; ns = not significant.

3.3. MPPOLs Do Not Display Increased Levels of All Senescence Markers but Do Show Reduced
Levels of the Licensing Factor MCM2/7 and Increased Levels of Some but Not All SASP Factors

To test whether the MPPOLs were more senescent than the NOKs at the time of
ePGE analysis, we performed Western blotting for early and late senescence markers [38].
The results confirmed previously published work on the status of these markers in these
cells [7,8,14,18,39]. However, although the MPPOL lines generally showed a reduction in
the proliferation markers they did not show any evidence of elevated p16INK4A or reduced
levels of sirtuin1, which are the markers of late senescence in fibroblasts [11]. MPPOLs
D6, D30 and E4 and OKF6 all displayed several SASP markers such as the increased
extracellular IL-6 and IL-8 protein (Supplementary Figure S2a). Levels of IL-8/CXCL8,
TGFB2, CXCL5, CXCL6, CCL20 and MMP2 transcript were also higher in MPPOL cultures,
especially in D30 (Supplementary Figure S2b). However, notably, a few others were not
higher, such as IL1A and IL1B transcript or increased extracellular IL-1α and IL-1β protein
and transcript (Supplementary Figure S2a). In conclusion, MPPOL keratinocytes were
not fully classically senescent at the time of analysis but did display several markers of
the SASP, such as increased extracellular IL-6 and IL-8 protein, together with increased
transcripts of other cytokines and MMPs, suggesting that MPPOL keratinocytes were more
senescent than their normal counterparts. However, MPPOL can still proliferate and do
not have elevated levels of p16INK4A [11].

3.4. The Upregulation of the ePGEs Is Dependent on Cyclo-Oxygenase 2 (COX2) but Not
Cyclo-Oxygenase 1 (COX-1)

Western blotting showed that COX1 was, if anything, reduced in all MPPOL and
IPPOL keratinocytes relative to the normal controls (Figure 3a). However, the levels of
COX2 were consistently elevated in the MPPOL and the non-neoplastic immortal line OKF6
keratinocytes compared to normal in parallel with the levels of ePGEs (Figures 1 and 2b).
In contrast, COX2 was often normal or down-regulated in the immortal IPPOL lines and
the non-neoplastic immortal oral keratinocytes line OKF4 in parallel with low ePGE levels
(Figure 2b). Both the COX1 and COX2 antibodies were validated by siRNA knockdown
in OKF6 cells (Figure 3c). To investigate further the differential regulation of ePGEs and
ILs in MPPOL and IPPOL keratinocytes by COX-2 and other pathways, we used OKF6
cells, as they expressed significant levels of both PGEs and the ILs 1, 6 and 8, despite being
immortal. MPPOLs grew slowly and were hard to generate in sufficient numbers. We
treated OKF6 keratinocytes with salicylic acid (Figure 3d), NS-398 (Figure 3d) and the
COX-2 selective inhibitor celecoxib (Figure 3e) and showed that all treatments reduced
both PGE1 and PGE2 to baseline levels and these results were highly significant. We also
knocked down (KD) COX-1 and COX-2 with siRNA by 44% and 53% relative to the mock
transfected controls, respectively (Figure 3c). Notably, only the COX-2 KD gave a consistent
25–35% reduction in ePGE1 and ePGE2 levels in the conditioned media of the OKF6 cells
relative to both the mock-transfected and scrambled siRNA controls (Figure 3f). These
data are consistent with the celecoxib data, but did not reach statistical significance for
ePGE1. In conclusion, these results suggest that COX-2 is the major mediator of ePGE
upregulation in OKF6 cells and is responsible for the upregulation of both ePGEs in the
MPPOL keratinocytes.
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Figure 3. ePGE expression in MPPOL keratinocytes is mediated by COX-2. (a) Shows a Western blot

(upper panel) and quantitation of the band intensity (lower panel) of COX-1 expression in the cell
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line panel analyzed in Figure 1 for ePGEs and shows no over-expression of COX-1 in the MPPOL

lines. HeLa extract served as a positive control. (b) Shows a Western blot and quantitation of COX-2

in the same extracts as in (a), showing clear over-expression of COX-2 in MPPOL lines D6, D25 and

D30 and OKF6 but not in the IPPOL lines. HCA/C29 extract served as a positive control. (c) Shows a

representative Western blot of 3 independent siRNA knockdown experiments in OKF6 (left panel)

and quantitation of the band intensity normalized to the mock-transfected control in all 3 blots +/−

standard deviation * p < 0.05; ** p < 0.01 by Student’s unpaired t test. The data show significant

knockdown of COX-2 (striped bar) relative to both the mock-transfected and scrambled controls

and COX-1 (dotted bar) relative to the mock transfected control, respectively, thus validating the

antibodies used in (a,b). (d) ePGE1 (left panel) and ePGE2 (right panel) levels in OKF6 cells treated

with the COX non-selective inhibitors NS-398 and aspirin showing ablation of ePGE expression

** p < 0.01 by one-way ANOVA. (e) ePGE1 (left panel) and ePGE2 (right panel) levels in OKF6 cells

treated with the COX-2 selective inhibitor celecoxib showing ablation of ePGE expression * p < 0.05

by Student’s unpaired t test. (f) ePGE1 (left panel) and ePGE2 (right panel) levels in OKF6 cells

following siRNA knockdown of the cultures characterized in (c) normalized to the mock-transfected

controls * p < 0.05 by Welch’s t test; mock-transfected and scramble controls (n = 6), Cox-1 hatched

bar; n = 3) and COX-2 (striped bar; n = 3).

3.5. The Upregulation of the ePGEs Is Dependent on p38 Mitogen-Activated Kinase (p38MAPK) a
Known Regulator of COX2

It has been reported that p38MAPK can upregulate COX-2 [40,41] and induce senes-
cence [42] and SASP cytokines [43] independently of telomere function. Therefore, we
treated OKF6 cells with the p38MAPK inhibitor SB203580 and measured ePGE levels to test
the hypothesis that this pathway was responsible for the higher levels of these metabolites
in some immortal lines and also to test the requirement for p53. The results showed that
SB203580-treated cells expressed much lower levels of ePGEs than the controls (Figure 4a,b)
and that COX-2 levels were reduced (Figure 4c). The reduced level of heat shock protein 27
(HSP-27) phosphorylation in the SB203580-treated keratinocytes confirmed that the drug
had worked (Figure 4c). These results indicate that the effect of p38MAPK on ePGEs and
COX-2 was independent of p16INK4A, which is absent from OKF6 and was not completely
suppressed by telomerase in this line. ePGEs were largely undetectable in D17 TERT cells,
as was COX-2, but senescent D17 did express detectable ePGEs and SB203580 reduced
the expression of both ePGE1 (Figure 4d) and ePGE2 (Figure 4e). Interestingly, SB203580
had no effect on D17 TERT cells (Figure 4d,e), indicating that the p38MAPK pathway was
compromised in D17 and was over-ridden by ectopic TERT expression.

3.6. The DNA Damage Response (DDR) Is Not Specifically Elevated in MPPOL Relative to
IPPOL Keratinocytes

As cellular senescence and the SASP have been linked to irreparable DNA double
strand breaks [43] located at the telomeres [44,45], we tested the role of the DNA damage
response (DDR) proteins in PPOL ePGE regulation. p53 phosphorylation relative to total
p53 was consistently elevated (two- to three-fold) in the MPPOL keratinocytes compared to
normal (Figure 5a) and was highest in line D30 with the highest levels of ePGEs. However,
relative p53 phosphorylation was below normal levels in all the IPPOLs except D4, D17
and the immortal non-neoplastic lines, OKF4 and OKF6, all of which express wild type p53.



Cancers 2022, 14, 2636 12 of 25

−

Figure 4. ePGE expression in OKF6 keratinocytes is mediated by p38MAPK. (a,b) show ePGE1 and

ePGE2 levels in OKF6 cells treated with the p38MAPK inhibitor SB203580 (striped bar) along with

the DMSO control (plain bar). The figure shows a dramatic reduction in ePGE1 (a) and ePGE2 (b)

following treatment in 3 independent OKF6 cultures (+/− standard deviation, ** p < 0.01 by Student’s

unpaired t test. (c) shows representative Western blots of all three independent cultures indicating a

dramatic reduction of COX-2 and heat shock protein (HSP-27) phosphorylation (p-pHSP-27) following

treatment of OKF6 cells with SB203580 (SB 1-3). GAPDH was used as a loading control and H157 as a

positive control for COX-2. (d,e) Show similar data from senescent D17 cells (D17SEN) and the same

cells immortalized by ectopic expression of the catalytic subunit of telomerase TERT (D17 TERT) for

ePGE1 (d) and ePGE2 (e). SB203580 (striped bars) inhibited both ePGEs in D17 SEN, * p < 0.05 by

Student’s unpaired t test but had no effect in D17 TERT.
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Figure 5. Elevated DDR signalling is not essential for the elevation of ePGEs in MPPOL. (a) Shows

representative Western blots of serine 15 phosphorylated p53 levels (pp-53) (top two panels). Normal
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(NHOK810 both panels), MPPOL (D6, D25, D30 and E4 top panel), normal immortalized (OKF4

and OKF6 (second panel), IPPOL lines D19 (both panels) D4, D9, D20, D34, D35 and DOK second

panel), MPPOL line D17 lacking p16INK4A (second panel) and p53-characterized OSCC lines BICR3,

BICR6, BICR10 and BICR31 (top panel). NHOF-1 oral fibroblasts irradiated with 10 Gy gamma rays

served as a positive control. The same extracts run on a separate gel were re-probed for total p53

(panels 3 and 4 respectively) and HEK293 extract served as a positive control. All the p53 blots were

re-probed with GAPDH antibody as a loading control. (b) Representative Western blots of ATM

phosphorylated at serine 1981 (ATM-P) and total ATM (ATM) (NHOK810 both panels), MPPOL

(D6, D25, D30 and E4 top panel), normal immortalized (OKF4 and OKF6 second panel), IPPOL

lines D19 both panels D4, D9, D20, D34, D35 and DOK (second panel), MPPOL line D17 lacking

p16INK4A+/− (second panel). NHOF-1 oral fibroblasts irradiated with 10 Gy gamma rays served as

a positive control and normal human keratinocytes deficient in ATM served as a negative control.

(c) ePGE levels in OKF6 cells treated with the ATM kinase inhibitor KU55933 (striped bars) for 72 h

+/−standard deviation. (d) ePGE levels in senescent (SEN) and TERT-immortalized D17 cells treated

with the ATM kinase inhibitor KU55933 (striped bars) for 72 h +/− standard deviation. The results

(c,d) were not significant by Student’s unpaired t test.

The upstream DDR checkpoint kinases ATM and CHK2 have been reported to be
increased in certain human pre-malignancies in vivo [46]. ATM showed a consistent
upregulation in total protein (Figure 5b) in all PPOLs and OSCCs and has been reported
following DNA damage before [47]. However, only one MPPOL line, D25, showed an
increase in phosphorylation at serine 1981 (ATM-P) relative to NOKs. Therefore, although
the increased p53 phosphorylation in the MPPOL keratinocytes was not mediated through
ATM-P, the consistent increase in total ATM in MPPOL keratinocytes could be indicative of
increased DNA double strand breaks. Furthermore, ATM-P remained very high in D17 and
all IPPOL and immortal OSCC (IOSCC), suggesting that ATM-P was not enough to induce
ePGEs. ATM-P has recently been reported to be essential for the addition of telomere
repeats in telomerase expressing cells [48] and as all IPPOL [7] and OSCC [20] lines have
deregulated telomerase, ATM may not just serve a DDR function in these cells. In support
of this hypothesis, the ATM inhibitor KU55933 had no detectable inhibitory effect, even in
OKF6 (Figure 5c) or senescent D17 cells (Figure 5d), and if anything showed a slight trend
towards the stimulation of ePGEs in senescent D17 cells (Figure 5d).

We also examined the status of CHK2, but there was no striking variation of either total
or phosphorylated CHK2 in the cell line panel (Supplementary Figure S3A), suggesting
that this kinase was not responsible for ePGE upregulation in MPPOL keratinocytes. In
conclusion, whilst there was evidence for an increase in p53 phosphorylation in MPPOL
relative to NOKs this is not explained by phosphorylation of the DDR checkpoint kinases.

Finally, we tested whether the induction of senescence by the introduction of irrepara-
ble DNA damage using ionizing radiation in human epidermal keratinocytes was enough
to induce the secretion of ePGEs, but this was found not to be the case either (Supplemen-
tary Figure S3B). These results suggest that activation of the DDR and senescence in the
MPPOL keratinocytes is insufficient to cause the secretion of ePGEs and that the MPPOL
are not merely senescent normal keratinocytes. These data and that presented elsewhere
suggest that other signalling pathways, such as p38MAPK, are required in concert.

3.7. Regulation of the PGEs by p53

Figure 6 shows that whilst both ePGEs (Figure 6a) are elevated in OKF6 relative to
normal keratinocytes, OKF4 shows normal expression, indicating that the PGEs might be
regulated by p53. OKF6 also showed abnormally high levels of IL-1α and IL-1β, IL-6 and
IL-8 that were absent from OKF4 (Figure 6b). The unusual IPPOL line D4 also had high
levels of both the ePGEs and IL-1s, as well as one allele of wild type p53 [7], so a role for
p53, independent of telomerase and p16INK4A, was suggested by these data.
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Figure 6. ePGE and cytokine regulation in OKF6 keratinocytes by p53. (a) Shows ePGE1 levels

and ePGE2 levels in normal (NHOK810), OKF6 (p53 wild type) and OKF4 (p53 dysfunctional) oral
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keratinocytes and (b) shows cytokine IL-1α, IL-1β, IL-6 and IL-8 levels in the same lines as (a).

(c) Shows a representative Western blot of p53 levels in 3 independent siRNA experiments and the

quantitation and reduction of band intensity relative to the β actin control +/− standard deviation

**** p < 0.001 by Student’s t test. (d) The effect of TP53 knockdown on ePGE1, ePGE2, IL-1α, IL-1β,

IL-6 and IL-8 levels in the experiment are validated in (c). The data show that only ePGE1 levels were

positively regulated by p53 in OKF6, whilst IL-6 and IL-8 levels were restrained by p53 as reported

previously in senescent fibroblasts [43]. * p < 0.05; ** p < 0.01 by Student’s t test. Scrambled control

RNA (striped bars); p53siRNA (dotted bars).

p53 Is Necessary for the Upregulation of ePGE1 but Not ePGE2 in OKF6 Cells

To test the role of p53 in PGE regulation, we knocked down p53 in OKF6 cells using
siRNA and confirmed the level of knockdown as between 60 and 80% by Western blotting
(Figure 6c). Conditioned medium was collected from the p53 knock-down (p53KD) cells
and the levels of ePGE1, ePGE2, IL-6 and IL-8 (Figure 6d) were measured. The results
showed that ePGE1 but not ePGE2 required p53 for its upregulation in OKF6 cells and IL-6
and IL-8 were both increased slightly by p53 knock-down, consistent with previous reports
that p53 restrains IL-6 and IL-8 expression in IrrDSB-induced senescence in fibroblasts [43].

3.8. PPOL Keratinocyte Senescence in the Absence of p16INK4A Induces ePGE and a Distinct Set of
SASP Factor Transcripts That Are Reversed by Telomerase

To further investigate the role of senescence in the control of the SASP cytokines
we mined transcript data [10] from the pseudodiploid CDKN2A/p16INK4A-deficient D17
cells [7] that had been transduced with the catalytic component of telomerase TERT or the
empty vector, and were allowed to reach or bypass the senescence checkpoint [15].

Figure 7 shows that transcripts of several of the above cytokines (CXCL1, CCL20 and
IL8/CXCL8) together with IL1A and IL1B and transforming growth factor α (TGFA) were
upregulated in senescent D17 and were reversed upon senescence bypass by the ectopic
expression of telomerase, thus linking the expression of these cytokines with telomere
dysfunction in the absence of CDKN2A/p16INK4A. In the same cells, transcripts encoding
matrix metalloproteinase (MMPs) and their TIMPs were also similarly regulated with
MMP1, 9 and 10 being upregulated in senescence and TIMP1 downregulated (Figure 7).
However, TGFB2, CXCL5, and CXCL6 levels did not become elevated following D17
senescence and IL-8/CXCL8 protein levels were not reversed by telomerase in OKF6
cells following extensive passaging, suggesting that extra-telomere signals such as those
mediated by p38MAPK/MAPK14 also regulate SASP cytokines in PPOL keratinocytes,
similar to the regulation of ePGEs.

3.9. ePGEs Are Not Inversely Related to the Levels of PGE Receptors

One possible explanation for the increased levels of ePGEs in the MPPOL keratinocyte
media might be a reduced level of PGE receptors on the keratinocyte surface, thus resulting
in less surface binding and increased ePGE in the media. We therefore examined the
expression of all four PGE receptors (Eph1-4) in our cell line panel by Western blotting and
there was no relationship between PGE receptor level and ePGE expression (Figure 8). D4
and D9 had slightly higher levels of Eph2-4 than D6 but D19 and DOK did not. Linear
regression analysis of ePGE levels and EP receptor levels across the cell line panel in the
same experiments as the depicted Western blot in Figure 8 showed no correlation between
ePGE1 and EP2 (p = 0.29; R2 = 0.15), EP3 (p = 0.32; R2 = 0.14) or EP4 (p = 0.78; R2 = 0.01) or
ePGE2 and EP2 (p = 0.31; R2 = 0.15), EP3 (p = 0.27; R2 = 0.17) or EP4 (p = 0.88; R2 = 0.003).
Therefore, we consider it unlikely that the high levels of ePGEs in the MPPOL media was
due to a reduction of PGE receptors.
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− −Figure 7. Senescent p16INK4A−/− deficient D17 cells (Striped bars) show elevated SASP factors

regulated by telomerase (Dotted bars). (a) Shows MMP and TIMP transcripts regulated by senescence

and telomerase in D17 and (b) shows the cytokine and growth factor transcripts regulated in the

same experiment as (a). Data mined from the microarray study in reference [10].

Figure 8. (a) Western blot showing the levels prostaglandin receptors (Eph 2-4; EP2, EP3 and EP4 in a

selection of MPPOL, IPPOL and NOKs (Eph1 was not detected). GAPDH and beta actin were used

as loading controls. (b) Quantitation of the EP2 levels in (a). (c) Quantitation of the EP3 levels in (a).

(d) Quantitation of the EP4 levels in (a).
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3.10. The Effect of Hydrocortisone (HC) on the Regulation of Extracellular PGEs

As it has been reported that the doses of steroids routinely used in our keratinocyte
cultures suppress the interleukins of the SASP [49] and ePGE2 [50], we tested whether
the difference in ePGE levels between MPPOL and IPPOL keratinocytes might be due to
differences in their sensitivity to hydrocortisone (HC). We cultured two of the immortal
lines, DOK and D19, for 3 weeks in the absence of hydrocortisone. The results (Figure 9)
showed that whilst the growth rate slowed and the saturation density decreased in the
steroid-deprived keratinocytes, there was only a very modest (two fold) and non-significant
increase in ePGE1 (Figure 9a), but there was a 10-fold increase in ePGE2 in D19, which
was also non-significant in both D19 and DOK and was not sufficient to stimulate D19 or
DOK proliferation (see below). Therefore, although increased sensitivity to HC did not
completely account for the large difference in ePGE levels or cytokines between MPPOL
and IPPOL keratinocytes [10,11] (see below), it does suggest that MPPOL keratinocytes
may regulate ePGEs in a similar manner to the SASP. The results also suggest that MPPOLs
have a difference in steroid metabolism from NOKs that may account for some of the
results, as even in the presence of HC, MPPOLs express higher levels of ePGEs than IPPOL
or normal keratinocytes. However, the effect of HC needs examining in more IPPOL lines.

−
−

μ
μ

Figure 9. ePGE expression in IPPOL keratinocytes is repressed by hydrocortisone. (a) ePGE1 levels

and (b) ePGE2 levels in DOK and D19 cells where hydrocortisone (HC) was removed from the culture

medium for 3 weeks (−HC striped bars). ns = not significant by Welch’s t test. CON = control (n = 6

independent cultures); −HC = derived of hydrocortisone for 3 weeks (n = 3 independent cultures).

3.11. PGE2 but Not PGE1 Stimulates Proliferation in Some IPPOL Lines Lacking Autocrine
Secretion of the PGEs

It has been reported that PGE2 and Eph2 and Eph3 receptor agonists can stimulate
the proliferation of some OSCC cell lines [50] and we have extended these experiments to
the IPPOL line D19 but not DOK (Figure 9a), suggesting that PGE2 derived from the pre-
cancerous environment might stimulate IPPOL cell multiplication as well as OSCC in some
cases. The doses used (3–10 ng/mL or 8.5–30.7 nM) are physiological, as D6, D25 and D30
and late passage D17 produce between 5 and 60 ng/mL ePGE2/105 cells (Figures 1 and 2).
We found no effect of PGE1 on either line. To test whether there was an autocrine effect
of the PGEs on IPPOL cells we treated both D19 and DOK cells with celecoxib. Celecoxib
completely eliminated the production of both PGEs in OKF6 cells at a dose of 3 µM and
there was no effect on D19 but it actually stimulated DOK slightly at 10 µM (Figure 10b),
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arguing against an autocrine effect of ePGE2 in IPPOL cells in agreement with the low
levels of ePGE in D19 and DOK (Figure 1).

−
μ μ

β

Figure 10. Exogenous PGE2 (3 ng/mL striped bars; 10 ng/mL dotted bars) stimulates the proliferation

of some IPPOL lines. (a) Shows the effect of a 10-day treatment of IPPOL lines D19 and DOK relative

to the ethanol vehicle control +/− standard deviation. (b) Shows the effect of the COX-2 selective

inhibitor celecoxib (CCXB) on the same lines at 3 µM (striped bars) and 10 µM (dotted bars). * p < 0.05;

** p < 0.01; *** p < 0.001 by Student’s t test. The data show that only exogenous PGE2 stimulates

D19 proliferation.

3.12. Exogenous PGE2 Does Not Induce Oral Fibroblast Senescence

Senescent oral fibroblasts do not secrete ePGEs [36] but PGE2 has been reported to
induce lung fibroblast senescence [51] and therefore keratinocyte-derived ePGE2 could
induce the fibroblast SASP. However, doses of 0.85 to 85 nM of both PGE1 and PGE2
had no effect on the frequency of senescent oral fibroblasts as assessed by SA-βGal
(Supplementary Figure S4). These data did not support the hypothesis that the MPPOL ker-
atinocytes could indirectly promote IPPOL progression by inducing fibroblast senescence
in the cancer-associated mesenchyme.

4. Discussion

Recent and historical data have shown that PPOL and OSCCs are composed of mix-
tures of mortal and immortal cells [7–9] that have strikingly distinct properties and appear
to diverge further throughout tumor progression [10]. Paradoxically, the mortal diploid
cells express more classical OSCC markers than the immortal ones [10], the latter of which
form experimental tumors and contain established cancer driver mutations [12,13]. The
nature of the mortal cells in these tumors is not clear; whilst they could be a distinct form of
cancer underpinned by microRNA or non-coding RNA changes, it is also possible that they
are normal keratinocytes recruited into the tumor to provide a specific role, i.e., ‘cancer-
associated keratinocytes’. Some MPPOL lines have also been shown to be resistant to
suspension-induced terminal differentiation [8] and to over-express keratin 7 [10], which is
associated with glandular epithelium, and so some MPPOL may have stem cell properties.

We show here that ePGE1 and ePGE2 and several cytokines are strikingly upregulated
in MPPOL relative to NOKs and this upregulation was not explained by differential
regulation of the PGE receptors. ePGE upregulation was associated with COX-2 expression
and a subset of SASP factors, but not with the DDR pathways. Upregulation of the ePGEs
was not completely reversed by telomerase or inhibitors of the DDR, even in the absence of
p16INK4A and inhibition of COX-2 and p38MAPK was also required. In addition, inducing
the DDR and senescence in normal keratinocytes was not enough to upregulate ePGEs.
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All of these pathways are known to regulate the cytokines, which are part of the
fibroblast SASP [38,43,52] and mining data from our previous microarray study [10] showed
that some SASP-like proteins, but certainly not all, are similarly upregulated in MPPOL
keratinocytes. Furthermore, SASP factor transcripts elevated in MPPOL keratinocytes
approaching senescence were different from those following the replicative senescence
of a p16INK4A-defcient MPPOL line D17, with the exception of IL-8. This suggests that
the nature and role that the SASP plays in the development and progression of OSCC is
context- and mechanism-dependent.

In addition, ePGE1, but not ePGE2, did show dependence on p53, even in the
telomerase-positive OKF6 line, suggesting alternative pathways of ePGE1 regulation
but the mechanism underpinning the differential regulation of the ePGEs by p53 is not
presently clear.

With few exceptions, IPPOL do not upregulate ePGEs and SASP-related cytokine
transcripts and often downregulate them, which may enable them to evade clearance
by the innate and adaptive immune systems as published previously in mouse cancer
models [26,53]. Some of this resistance may be related to their increased sensitivity to
hydrocortisone, as withdrawal of the latter partially restored ePGE production, but this
restoration was only partial and not significant.

IPPOL generally show less differentiation in conventional 2D cultures than MPPOL
and do not display many important markers of OSCC such as αvβ6 integrin and this
protein is absent from undifferentiated OSCC in vivo [54]. These data give rise to the
hypothesis that in complex pre-cancerous fields of mortal and immortal keratinocytes the
MPPOL keratinocytes produce numerous molecules that have the potential to induce tumor
progression of the more advanced IPPOL and OSCC keratinocytes. It is well documented
that PGE2 can stimulate the proliferation of a variety of neoplastic cell lines, including
head and neck SCCs [50] and we have extended this observation to some IPPOL lines with
minimal autocrine ePGE2 secretion. However, there was no evidence that ePGE2 could
induce senescence in oral fibroblasts. These results support a paracrine effect of MPPOL
keratinocytes on IPPOL multiplication via PGE2.

PGE1 is known to stimulate angiogenesis, another essential process for continued
tumor growth in vivo [55,56], and cytokines such as IL-6 and IL-8 have been shown to
promote cancer cell invasion [57]. This hypothesis is further supported by recent data
showing that in the mouse two-stage carcinogenesis model, the source of PGE2 is dependent
on epidermal COX2 [58] and progression to SCC is dependent on both epidermal COX2 [58]
and senescent keratinocytes [59].

Although it is accepted that the phenotypes displayed by MPPOL keratinocytes
may have occurred or have been enhanced in vitro, there is support for our hypothesis
from histological studies in vivo. Notably, although COX-2 expression is upregulated in
PPOL and OSCC in vivo, it is mainly expressed in the upper layers of the mucosa [60]
and is highly heterogeneous [60], which is consistent with our results. Although there
is no reported evidence for senescence in human PPOL lesions in vivo, there is in other
human pre-malignancies [46] and p16INK4A is upregulated in high-grade PPOL lesions [61].
Interestingly, mice ectopically expressing p16INK4A in epidermal keratinocytes have recently
been reported to express features of senescence and exert paracrine tumor-promoting effects
on neighbouring keratinocytes [62]. Therefore, there is evidence that senescence and ePGEs
can promote the progression of pre-malignant keratinocytes to OSCC in vivo. However,
to test our hypothesis definitively it will be necessary to explore the expression patterns
of individual PPOL keratinocytes in vivo in different states of differentiation to test these
hypotheses further.

Significantly, regulators of MPPOL ePGEs, cytokines and MMPs such as p38MAPK and
COX-2 are established anti-cancer targets and the elimination of senescent cells by senolytic
drugs has been shown to inhibit epidermal SCC progression [59], suggesting that the
targeting of MPPOL keratinocytes in a pre-cancerous field could be an effective therapeutic
and/or chemotherapeutic strategy. Senolytics targeting MPPOL may be required, as
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cell type specificity of this class of drug has already been observed [63]. Of additional
significance is the observation that IPPOL and IOSCC keratinocytes do not generally express
significant levels of ePGEs unless hydrocortisone is withdrawn from the culture medium,
suggesting that therapies based on such targets could be complemented by strategies that
inhibit the steroid receptor. In addition, the induction of IPPOL keratinocyte senescence
or differentiation, as previously suggested by others based on a p53-deficient mouse liver
cancer model [53], may aid therapeutic effectiveness of the targets mentioned above.

The limitations of our study as it stands is that the differences between NOK, MPPOL
and IPPOL keratinocytes are observed in a partially differentiated keratinocyte system,
albeit with physiological levels of plasma hydrocortisone. COX-2 [60] and many markers of
PPOL and OSCC in vivo [10] are expressed by the MPPOL and not the IPPOL keratinocytes.
This is curious given that the latter are generally held to be the precursors of tumorigenic
OSCC. Future work should include testing the hypotheses that an IPPOL gene signature
exists in PPOL and OSCC tissue samples by single cell RNA sequencing [64] and, in
addition, that IPPOL keratinocytes can re-express COX-2, the ePGEs and SASP proteins
when placed in 3-dimensional organotypic cultures.

5. Conclusions

Our results (summarized in Figure 11), together with recent data from mouse models
of epidermal carcinogenesis, support the hypothesis that ePGEs and cytokines can originate
from oral keratinocytes approaching senescence in the pre-cancerous field but that the
breakdown of senescence ablates their expression. As these molecules are known to
promote tumor proliferation, invasion and angiogenesis, our results support the hypothesis
that the paracrine delivery of these molecules may be necessary to drive PPOL progression.
We also identify p38MAPK, COX2 and steroids as potential anti-cancer target pathways.

Figure 11. Summary of ePGE and SASP regulation in PPOL keratinocytes, their potential functions

in a pre-cancerous oral field and therapeutic targets. The figure summarises the potential impact

of the new findings in the context of the different keratinocyte types in a pre-cancerous oral field

of largely normal oral keratinocytes (red nuclei; beige cytoplasm). It hypothesises that genetically

normal MPPOL keratinocytes (blue nuclei; beige cytoplasm) and senescent keratinocytes en route

to immortality lacking p16INK4A such as D17 (black nuclei; beige cytoplasm) collectively create a

tumor-promoting environment for IPPOL (black nuclei; green cytoplasm).



Cancers 2022, 14, 2636 22 of 25

Supplementary Materials: The following are available online at https://www.mdpi.com/article/

10.3390/cancers14112636/s1, Table S1: Si RNA target sequences, Table S2: Details of the antibodies

and optimised dilutions; Table S3: Details of the antibodies and the positive and negative controls;

Figure S1: SA-βGal staining of MPPOL and IPPOL keratinocytes and the effect of ROCKi, Figure S2:

Levels of secreted SASP cytokine protein and SASP transcript in normal, MPPOL and IPPOL ker-

atinocytes, Figure S3: ePGE regulation by DNA damage in keratinocytes, Figure S4: Effect of PGE2

on oral fibroblasts, Figure S5: The whole Western blots are shown.

Author Contributions: L.P.K.-N., U.S.A., L.G., H.W. and E.K.P. performed most of the experiments

including the cell culture, conditioned medium harvest, Western blotting, analyzed the data, and

prepared the figures, E.K.P., K.D.H. and E.H.-P. conceived the study, analyzed the data, wrote the first

drafts of the manuscript, and prepared the figures. K.D.H. provided and analyzed the microarray

data. All authors have read and agreed to the published version of the manuscript.

Funding: Karen-Ng Lee Peng received a Ph.D. scholarship (Hadiah Latihan Persekutuan) award

from the Malaysian Ministry of Education and fully paid study leave from University of Malaya

during her tenure as a Ph.D. candidate.

Institutional Review Board Statement: All of the keratinocyte cultures used in this study were

derived prior to 2002 and have been passaged and so are deemed cell lines and exempt from The

Human Tissue Act of 2004. However, all the patients were consented prior to biopsies being placed in

cell culture. Ethical approval for the PPOL lines (with informed consent) was granted by the Glasgow

Dental Hospital Area Ethics Committee (10MAR97/AGN4vi) and the Edinburgh Dental Hospital

Area Ethics Committee (before 1995) and for the normal NHOK keratinocytes by Central and South

Bristol Research Ethics Committee Project E5133: Cell proliferation, differentiation, and apoptosis in

oral squamous cell carcinoma.

Informed Consent Statement: All of the keratinocyte cultures used in this study were derived prior

to 2002 and have been passaged and so are deemed cell lines and are exempt from The Human

Tissue Act of 2004. However, all the patients were consented prior to biopsies being placed in cell

culture. Ethical approval for the PPOL lines (with informed consent) was granted by the Glasgow

Dental Hospital Area Ethics Committee (10MAR97/AGN4vi) and the Edinburgh Dental Hospital

Area Ethics Committee (before 1995) and for the normal NHOK keratinocytes by Central and South

Bristol Research Ethics Committee Project E5133: Cell proliferation, differentiation, and apoptosis in

oral squamous cell carcinoma.

Data Availability Statement: (A) Materials: All cell lines will be made available subject to a rea-

sonable request and the demonstration that the receiving laboratory has the means to maintain

the cell lines successfully. Many lines are mortal but can be maintained using a 3T3 feeder layer

and the Rho kinase inhibitor Y27632 as described in the methods section. The cell lines will be

banked should funds become available. (B) Data sharing: All the raw data files used in the original

metabolomic screen will be made available on request. Unfortunately, Metabolon data are not ac-

ceptable for deposition in sites such as Metabolytes, as the company will not provide the necessary

technical details.

Acknowledgments: We are grateful to Angela Hague (University of Bristol) for the gift of primary

normal human oral (gingival) keratinocytes and to James Rheinwald (Harvard Medical School) for

the gifts of OKF6/TERT1 and OKF4/cdk4R/p53DD/TERT. The authors also wish to acknowledge

Lindsay Parkinson for assistance with the graphic artwork.

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

References

1. Gupta, S.; Kong, W.; Peng, Y.; Miao, Q.; Mackillop, W.J. Temporal trends in the incidence and survival of cancers of the upper

aerodigestive tract in Ontario and the United States. Int. J. Cancer 2009, 125, 2159–2165. [CrossRef] [PubMed]

2. Braakhuis, B.J.; Tabor, M.P.; Kummer, J.A.; Leemans, C.R.; Brakenhoff, R.H. A genetic explanation of Slaughter’s concept of field

cancerization: Evidence and clinical implications. Cancer Res. 2003, 63, 1727–1730. [PubMed]

3. Weber, R.G.; Scheer, M.; Born, I.A.; Joos, S.; Cobbers, J.M.; Hofele, C.; Reifenberger, G.; Zoller, J.E.; Lichter, P. Recurrent chromoso-

mal imbalances detected in biopsy material from oral premalignant and malignant lesions by combined tissue microdissection,

universal DNA amplification, and comparative genomic hybridization. Am. J. Pathol. 1998, 153, 295–303. [CrossRef]



Cancers 2022, 14, 2636 23 of 25

4. de Bruin, E.C.; McGranahan, N.; Mitter, R.; Salm, M.; Wedge, D.C.; Yates, L.; Jamal-Hanjani, M.; Shafi, S.; Murugaesu, N.; Rowan,

A.J.; et al. Spatial and temporal diversity in genomic instability processes defines lung cancer evolution. Science 2014, 346, 251–256.

[CrossRef] [PubMed]

5. Wood, H.M.; Daly, C.; Chalkley, R.; Senguven, B.; Ross, L.; Egan, P.; Chengot, P.; Graham, J.; Sethi, N.; Ong, T.K.; et al. The

genomic road to invasion-examining the similarities and differences in the genomes of associated oral pre-cancer and cancer

samples. Genome Med. 2017, 9, 53. [CrossRef] [PubMed]

6. Burd, C.E.; Sorrentino, J.A.; Clark, K.S.; Darr, D.B.; Krishnamurthy, J.; Deal, A.M.; Bardeesy, N.; Castrillon, D.H.; Beach, D.H.;

Sharpless, N.E. Monitoring tumorigenesis and senescence in vivo with a p16(INK4a)-luciferase model. Cell 2013, 152, 340–351.

[CrossRef]

7. McGregor, F.; Muntoni, A.; Fleming, J.; Brown, J.; Felix, D.H.; MacDonald, D.G.; Parkinson, E.K.; Harrison, P.R. Molecular changes

associated with oral dysplasia progression and acquisition of immortality: Potential for its reversal by 5-azacytidine. Cancer Res.

2002, 62, 4757–4766.

8. Edington, K.G.; Loughran, O.P.; Berry, I.J.; Parkinson, E.K. Cellular immortality: A late event in the progression of human

squamous cell carcinoma of the head and neck associated with p53 alteration and a high frequency of allele loss. Mol. Carcinog.

1995, 13, 254–265. [CrossRef]

9. Rheinwald, J.G.; Beckett, M.A. Tumorigenic keratinocyte lines requiring anchorage and fibroblast support cultured from human

squamous cell carcinomas. Cancer Res. 1981, 41, 1657–1663.

10. Hunter, K.D.; Thurlow, J.K.; Fleming, J.; Drake, P.J.; Vass, J.K.; Kalna, G.; Higham, D.J.; Herzyk, P.; Macdonald, D.G.; Parkinson,

E.K.; et al. Divergent routes to oral cancer. Cancer Res. 2006, 66, 7405–7413. [CrossRef]

11. Karen-Ng, L.P.; James, E.L.; Stephen, A.; Bennett, M.H.; Mycielska, M.E.; Parkinson, E.K. The Extracellular Metabolome Stratifies

Low and High Risk Potentially Premalignant Oral Keratinocytes and Identifies Citrate as a Potential Non-Invasive Marker of

Tumour Progression. Cancers 2021, 13, 4212. [CrossRef] [PubMed]

12. Veeramachaneni, R.; Walker, T.; Revil, T.; Weck, A.; Badescu, D.; O’Sullivan, J.; Higgins, C.; Elliott, L.; Liloglou, T.; Risk, J.M.;

et al. Analysis of head and neck carcinoma progression reveals novel and relevant stage-specific changes associated with

immortalisation and malignancy. Sci. Rep. 2019, 9, 11992. [CrossRef] [PubMed]

13. de Boer, D.V.; Brink, A.; Buijze, M.; Stigter-van Walsum, M.; Hunter, K.D.; Ylstra, B.; Bloemena, E.; Leemans, C.R.; Brakenhoff,

R.H. Establishment and Genetic Landscape of Precancer Cell Model Systems from the Head and Neck Mucosal Lining. Mol.

Cancer Res. 2019, 17, 120–130. [CrossRef] [PubMed]

14. Dickson, M.A.; Hahn, W.C.; Ino, Y.; Ronfard, V.; Wu, J.Y.; Weinberg, R.A.; Louis, D.N.; Li, F.P.; Rheinwald, J.G. Human

keratinocytes that express hTERT and also bypass a p16(INK4a)-enforced mechanism that limits life span become immortal yet

retain normal growth and differentiation characteristics. Mol. Cell. Biol. 2000, 20, 1436–1447. [CrossRef] [PubMed]

15. Muntoni, A.; Fleming, J.; Gordon, K.E.; Hunter, K.; McGregor, F.; Parkinson, E.K.; Harrison, P.R. Senescing oral dysplasias are not

immortalized by ectopic expression of hTERT alone without other molecular changes, such as loss of INK4A and/or retinoic acid

receptor-beta: But p53 mutations are not necessarily required. Oncogene 2003, 22, 7804–7808. [CrossRef]

16. Hassona, Y.; Cirillo, N.; Lim, K.P.; Herman, A.; Mellone, M.; Thomas, G.J.; Pitiyage, G.N.; Parkinson, E.K.; Prime, S.S. Progression

of genotype-specific oral cancer leads to senescence of cancer-associated fibroblasts and is mediated by oxidative stress and

TGF-beta. Carcinogenesis 2013, 34, 1286–1295. [CrossRef]

17. Prime, S.S.; Cirillo, N.; Hassona, Y.; Lambert, D.W.; Paterson, I.C.; Mellone, M.; Thomas, G.J.; James, E.N.; Parkinson, E.K.

Fibroblast activation and senescence in oral cancer. J. Oral Pathol. Med. 2017, 46, 82–88. [CrossRef]

18. Rheinwald, J.G.; Hahn, W.C.; Ramsey, M.R.; Wu, J.Y.; Guo, Z.; Tsao, H.; De Luca, M.; Catricala, C.; O’Toole, K.M. A two-stage,

p16(INK4A)- and p53-dependent keratinocyte senescence mechanism that limits replicative potential independent of telomere

status. Mol. Cell. Biol. 2002, 22, 5157–5172. [CrossRef]

19. Cancer Genome Atlas Network. Comprehensive genomic characterization of head and neck squamous cell carcinomas. Nature

2015, 517, 576–582. [CrossRef]

20. Loughran, O.; Clark, L.J.; Bond, J.; Baker, A.; Berry, I.J.; Edington, K.G.; Ly, I.S.; Simmons, R.; Haw, R.; Black, D.M.; et al. Evidence

for the inactivation of multiple replicative lifespan genes in immortal human squamous cell carcinoma keratinocytes. Oncogene

1997, 14, 1955–1964. [CrossRef]

21. Chapman, S.; Liu, X.; Meyers, C.; Schlegel, R.; McBride, A.A. Human keratinocytes are efficiently immortalized by a Rho kinase

inhibitor. J. Clin. Investig. 2010, 120, 2619–2626. [CrossRef] [PubMed]

22. Serrano, M.; Lin, A.W.; McCurrach, M.E.; Beach, D.; Lowe, S.W. Oncogenic ras provokes premature cell senescence associated

with accumulation of p53 and p16INK4a. Cell 1997, 88, 593–602. [CrossRef]

23. Kennedy, A.L.; Morton, J.P.; Manoharan, I.; Nelson, D.M.; Jamieson, N.B.; Pawlikowski, J.S.; McBryan, T.; Doyle, B.; McKay, C.;

Oien, K.A.; et al. Activation of the PIK3CA/AKT pathway suppresses senescence induced by an activated RAS oncogene to

promote tumorigenesis. Mol. Cell 2011, 42, 36–49. [CrossRef] [PubMed]

24. Kuilman, T.; Michaloglou, C.; Vredeveld, L.C.; Douma, S.; van Doorn, R.; Desmet, C.J.; Aarden, L.A.; Mooi, W.J.; Peeper, D.S.

Oncogene-induced senescence relayed by an interleukin-dependent inflammatory network. Cell 2008, 133, 1019–1031. [CrossRef]

[PubMed]



Cancers 2022, 14, 2636 24 of 25

25. Acosta, J.C.; Banito, A.; Wuestefeld, T.; Georgilis, A.; Janich, P.; Morton, J.P.; Athineos, D.; Kang, T.W.; Lasitschka, F.; Andrulis, M.;

et al. A complex secretory program orchestrated by the inflammasome controls paracrine senescence. Nat. Cell Biol. 2013, 15,

978–990. [CrossRef]

26. Kang, T.W.; Yevsa, T.; Woller, N.; Hoenicke, L.; Wuestefeld, T.; Dauch, D.; Hohmeyer, A.; Gereke, M.; Rudalska, R.; Potapova, A.;

et al. Senescence surveillance of pre-malignant hepatocytes limits liver cancer development. Nature 2011, 479, 547–551. [CrossRef]

27. Qian, M.; Qian, D.; Jing, H.; Li, Y.; Ma, C.; Zhou, Y. Combined cetuximab and celecoxib treatment exhibits a synergistic anticancer

effect on human oral squamous cell carcinoma in vitro and in vivo. Oncol. Rep. 2014, 32, 1681–1688. [CrossRef]

28. Saba, N.F.; Hurwitz, S.J.; Kono, S.A.; Yang, C.S.; Zhao, Y.; Chen, Z.; Sica, G.; Muller, S.; Moreno-Williams, R.; Lewis, M.; et al.

Chemoprevention of head and neck cancer with celecoxib and erlotinib: Results of a phase ib and pharmacokinetic study. Cancer

Prev. Res. 2014, 7, 283–291. [CrossRef]

29. Niklander, S.E.; Crane, H.L.; Darda, L.; Lambert, D.W.; Hunter, K.D. The role of icIL-1RA in keratinocyte senescence and

development of the senescence-associated secretory phenotype. J. Cell Sci. 2021, 134, jcs252080. [CrossRef]

30. Stacey, M.; Thacker, S.; Taylor, A.M. Cultured skin keratinocytes from both normal individuals and basal cell naevus syndrome

patients are more resistant to gamma-rays and UV light compared with cultured skin fibroblasts. Int. J. Radiat. Biol. 1989, 56,

45–58. [CrossRef]

31. Prime, S.S.; Nixon, S.V.; Crane, I.J.; Stone, A.; Matthews, J.B.; Maitland, N.J.; Remnant, L.; Powell, S.K.; Game, S.M.; Scully, C. The

behaviour of human oral squamous cell carcinoma in cell culture. J. Pathol. 1990, 160, 259–269. [CrossRef] [PubMed]

32. Loughran, O.; Malliri, A.; Owens, D.; Gallimore, P.H.; Stanley, M.A.; Ozanne, B.; Frame, M.C.; Parkinson, E.K. Association of

CDKN2A/p16INK4A with human head and neck keratinocyte replicative senescence: Relationship of dysfunction to immortality

and neoplasia. Oncogene 1996, 13, 561–568. [PubMed]

33. Wrede, D.; Tidy, J.A.; Crook, T.; Lane, D.; Vousden, K.H. Expression of RB and p53 proteins in HPV-positive and HPV-negative

cervical carcinoma cell lines. Mol. Carcinog. 1991, 4, 171–175. [CrossRef] [PubMed]

34. Pitiyage, G.N.; Slijepcevic, P.; Gabrani, A.; Chianea, Y.G.; Lim, K.P.; Prime, S.S.; Tilakaratne, W.M.; Fortune, F.; Parkinson, E.K.

Senescent mesenchymal cells accumulate in human fibrosis by a telomere-independent mechanism and ameliorate fibrosis

through matrix metalloproteinases. J. Pathol. 2011, 223, 604–617. [CrossRef]

35. James, E.L.; Lane, J.A.; Michalek, R.D.; Karoly, E.D.; Parkinson, E.K. Replicatively senescent human fibroblasts reveal a distinct

intracellular metabolic profile with alterations in NAD+ and nicotinamide metabolism. Sci. Rep. 2016, 6, 38489. [CrossRef]

36. James, E.L.; Michalek, R.D.; Pitiyage, G.N.; de Castro, A.M.; Vignola, K.S.; Jones, J.; Mohney, R.P.; Karoly, E.D.; Prime, S.S.;

Parkinson, E.K. Senescent human fibroblasts show increased glycolysis and redox homeostasis with extracellular metabolomes

that overlap with those of irreparable DNA damage, aging, and disease. J. Proteome Res. 2015, 14, 1854–1871. [CrossRef]

37. Jackson, A.L.; Linsley, P.S. Recognizing and avoiding siRNA off-target effects for target identification and therapeutic application.

Nat. Rev. Drug Discov. 2010, 9, 57–67. [CrossRef]

38. Laberge, R.M.; Zhou, L.; Sarantos, M.R.; Rodier, F.; Freund, A.; de Keizer, P.L.; Liu, S.; Demaria, M.; Cong, Y.S.; Kapahi, P.; et al.

Glucocorticoids suppress selected components of the senescence-associated secretory phenotype. Aging Cell 2012, 11, 569–578.

[CrossRef]

39. Abdul-Aziz, A.M.; Sun, Y.; Hellmich, C.; Marlein, C.R.; Mistry, J.; Forde, E.; Piddock, R.E.; Shafat, M.S.; Morfakis, A.; Mehta, T.;

et al. Acute myeloid leukemia induces protumoral p16INK4a-driven senescence in the bone marrow microenvironment. Blood

2019, 133, 446–456. [CrossRef]

40. Bachelor, M.A.; Silvers, A.L.; Bowden, G.T. The role of p38 in UVA-induced cyclooxygenase-2 expression in the human ker-

atinocyte cell line, HaCaT. Oncogene 2002, 21, 7092–7099. [CrossRef]

41. Matsuura, H.; Sakaue, M.; Subbaramaiah, K.; Kamitani, H.; Eling, T.E.; Dannenberg, A.J.; Tanabe, T.; Inoue, H.; Arata, J.; Jetten,

A.M. Regulation of cyclooxygenase-2 by interferon gamma and transforming growth factor alpha in normal human epidermal

keratinocytes and squamous carcinoma cells. Role of mitogen-activated protein kinases. J. Biol. Chem. 1999, 274, 29138–29148.

[CrossRef] [PubMed]

42. Tivey, H.S.; Brook, A.J.; Rokicki, M.J.; Kipling, D.; Davis, T. p38 (MAPK) stress signalling in replicative senescence in fibroblasts

from progeroid and genomic instability syndromes. Biogerontology 2013, 14, 47–62. [CrossRef] [PubMed]

43. Rodier, F.; Coppe, J.P.; Patil, C.K.; Hoeijmakers, W.A.; Munoz, D.P.; Raza, S.R.; Freund, A.; Campeau, E.; Davalos, A.R.; Campisi,

J. Persistent DNA damage signalling triggers senescence-associated inflammatory cytokine secretion. Nat. Cell Biol. 2009, 11,

973–979. [CrossRef]

44. Fumagalli, M.; Rossiello, F.; Clerici, M.; Barozzi, S.; Cittaro, D.; Kaplunov, J.M.; Bucci, G.; Dobreva, M.; Matti, V.; Beausejour, C.M.;

et al. Telomeric DNA damage is irreparable and causes persistent DNA-damage-response activation. Nat. Cell Biol. 2012, 14,

355–365. [CrossRef] [PubMed]

45. Hewitt, G.; Jurk, D.; Marques, F.D.; Correia-Melo, C.; Hardy, T.; Gackowska, A.; Anderson, R.; Taschuk, M.; Mann, J.; Passos, J.F.

Telomeres are favoured targets of a persistent DNA damage response in ageing and stress-induced senescence. Nat. Commun.

2012, 3, 708. [CrossRef] [PubMed]

46. Bartkova, J.; Horejsi, Z.; Koed, K.; Kramer, A.; Tort, F.; Zieger, K.; Guldberg, P.; Sehested, M.; Nesland, J.M.; Lukas, C.; et al.

DNA damage response as a candidate anti-cancer barrier in early human tumorigenesis. Nature 2005, 434, 864–870. [CrossRef]

[PubMed]



Cancers 2022, 14, 2636 25 of 25

47. Sethy, R.; Rakesh, R.; Patne, K.; Arya, V.; Sharma, T.; Haokip, D.T.; Kumari, R.; Muthuswami, R. Regulation of ATM and ATR by

SMARCAL1 and BRG1. Biochim. Biophys. Acta (BBA)-Gene Regul. Mech. 2018, 1861, 1076–1092. [CrossRef]

48. Lee, S.S.; Bohrson, C.; Pike, A.M.; Wheelan, S.J.; Greider, C.W. ATM Kinase Is Required for Telomere Elongation in Mouse and

Human Cells. Cell Rep. 2015, 13, 1623–1632. [CrossRef]

49. Coppe, J.P.; Patil, C.K.; Rodier, F.; Sun, Y.; Munoz, D.P.; Goldstein, J.; Nelson, P.S.; Desprez, P.Y.; Campisi, J. Senescence-associated

secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS Biol. 2008, 6,

2853–2868. [CrossRef]

50. Abrahao, A.C.; Castilho, R.M.; Squarize, C.H.; Molinolo, A.A.; dos Santos-Pinto, D., Jr.; Gutkind, J.S. A role for COX2-derived

PGE2 and PGE2-receptor subtypes in head and neck squamous carcinoma cell proliferation. Oral Oncol. 2010, 46, 880–887.

[CrossRef]

51. Dagouassat, M.; Gagliolo, J.M.; Chrusciel, S.; Bourin, M.C.; Duprez, C.; Caramelle, P.; Boyer, L.; Hue, S.; Stern, J.B.; Validire, P.;

et al. The cyclooxygenase-2-prostaglandin E2 pathway maintains senescence of chronic obstructive pulmonary disease fibroblasts.

Am. J. Respir. Crit. Care Med. 2013, 187, 703–714. [CrossRef] [PubMed]

52. Rhen, T.; Cidlowski, J.A. Antiinflammatory action of glucocorticoids–new mechanisms for old drugs. N. Engl. J. Med. 2005, 353,

1711–1723. [CrossRef] [PubMed]

53. Xue, W.; Zender, L.; Miething, C.; Dickins, R.A.; Hernando, E.; Krizhanovsky, V.; Cordon-Cardo, C.; Lowe, S.W. Senescence and

tumour clearance is triggered by p53 restoration in murine liver carcinomas. Nature 2007, 445, 656–660. [CrossRef] [PubMed]

54. Jones, J.; Watt, F.M.; Speight, P.M. Changes in the expression of alpha v integrins in oral squamous cell carcinomas. J. Oral Pathol.

Med. 1997, 26, 63–68. [CrossRef]

55. Goertz, O.; Ring, A.; Buschhaus, B.; Hirsch, T.; Daigeler, A.; Steinstraesser, L.; Steinau, H.U.; Langer, S. Influence of anti-

inflammatory and vasoactive drugs on microcirculation and angiogenesis after burn in mice. Burns 2011, 37, 656–664. [CrossRef]

56. Huang, Y.; Marui, A.; Sakaguchi, H.; Esaki, J.; Arai, Y.; Hirose, K.; Bir, S.C.; Horiuchi, H.; Maruyama, T.; Ikeda, T.; et al. Sustained

release of prostaglandin E1 potentiates the impaired therapeutic angiogenesis by basic fibroblast growth factor in diabetic murine

hindlimb ischemia. Circ. J. 2008, 72, 1693–1699. [CrossRef]

57. Coppe, J.P.; Boysen, M.; Sun, C.H.; Wong, B.J.; Kang, M.K.; Park, N.H.; Desprez, P.Y.; Campisi, J.; Krtolica, A. A role for fibroblasts

in mediating the effects of tobacco-induced epithelial cell growth and invasion. Mol. Cancer Res. 2008, 6, 1085–1098. [CrossRef]

58. Jiao, J.; Ishikawa, T.O.; Dumlao, D.S.; Norris, P.C.; Magyar, C.E.; Mikulec, C.; Catapang, A.; Dennis, E.A.; Fischer, S.M.; Herschman,

H.R. Targeted deletion and lipidomic analysis identify epithelial cell COX-2 as a major driver of chemically induced skin cancer.

Mol. Cancer Res. 2014, 12, 1677–1688. [CrossRef]

59. Alimirah, F.; Pulido, T.; Valdovinos, A.; Alptekin, S.; Chang, E.; Jones, E.; Diaz, D.A.; Flores, J.; Velarde, M.C.; Demaria, M.;

et al. Cellular Senescence Promotes Skin Carcinogenesis through p38MAPK and p44/42MAPK Signaling. Cancer Res. 2020, 80,

3606–3619. [CrossRef]

60. Shibata, M.; Kodani, I.; Osaki, M.; Araki, K.; Adachi, H.; Ryoke, K.; Ito, H. Cyclo-oxygenase-1 and -2 expression in human oral

mucosa, dysplasias and squamous cell carcinomas and their pathological significance. Oral Oncol. 2005, 41, 304–312. [CrossRef]

61. Natarajan, E.; Saeb, M.; Crum, C.P.; Woo, S.B.; McKee, P.H.; Rheinwald, J.G. Co-expression of p16(INK4A) and laminin 5 gamma2

by microinvasive and superficial squamous cell carcinomas in vivo and by migrating wound and senescent keratinocytes in

culture. Am. J. Pathol. 2003, 163, 477–491. [CrossRef]

62. Azazmeh, N.; Assouline, B.; Winter, E.; Ruppo, S.; Nevo, Y.; Maly, A.; Meir, K.; Witkiewicz, A.K.; Cohen, J.; Rizou, S.V.; et al.

Chronic expression of p16(INK4a) in the epidermis induces Wnt-mediated hyperplasia and promotes tumor initiation. Nat.

Commun. 2020, 11, 2711. [CrossRef] [PubMed]

63. Song, S.; Tchkonia, T.; Jiang, J.; Kirkland, J.L.; Sun, Y. Targeting Senescent Cells for a Healthier Aging: Challenges and Opportuni-

ties. Adv. Sci. 2020, 7, 2002611. [CrossRef]

64. Puram, S.V.; Tirosh, I.; Parikh, A.S.; Patel, A.P.; Yizhak, K.; Gillespie, S.; Rodman, C.; Luo, C.L.; Mroz, E.A.; Emerick, K.S.; et al.

Single-Cell Transcriptomic Analysis of Primary and Metastatic Tumor Ecosystems in Head and Neck Cancer. Cell 2017, 171,

1611–1624.e24. [CrossRef] [PubMed]


	Introduction 
	Materials and Methods 
	Cell Culture 
	Cell Lines Used in the Study 
	Collection of the Conditioned Medium and Cell Pellets for Analysis of the Extracellular Metabolites and Proteins 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Knockdown of p53, COX-1 and COX-2 in OKF6 
	Western Blotting 
	Metabolomic Analysis, Normalisation and Data Presentation as Scaled Intensity 
	Drug Treatment of the Keratinocyte Cultures 
	Statistical Analysis 

	Results 
	Extracellular PGEs 1 and 2 (ePGEs 1 and 2) Are Upregulated in MPPOLs 
	ePGEs 1 and 2 Are Regulated by Senescence and Its Breakdown 
	Ablation of Senescence with the Rho-Activated Kinase Inhibitor Y 27632 (ROCKi) Abolishes ePGE Expression in MPPOL Keratinocytes 
	Ablation of Replicative Senescence with ROCKi Abolishes ePGE Expression in p16INK4A-deficient Line D17 
	Ectopic TERT Expression in the Absence of p16INK4A Bypasses Replicative Senescence and Suppresses the Production of ePGEs 
	Ectopic TERT Expression in the Absence of p16INK4A Is Insufficient to Completely Suppress the Production of ePGEs 

	MPPOLs Do Not Display Increased Levels of All Senescence Markers but Do Show Reduced Levels of the Licensing Factor MCM2/7 and Increased Levels of Some but Not All SASP Factors 
	The Upregulation of the ePGEs Is Dependent on Cyclo-Oxygenase 2 (COX2) but Not Cyclo-Oxygenase 1 (COX-1) 
	The Upregulation of the ePGEs Is Dependent on p38 Mitogen-Activated Kinase (p38MAPK) a Known Regulator of COX2 
	The DNA Damage Response (DDR) Is Not Specifically Elevated in MPPOL Relative to IPPOL Keratinocytes 
	Regulation of the PGEs by p53 
	PPOL Keratinocyte Senescence in the Absence of p16INK4A Induces ePGE and a Distinct Set of SASP Factor Transcripts That Are Reversed by Telomerase 
	ePGEs Are Not Inversely Related to the Levels of PGE Receptors 
	The Effect of Hydrocortisone (HC) on the Regulation of Extracellular PGEs 
	PGE2 but Not PGE1 Stimulates Proliferation in Some IPPOL Lines Lacking Autocrine Secretion of the PGEs 
	Exogenous PGE2 Does Not Induce Oral Fibroblast Senescence 

	Discussion 
	Conclusions 
	References

