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A B S T R A C T

We have recently gained a remarkable understanding of the mutational landscape of head

and neck squamous cell carcinoma (HNSCC). However, the nature of the dysregulated

signaling networks contributing to HNSCC progression is still poorly defined. Here, we

have focused on the role of the family of mitogen activated kinases (MAPKs), extracellular

regulated kinase (ERK), c-Jun terminal kinase (JNK) and p38 MAPK in HNSCC. Immunohis-

tochemical analysis of a large collection of human HNSCC tissues revealed that the levels

of the phosphorylated active form of ERK1/2 and JNK were elevated in less than 33% and

16% of the cases, respectively. Strikingly, however, high levels of active phospho-p38

were observed in most (79%) of hundreds of tissues analyzed. We explored the biological

role of p38 in HNSCC cell lines using three independent approaches: treatment with a spe-

cific p38 inhibitor, SB203580; a retro-inhibition strategy consisting in the use of SB203580

combined with the expression of an inhibitor-insensitive mutant form of p38a; and

short-hairpin RNAs (shRNAs) targeting p38a. We found that specific blockade of p38

signaling significantly inhibited the proliferation of HNSCC cells both in vitro and in vivo.

Indeed, we observed that p38 inhibition in HNSCC cancer cells reduces cancer growth in

tumor xenografts and a remarkable decrease in intratumoral blood and lymphatic vessels.

We conclude that p38a functions as a positive regulator of HNSCC in the context of the tu-

mor microenvironment, controlling cancer cell growth as well as tumor-induced angiogen-

esis and lymphangiogenesis.

Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies.
1. Introduction (Siegel et al., 2012b). Most of the HNSCC cases are diagnosed
Head and neck squamous cell carcinomas (HNSCCs) are one of

the six most prevalent cancers in the developing world, and

represent around 6% of all new cancers in the United States
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at late stages, which often leads to poor prognosis and patient

survival. In spite of the progressmade in the understanding of

the processes involved in HNSCC initiation and progression

and the use of new treatment options, the survival of patients
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HNSCC has only improved marginally in the last 40 years

(Siegel et al., 2012a). The standard treatment options for

HNSCC are surgical excision and radiation alone, or combined

with chemotherapy. These have severe consequences and

affect the quality of life of the HNSCC patients (Forastiere

et al., 2001; Specenier and Vermorken, 2009). Thus, the current

emphasis is in the development of novel molecular targeted

treatment strategies, aimed at improving the survival and

quality of life of HNSCC patients.

The family of mitogen-activated protein kinases (MAPKs)

represents a highly conserved group of protein kinases that

play an essential role in signal transduction by modulating

gene transcription in the nucleus in response to changes in

the cellular environment (Pearson et al., 2001; Schaeffer

and Weber, 1999; Turjanski et al., 2007). In humans, there

are at least 11 members of the MAPK superfamily, which

can be divided into multiple groups. The most studied

MAPKs are the extracellular signal-regulated protein kinases

(ERK1 and ERK2), c-Jun N-terminal kinases (JNK1, JNK2,

JNK3), and p38 MAPKs (p38a, p38b, p38g, p38d) (Pearson

et al., 2001). Each group of MAPKs can be stimulated by a

separate signal transduction pathway in response to

different extracellular stimuli. In turn, MAPKs exhibit

distinct substrate specificities and biological functions.

ERK1 and ERK2 (collectively referred to as ERK) are the

MAPKs most frequently associated with cancer cell prolifer-

ation, as these kinases can be activated by normal and onco-

genically active mutants of tyrosine kinase growth factor

receptors, and the Ras and Raf oncogenes, among others

(Schaeffer and Weber, 1999). Early studies using antibodies

recognizing the activated forms of ERK, however, revealed

that in HNSCC this particular MAPK is activated in recurrent

disease but not in most primary HNSCC lesions (Albanell

et al., 2001). These observations raised the possibility that

rather than ERK, other MAPK family members may

contribute to HNSCC progression.

In this study, we took advantage of antibodies recognizing

the phosphorylated active form of MAPKs and the availabil-

ity of tissue microarrays including hundreds of HNSCC le-

sions collected as part of an international initiative

(Molinolo et al., 2007) to examine the status of activation of

MAPKs in HNSCC, and its relationship to other well estab-

lished events in HNSCC. Of interest, we found that most

HNSCC cases exhibit activation of the p38 MAPK, in contrast

to very few cases showing accumulation of the active form of

ERK and JNK. Activation of p38 was more prominent in less

differentiated HNSCC cases, which are often associated

with poor prognosis (Thomas et al., 2013). To test whether

p38 signaling could control cell proliferation in HNSCC, we

blocked p38 signaling in a panel of HNSCC cells by three

complementary strategies: using short hairpin RNAs

(shRNA), small molecule inhibitors, and a retro-inhibition

approach. We found that the blockade of p38 signaling

significantly inhibited the proliferation of cancer cells both

in vitro and in vivo, the latter concomitant with a remarkable

decrease in tumor induced angiogenesis and lymphangio-

genesis. These studies may provide the foundation for the

future evaluation of p38 inhibitors in clinical trials targeting

p38 signaling in HNSCC, alone or in combination with

currently available treatment options.
2. Materials and methods

2.1. Cell lines and reagents

Human HNSCC cell lines were maintained as previous

described (Amornphimoltham et al., 2008a, 2008b). Briefly,

the cells were cultured in DMEM supplemented with 10% fetal

bovine serum (FBS) and incubated at 37 �C in 5% CO2. Normal

oral keratinocytes (NOK) were obtained from healthy volun-

teer under the National Institute of Dental and Craniofacial

Research (NIDCR) Clinical Protocol No. 06-D-0144. The cells

were isolated and cultured as previously described

(Leelahavanichkul and Gutkind, 2012). Briefly, the tissue was

incubated in trypsin overnight and dispersed from the con-

nective tissue. The oral keratinocytes were recovered and

cultured in keratinocytes serum-freemedium (K-SFM, Invitro-

gen, Carlsbad, CA) at 37 �C in 5% CO2. Interleukin-1b (IL-1b)

was obtained fromR&D system (Minneapolis, MN), and the in-

hibitor SB203580 from SigmaeAldrich (St. Louis, MO) and LC

laboratory (Woburn, MA).

2.2. Antibodies

Antibodies against phospho p44/42 MAPK (ERK1/2) XP�, p44/

42 MAPK (ERK1/2), phospho-p38 MAPK XP�, p38 MAPK,

phospho-JNK, were obtained from Cell Signaling Technology

(Danvers, MA). Anti-JNK and Ki-67 were obtained from Santa

Cruz Biotechnology (Santa Cruz, CA) and R&D system (Minne-

apolis, MN), respectively. For the staining of blood and

lymphatic vessels in human tumor xenografts, we used anti-

CD31 (BD Pharmingen San Diego, CA) and LYVE1 (Abcam,

Cambridge, MA), respectively. In human tissues, we used

PECAM1 (CD31 Santa Cruz Biotechnology) and podoplanin

(Abcam), together with tyramide signal amplification system

(Dako).

2.3. Immunohistochemistry staining

The tissue sections were deparaffinized and hydrated through

graded alcohols, and then rinsed with PBS. Antigen retrieval

was done using a citrate buffer (pH 6.0) in a microwave for

2 min at 100% power and 15 min at 10% power. Sections

were incubated in 3% hydrogen peroxide in PBS for 10 min

and incubated in blocking solution (2% bovine serum albumin

in PBSe1% Tween 20) for 1 h at room temperature. Sections

were incubated with the primary antibody at 4 �C overnight.

After washing, the sections were sequentially incubated in

the biotinylated secondary antibody (Vector Laboratories, Bur-

lingame, CA) for 30 min followed by the ABC complex (Vector

Stain Elite�, ABC kit, Vector Laboratories, Burlingame, CA) for

30 min at room temperature. The sections were developed in

3,3-diaminobenzidine (SigmaeAldrich, St. Louis, MO) under

microscopic observation and counterstained with Mayer’s he-

matoxylin. The images were scanned using a ScanScope

(Aperio Technologies Inc., Vista, CA). The sectionswere exam-

ined and classified based on the percentage of positive cells (0,

<10%; 1, 10e25%; 2, 25e50%; 3, 50e75%; and 4, 75e100% of pos-

itive cells) and staining intensity (0, negative; 1, weak; 2, mod-

erate and 3, strong) from two persons as previous described

http://dx.doi.org/10.1016/j.molonc.2013.10.003
http://dx.doi.org/10.1016/j.molonc.2013.10.003
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(Molinolo et al., 2007). Results were scored by multiplying the

percentage of positive cells by the intensity.

2.4. Hierarchical cluster analysis and data visualization

The staining scores that resulted from immunohistochem-

istry were converted into scaled values centered on zero (e.g.

a score of 0 is converted to �2, 1 to 0, and 4 to 3) in Microsoft

Excel. The hierarchical cluster analysis was done using Clus-

ter software (Eisen Software) with average linkage based on

Pearson’s correlation coefficient as the selection variable on

the unsupervised approach. The results were visualized using

the Java TreeView software. The clustered data were arranged

withmarkers on the horizontal axis and tissue samples on the

vertical axis as recently described (Molinolo et al., 2007). Two

biomarkers with a close relationship were located next to

one another.

2.5. Western blotting

Cell lines were homogenized in RIPA buffer and sonicated for

20 s. Protein yields were quantified using protein assay kit

(Bio-Rad, Hercules, CA). Similar amounts of protein (50 mg)

were loaded, separated by SDS-PAGE and electro transferred

to polyvinylidene difluoride (PVDF) membranes. The mem-

branes were blocked for 1 h in blocking buffer (5% nonfat

drymilk in 0.1% Tween 20eTBS), then replaced by the primary

antibody and incubated overnight at 4 �C. Primary antibody

was detected using horseradish peroxidase-linked goat anti-

mouse or goat anti-rabbit IgG antibody (Santa Cruz Biotech-

nology, Santa Cruz, CA) and visualized with SuperSignal

West Pico chemiluminescent substrate (Pierce Biotechnology,

Rockford, IL).

2.6. Cell proliferation assay

For Click-iT� EdU (Invitrogen, Carlsbad, CA) assays, the cells

were seeded on coverslips 24 h before treatment. After 20 h

of treatment, they were incubated in modified nucleoside so-

lution, EdU (5-ethynyl-20-deoxyuridine), which is incorporated

during DNA synthesis and labeled with Alexa Fluor� 594, ac-

cording to manufacturer’s instruction. The coverslips were

mounted on slides and images were randomly captured

from six different areas using Axio Plane II (Zeiss, Thornwood,

NY) in six different areas. Morphometric analysis was per-

formed using Image J (NIH) and calculated by the average pixel

value.

2.7. [3H]-thymidine incorporation assay

The cells were seeded in 24-well plates in triplicates and

treatedwith SB203580 (10 mM) at 37 �C in a 5% CO2 atmosphere.

After 20 h, the cells were incubatedwith [3H]-thymidine (1 mCi/

mL) (PerkinElmer, Waltham, MA) for 4 h at 37 �C with 5% CO2,

then cells were washed with PBS and 10% TCA, and incubated

in 0.3 N NaOH for 1 h. The radioactivity incorporated into the

cellular DNA was evaluated in a scintillation counter. The re-

sults represented the percentage of [3H]-thymidine incorpora-

tion in average� standard error (SEM) as compared with

control cells.
2.8. RNAi technology

To knockdown the endogenous p38a, shRNA targetedMAPK14

(p38a) was used. Lentiviral pGIPZ shRNA targeting MAPK14

and control (OpenBiosystem, Huntsville, AL) were transfected

into packaging 293FT cells, using TurboFect� (Fermentus Inc.,

Glen Burnie, MD). After 48 h, supernatants were collected,

passed through 0.45 mm filters, and then used to infect

CAL27 cells at 37 �C with 5% CO2 in the presence of 8 mg/mL

of polybrene (hexadimethrine bromide; Sigma). After 24 h,

the cells were washed twice with PBS, returned to normal me-

diumand selected by cell sorting, taking advantage of GFP that

is expressed from the pGIPZ vector.

2.9. Retro-inhibition approach using retroviral gene
expression

To confirm the specific role of p38 in HNSCC, CAL27 cells were

stably expressed an inhibitor-insensitive mutant forms of

p38a, p38 T106M, p38a, and a mutant p38a tagged with HA,

as described previously (Marinissen et al., 1999; Sanchez-

Prieto et al., 2000). The latter includes a mutation in threonine

106 for a methionine that renders p38a insensitive to the p38

inhibitor. All plasmids were cloned into pLPCX as a retroviral

vector, and then were transfected to packaging cells, GP2-

293 cells, using TurboFect� (Fermentus Inc., Glen Burnie,

MD). After 48 h, supernatants were collected and passed

through filters, and then used to infect CAL27 cells at 37 �C
with 5% CO2 in the presence of polybrene (hexadimethrine

bromide; Sigma). After 24 h, the cells were washed twice

with PBS, returned to normal medium, and selected by

puromycin.

2.10. Treatment of tumor xenografts in athymic Nu/Nu
mice

All animal studieswere carried out according toNIH-approved

protocols, in compliance with the Guide for the Care and Use

of Laboratory Animals. Six-week-old female atymic Nu/Nu

micewere obtained fromNCI Frederick, housed in appropriate

sterile filter-capped cages, and fed and watered ad libitum. All

handling, tumor induction, and treatment procedures were

conducted in a laminar flow biosafety hood. Two million

CAL27 and retroviral-infected CAL27 cells were used to induce

HNSCC tumor xenografts, and tumor growth analysiswas per-

formed as previous described (Amornphimoltham et al.,

2008a, 2008b). Drug treatment was initiated when tumor vol-

ume reached 60 mm3. For each experiment, 10 tumor-

bearing animals were randomly divided into two groups and

intra peritoneal injected with SB203580 (5 mg/kg/d) or vehicle

control daily for 16 consecutive days, and monitored three

times a week thereafter, for tumor growth. For RNAi, 2 million

lentiviral-infected CAL27 cells were used to induce tumor xe-

nografts and tumor growth was monitored three times a

week. At the indicated time points, animals were sacrificed,

and tissues were collected. Tissues were either fixed in buff-

ered zinc formalin (Z-fix, Anatech) and embedded in paraffin,

or frozen and embedded in optimal cutting temperature (OCT)

compound. Unpaired t test was used to analyze the differ-

ences of tumor burden between experimental groups. Data

http://dx.doi.org/10.1016/j.molonc.2013.10.003
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analysis was done with GraphPad Prism version 5.03 for Win-

dows (GraphPad Software); p values of <0.05 were considered

statistically significant.
2.11. Immunofluorescence double staining

The tissues were embedded in OCT media and cut at 20 mm.

The cryosections were hydrated in distilled water, and

washedwith PBS. The sections were incubated in the blocking

solution (5% normal goat serum in 0.1% Tween-20 in PBS) for

1 h at room temperature and incubatedwith primary antibody

in blocking solutions at 4 �C overnight. After washing with

PBS, the slides were incubated with the Alexa Flour� 488 and

594 conjugated secondary antibody (Invitrogen, Carlsbad,

CA) for 45 min, then mounted in Vecta Shield mounting me-

dium with 40,6-diamidino-2-phenylindole (DAPI; Vector Labo-

ratories). The fluorescent imaging was performed using an

inverted confocal microscope (model IX81, Olympus America,

Center Valley, PA) and an UPlanSApo �10 objective lens, nu-

merical aperture (NA) 0.40 (Olympus America).
2.12. Microvessel analysis

Micro blood vessels and lymph vessels were identified by

CD31 and Lyve1 immunofluorescence double staining, respec-

tively, as recently described (Patel et al., 2011). Images were

randomly captured by Axio Plane II (Zeiss, Thornwood, NY)

in six different areas in each section. Cell counting was per-

formed using Image J (NIH) and calculated by the average

value. For the analysis of microvessel CD31 and podoplanin

in HNSCC tissue arrays, the whole slides were captured by

ScanScope (Aperio Technologies Inc., Vista, CA). The digital

images were analyzed using microvessel analysis algorithm

for Scanscope. Staining results are calculated from the num-

ber of vessels per total analysis area.
2.13. Circulating human cytokines levels in mice bearing
human HNSCC xenografts

The retro-orbital blood collection from medial canthus was

done as described in NIH animal protocol and guideline.

Briefly, a microhematocrit tube was inserted through the con-

junctiva and into the orbital sinus by quickly rotating the tube.

After the required amount of bloodwas obtained, the tubewas

withdrawn and blood was collected into serum separation

tubes (BD Biosciences, Franklin Lakes, NJ) and bleeding ceased

by the eye pressure. After clotting, blood sampleswere spun at

400 g at room temperature for 15 min. Serum samples were

collected in new tubes and kept at �80 �C. Human cytokine

analysis was performed at the cytokine core facility, Univer-

sity of Maryland, Baltimore, using specific assays for human

cytokines (Malhotra et al., 2012).
2.14. Statistical analysis

Data analysis was performed using GraphPad Prism 5.03

(GraphPad Software). All values were expressed as the

means � standard error (SEM). Differences were considered

significant at p value <0.05. Student’s t-test was used to
analyze the differences between control and treatment

groups.
3. Results

3.1. Activation of p38 MAPK in human HNSCCs

Initially, we examined the status of phosphorylation of ERK1/

2, JNK and p38, using antibodies recognizing their dual phos-

phorylated, active form, in a representative set of human

HNSCC and normal oral mucosa controls. Examples of HNSCC

tumor biopsies that reacted positively for these phosphory-

lated kinases are shown (Figure 1A). No phosphorylation of

any of these MAPKs was detected in normal tissues. To gain

an insight into the prevalence of MAPK activation in HNSCC,

we explored the presence of active MAPKs in a large collection

(more than 400 cores) of human HNSCC tissues (Figure 1B and

C ). Phosphorylated ERK1/2 (p-ERK1/2) and JNK (p-JNK) were

observed in only 33% and 16% of the cases, respectively. In

stark contrast, we found high level of p-p38 MAPK in 79% of

the HNSCC cases, along with p-AKTT308 (70%) and p-S6 (83%),

reflecting the activation of the AKT and mTOR pathway,

respectively, and COX2 (60%) and EGFR (73%), which were

highly overexpressed, as previously reported in this interna-

tional HNSCC tissue array (Molinolo et al., 2007).

A heatmap approachwas used to represent the percentage

of stained cells according to the scoring systems used for

Figure 1C. Tissues scored as 0 were represented as green; 1,

as black; 2, as dark red; and 3 as red. No available datawas rep-

resented as gray (Figure 1D). The hierarchical cluster analysis

showed high correlation between phospho-ERK and

phospho-JNK, but not phospho-p38. Interestingly, phospho-

p38 showed strong correlation with the phosphorylation of

proteins of the AKTemTOR pathway, EGFR and COX2 overex-

pression. No significant correlation between p53 and EGFR or

pEGFR was observed, as previously reported (Molinolo et al.,

2007). Overall, activation of p38 MAPK is a frequent event in

HNSCC, and most HNSCC cases display increased expression

of EGFR and COX2, and overactive AKT, mTOR, and p38

MAPK pathways.

3.2. Activation of p38 MAPK is associated with disease
progression and increased angiogenesis and
lymphangiogenesis in human HNSCCs

We next explored whether p38 MAPK activation is associated

with HNSCC disease progression. For this analysis, we used

commercial HNSCC tissue arrays constructed from normal

oral squamous epithelium and HNSCC tissues including

well, moderately, and poorly differentiated lesions (Biomax

US, Rockville), considering that the status of differentiation

often correlates inversely with disease prognosis (Thomas

et al., 2013). Of interest, the phosphorylation of p38 increased

already in well differentiated tissues, however there was a

remarkable heterogeneity among the different lesions, and

hence this difference was not statistically significant

(Figure 2). In contrast, p-p38 expression was clearly increased

in moderately differentiated and even further increased in

poorly differentiated HNSCC. Increased angiogenesis, and

http://dx.doi.org/10.1016/j.molonc.2013.10.003
http://dx.doi.org/10.1016/j.molonc.2013.10.003
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Figure 1 e Activation of MAPK cascades in human head and neck squamous cell carcinoma (HNSCC). A. Examples of representative HNSCC

tissue biopsies in which immunohistochemistry revealed the expression of the active, phosphorylated forms of ERK1/2, JNK and p38 in oral

squamous cell carcinoma (OSCC) lesions, but not in normal tissues. B. The expression of p-ERK, p-p38 and p-JNK is evident in the nuclei of

representative tissue cores from the International HNSCC Tissue Microarray (n [ 293) (2003). C. Percentage of positive cases for each protein

from the HNSCC tissue microarray. The bar graph represents the percentage of positive cases for each protein in the HNSCC tissue microarray.

The immunohistochemistry results were quantified and classified as described (0, <10%; 1, 10e25%; 2, 25e50%; 3, 50e75%; and 4, 75e100% of

positive cells). D. The relationship between the different pathways is depicted in the heat map. The closeness of the columns directly indicates

correlation. There is a strong correlation between p-ERK and p-JNK. Phopho-p38 showed high correlation with proteins of the AKTemTOR

pathway, EGFR and COX2 whereas p53 and pEGFR segregate independently. The percentage of cells stained in each tissue core was classified

from, 0 to 4 as above, and represented in the indicated color scale (green to red). Missing stained cores for each sample were represented in gray.
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Figure 2 e Activation of p38 MAPK is inversely associated with the status of differentiation in HNSCC lesions. The levels of active,

phosphorylated form of p38 MAPK (p-p38) were analyzed in normal oral epithelium (Normal) and HNSCC tissue biopsies of distinct

differentiation status (WD: well differentiated; MD: moderately differentiated; PD: poorly differentiated) in HNSCC tissue microarrays (n[ 102)

(upper panel). A similar analysis was performed for the endothelial marker CD31 (middle panel) and lymphatic endothelial marker, podoplanin

(bottom panel). The graph represents the scores of the individual tissues expressed as arbitrary units, and the corresponding average ± the standard

error of the mean (SEM) (*p < 0.05; **p < 0.01; ***p < 0.001). Representative tissue sections stained for the corresponding markers are included

(403 magnification).
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more specifically lymphangiogenesis, can be good predictors

of poor prognosis (Hasina and Lingen, 2001). Indeed, angiogen-

esis and lymphangiogenesis, as judged by CD31 and podopla-

nin staining, respectively, increased in well differentiated and

moderately differentiated HNSCC lesions with respect to

normal oral epithelium (Figure 2). In the case of poorly differ-

entiated lesions, angiogenesis was much more diffuse, which
was not significant with respect to normal controls due to its

heterogeneous distribution in the tissue array cores analyzed.

Intratumoral lymphangiogenesis was clearly increased with

respect to normal controls. Considering the widespread distri-

bution of p-p38, CD31, and podoplanin staining in a large

collection of well differentiated HNSCC tissues (n ¼ 56), we

used the opportunity to explore the potential correlation

http://dx.doi.org/10.1016/j.molonc.2013.10.003
http://dx.doi.org/10.1016/j.molonc.2013.10.003
http://dx.doi.org/10.1016/j.molonc.2013.10.003


Figure 3 e Cell proliferation in HNSCC cell lines. AeE. All

HNSCC cell lines showed a significant decrease in cell proliferation

when treated with the p38 inhibitor SB203580 (10 mM) as judged by

[3H]-thymidine incorporation assays (treatment time 48 h). The

values represent mean value of triplicates experiments (**p < 0.01;

***p < 0.001).
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between p38 MAPK activation and tumor angiogenesis. We

found that the correlation between p-p38 and CD31 staining

did not reach significance in our sample set ( p ¼ 0.1404) but

p-p38 staining correlated significantly with the accumulation

of podoplaninþ lymphatic cells ( p ¼ 0.0236), hence suggesting

the possible contribution of p38 MAPK activation to tumor

lymphangiogenesis. Overall, p38 activation is increased

particularly in the less differentiated HNSCC lesions and cor-

relates with enhanced lymphangiogenesis, both of which are

often associated with cancer severity and poor prognosis

(Hasina and Lingen, 2001; Thomas et al., 2013).
3.3. Inhibition of p38 decreases the proliferation of
HNSCC cells in vitro

The basal status of activation of MAPK pathways was exam-

ined in a variety of HNSCC cell lines. Although almost all

HNSCC cell lines show intrinsic elevated levels of pERK1/2

and pJNK, only a few cell lines showed activated p-p38

(Figure S1). Thus, elevated activity of p38 appears not to repre-

sent an intrinsic event in HNSCC, but instead may result from

the presence of the inflammatory tumor microenvironment

in vivo. Nonetheless, a limited activity of p38 may contribute

to HNSCC cell proliferation in vitro. To address this possibility,

we used the highly specific p38 MAPK inhibitor SB203580

(Davies et al., 2000). Using CAL27 as a representative cell

line, we observed that SB203580 blocked p-p38 accumulation,

whereas the increase in p-p38 in response to IL-1b served as a

positive control (Supplmentary Figure 1, right panel). Further-

more, SB203580 diminished the accumulation of the
phosphorylated form of MK2, a direct downstream target of

p38, which appears to be already maximal in these cells as it

cannot be further increased by IL-1b. Thus, SB203580 was

effective to block p38 at concentrations (10 mM) similar to

those reported to be highly specific for this MAPK (Davies

et al., 2000). The p38 inhibitor decreased the proliferation of

a variety of HNSCC cell lines, as judged the direct incorpora-

tion of [3H]-thymidine into cellular DNA. The values represent

the percentage of [3H]-thymidine incorporation in triplicates

with respect to control, vehicle treated cells (Figure 3). The

p38 inhibitor reduced DNA-synthesis in all HNSCC cell tested,

even in those exhibiting reduced p38 activity (HN12). This sug-

gested that a limited activity of p38 may be required for

HNSCC proliferation, while raising the need to validate these

observations by experimental approaches complementing

the use of p38 small molecule inhibitors.

3.4. Role of p38 MAPK in HNSCC tumorigenicity using
RNAi technology

To determine whether p38 MAPK has a specific effect in

tumorigenesis, we generated p38a (MAPK14) knockdown

CAL27 cells and determined the p38 MAPK activity by immu-

noblotting for p-MK2, which had been shown to be one of

the direct targets of p38 MAPK (Figure 4A). The cells were

transplanted into nude mice and tumor burden was moni-

tored. It was clear that p38 knockdown resulted in significant

lower tumor burden (Figure 4B). We further examined the

number of proliferating cells in the xenograft tissues using

the Ki-67 marker (Figure 4C ). The immunohistochemical

staining revealed that p38-knockdown tumors had signifi-

cantly less proliferative capacity. p38 is often activated in tu-

mors by inflammatory cytokines, and in turn p38 regulates

the expression of pro-angiogenic mediators (Cuenda and

Rousseau, 2007; Wagner and Nebreda, 2009; Yoshizuka et al.,

2012). Thus, in light of these observations and our findings

in human HNSCC lesions, we used CD31 and LYVE1 as

markers to investigate whether p38 inhibition affects tumor

angiogenesis and lymphangiogenesis, respectively. Indeed,

the staining showed that p38-knockdown tumors had reduced

angiogenesis and lymphangiogenesis (Figure 4D).

3.5. A retro-inhibition approach to study p38 MAPK
function

As pharmacological inhibitors are expected to affect both

HNSCC cells and their stroma, as well as exhibit possible

non-targeted effects, we challenge the contribution of p38 in

each compartment, and the drug specificity, by engineering

a mutated p38 MAPK tagged with HA, p38 T106M, which is

insensitive to the SB203580 and hence can rescue p38 function

in the cells even in the presence of endogenous p38 that re-

mains sensitive to the p38 blocker (Sanchez-Prieto et al.,

2000). We stably expressed p38 wild type (WT) and its T106M

mutant in CAL27 cells (Figure 5A). Immunoblotting was used

to confirm the expression of HA and overexpression of p38

(Figure 5B). EdU staining showed that the proliferative cells

were significantly affected by SB203580 in parental CAL27

and CAL27 expressing p38WT. Overexpression of p38WT

may partially reduce the effect of the drug due to its high

http://dx.doi.org/10.1016/j.molonc.2013.10.003
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Figure 4 e A. Knockdown of p38 MAPK decreased cell proliferation, tumorigenesis, and angiogenesis in HNSCC cells. A. Western blot analysis

depicts MAPK14 (p38a) protein knock-down in CAL27 cells using siRNA (shRNA), concomitant with reduced phosphorylated MK2, p-MK2, a

direct target of p38, without affecting overall MK2 expression levels. GAPDH was used as a loading control. B. CAL27 cells expressing shRNA

control or shRNA targeting MAPK14 were transplanted into nude mice and tumor growth monitored every other day. After 2 weeks, CAL27-sh

MAPK14 tumors are significantly smaller than the shRNA control (n [ 10; p < 0.001). C. Cell proliferation, as evaluated by Ki67

immunohistochemistry, reflects the in vivo growth curves. The histological pictures (right; 103) depict nuclear Ki-67 staining in representative

areas of both shRNA control and shRNA MAPK14 expressing cells. D. The development of both blood and lymphatic vessels is inhibited in

CAL27-sh MAPK14 tumors, as judged by immunofluorescence stainings of CD31 and LYVE1, respectively (scale bar 100 mm). The bar graph

shows the quantification values of the immunostainings (*p < 0.05; ***p < 0.001).
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expression, thus limiting the availability of the p38 inhibitor to

block all p38 molecules. However, the expression p38TM

nearly abolished the effect of the p38 inhibitor in cell prolifer-

ation in CAL27 cells (Figure 5C and D).

3.6. The impact on tumorigenesis in vivo of using a p38
retro-inhibition approach

The CAL27 cells expressing p38WT and p38TM were grafted

into nude mice and tumor formation was evaluated. Daily

SB203580 treatment (5mg/kg/day) started after tumor reached

60 mm3 (Figure 5EeG). No differences in the tumorigenicity of

cells were observed. However, after 2 weeks of SB203580 treat-

ment, p38WT tumors showed a significantly smaller tumor

burden when compared with p38TM tumors that were treated

in parallel (Figure 5F and G). Upon SB203580 administration,

p38WT tumors also revealed fewer proliferating cells detected

by Ki-67 staining. In contrast, SB203580-treated p38TM tumors

were resistant to the antitumor effect of the p38 inhibitor

(Figure 5H ). This provided an opportunity to examine the

role of cancer cells and stromal p38 in angiogenesis and lym-

phangiogenesis by a complementary approach.We performed

double immunostaining which detected endothelial cells and

lymph vessels. Treatment with the p38 MAPK inhibitor

resulted in significantly reduced blood vessels in p38WT tu-

mors (Figure 5I, red). In contrast, SB203580 had minimal effect

in blood vessels in p38TM tumors. Moreover, SB203580 treat-

ment reduced lymph vessel growth (Figure 5I, green), while

expression of p38TM prevented this effect. Overall, while the

limited effect of the p38 MAPK inhibitor in p38TM cells can

be explained due to the direct impact of the inhibitor in the

normal endothelial cells recruited to the tumor, our data

strongly suggest that p38 function in the tumor cells may

dictate the angiogenic and lymphangiogenic response in

HNSCC tumors.

3.7. p38 MAPK controls cytokine and chemokine
production in vivo

The remarkable impact of p38 inhibition in tumor-induced

angiogenesis promoted us to explore whether this MAPK con-

tributes to the production of inflammatory and pro-

angiogenic mediators that contribute to the formation of a

permissive tumor microenvironment. Indeed, multiple cyto-

kines are highly elevated in the serum of HNSCC patients,

some of which are currently being investigated as biomarkers

for monitoring disease progression or recurrence (Chen et al.,

1999; Pries and Wollenberg, 2006; Rusling et al., 2010). For

these experiments, mice bearing HNSCC xenografts were

treated for 2 days with SB203580 or its vehicle control, and

sera collected for human cytokine analysis. At this time point

nomajor differences in tumor volume are observed yet, hence

preventing that the reduction of the tumor mass may act as a

confounding factor. As expected, in control experiments we

did not detect human cytokines in normal mice (not shown),

but multiple cytokines and chemokines, including IL6, IL8,

VEGF, IL1b, and GN-CSF were readily detected in the serum

of mice harboring CAL27 xenografts (Figure 6AeE ). All of

these circulating human cytokines were remarkably reduced

after the treatment of mice with the p38 inhibitor, suggesting
that p38 plays an important role in HNSCC proliferation as

well as in the release of tumor-associated cytokines that

may promote a permissive tumor microenvironment

(Figure 6F ).
4. Discussion

As part of comprehensive effort aimed at investigating the na-

ture of the dysregulated signaling networks in a large sample

collection of human HNSCC lesions (Molinolo et al., 2007), we

have now investigated the activation in the MAPK cascades in

this frequent human malignancy. Surprisingly, whereas ERK

is marginally activated in HNSCC (Albanell et al., 2001), and

we observed that JNK is also not often activated in this cancer

type, strikingly most of the HNSCC lesions show highly acti-

vated p38. Whereas the increased activation of p38 has been

reported in breast and bladder cancers (Davidson et al., 2006;

Kumar et al., 2010), our results may represent the first demon-

stration of a highly active level of p38 in HNSCC. These find-

ings may also explain prior reports showing elevated p38a

protein levels in the serum of HNSCC patients, which decline

after cancer control by radiotherapy (Gill et al., 2012).

The p38 MAPK is rapidly activated by various stimuli

including inflammatory cytokines, growth factors and phys-

ical and chemical stresses resulting in cellular proliferation,

differentiation, migration, and/or apoptosis (Cuenda and

Rousseau, 2007; Wagner and Nebreda, 2009). The activation

of p38 is primarily regulated by MAP kinase kinase (MKK) 3

and MKK6 (Wagner and Nebreda, 2009). Substrates of p38a

include protein kinases such as MAPK-activated protein ki-

nases 2 (MK2), and multiple transcription factors, such as

ATF2 (Cuenda and Rousseau, 2007; Wagner and Nebreda,

2009). Of interest, p38a can negatively regulate cell prolifera-

tion under physiological conditions in a variety of cell types

in vivo, as it can promote cell differentiation (Hui et al.,

2007b; Wagner and Nebreda, 2009). Genetic deletion of

different members of this pathway revealed that p38a could

even function as a tumor suppressor (Cuenda and Rousseau,

2007; Hui et al., 2007a, 2007b; Wagner and Nebreda, 2009).

On the other hand, several studies have shown that p38 plays

an important role in hematological malignancies (Gaundar

and Bendall, 2010), and in the growth and progression of a

number of solid tumors such as breast (Chen et al., 2009), pros-

tate (Rodriguez-Berriguete et al., 2012), and lung cancers

(Greenberg et al., 2002). These seemingly contradictory biolog-

ical responses of inhibiting or stimulating cell growth in a tu-

mor dependent fashion can likely be explained by the fact that

many cancer cells exhibit a limited ability to engage genetic

programs involved in cell differentiation or senescence due

to genetic and epigenetic alterations. In line with this possibil-

ity, HNSCC harbor mutations in Notch genes that drive squa-

mous differentiation, as well as loss of heterozygosity and

epigenetic silencing of the remaining allele of the tumor sup-

pressive and senescence initiator gene p16ink4A (Agrawal et al.,

2011; Stransky et al., 2011). Thus, we can speculate that

HNSCC and other cancer types in which p38 is activated,

this MAPK may contribute to tumor growth due to the loss

of mechanisms triggering cell differentiation in response to

p38 activation during the carcinogenic process.
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Figure 5 e A retroinhibition approach to examine the specificity of p38 inhibition in HNSCC growth and tumorigenesis. A. Retroviral p38WT

and p38TM constructs tagged with HA were engineered and used to generate stable expressing CAL27 cells. B, expression of p38WT and p38TM

was confirmed by Western blotting using HA and p38 antibodies. C. The cells, CAL27, CAL27 p38WT and CAL27 p38TM were incubated with

EdU (ClickIT�) and Alexa Flour 594 (red) after treating with the p38 inhibitor. A limited effect of SB203580 is shown on p38TM cells (*p< 0.05;

***p < 0.001; ns: not significant). D. Proliferating cells are shown purple in these representative images; nuclei are labeled with DAPI (blue)

(403). E. Scheme of the experimental system: CAL27 p38WT and p38TM were transplanted into nude mice, and tumor burden was monitored

every other day. After the tumors reached approximately 60 mm3, the mice were treated with SB203580 (5 mg/kg) or vehicle (control). F. After 2

weeks of SB203580 treatment, CAL27 p38WT tumors were significantly smaller; CAL27 p38TM tumors were not affected by the p38 inhibitor

(n [ 10) (G). H. Ki67 staining revealed the antiproliferative effect of SB203580 treatment in p38WT, but not in p38TM tumors. Representative

images showed Ki67 expression in the nucleus (right; 103). I. Immunofluorescent double staining showed limited effects in blood vessels (CD31,

red) and lymphatic vessels (LYVE1, green) in p38TM tumors (scale bar 100 mm). The bar graph shows the quantification values of the

immunostainings (*p < 0.05; ns: not significant).
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Figure 5 e (continued).
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Figure 6 e p38 MAPK controls cytokine and chemokine production in HNSCC cells in vivo. CAL27 cells were transplanted into nude mice, and

after the tumors reached approximately 200 mm3, the mice were treated with SB203580 (5 mg/kg) or vehicle (control). The level of circulating

human IL6 (A), IL8 (B), VEGFA (C ), IL-1b (D), and GM-CSF (E ), were rapidly decreased in the serum of tumor bearing mice as early as 2 days

after p38 inhibition (n [ 4, *p < 0.05; **p < 0.01). F, Proposed roles of p38 controlling the phosphorylation and activity of transcription factors

(TFs) regulating cell proliferation as well as the expression and release of multiple tumor-derived cytokines. The latter may in turn promote

angiogenesis and lymphangiogenesis, thereby favoring the establishment of a permissive tumor microenvironment. This may be disrupted by the

inhibition of p38 using small molecule inhibitors.
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Indeed, in HNSCC p38 can promote cancer cell growth both

in vitro and in vivo, as its inhibition by a highly selective phar-

macological agent (Davies et al., 2000) causes decreased tumor

cell proliferation. Moreover, the direct role of p38 in this pro-

cess was confirmed by a retro-inhibition approach, as expres-

sion of a p38a form that is insensitive to SB203580 rendered

this p38 inhibitor ineffective in vitro as well as in vivo. This

was also further supported by genetic strategies enabling the

decreased expression of p38a, specifically using lentiviral

delivered shRNAs in HNSCC cells. Overall, we can conclude

that while in normal cells p38 may drive cell differentiation

or death, HNSCC cells may have reprogrammed their intracel-

lular circuitries to resist the antiproliferative effects of p38,

and instead grow after the activation of p38 and its down-

stream targets, or the release of p38 regulated inflammatory

cytokines.

In addition to the role of p38 HNSCC in cell growth, this

MAPK may also promote cancer cell invasion and migration
(Kumar et al., 2010), and can contribute to the production of

tumor-related cytokines such as interleukin-6 (IL-6)

(Vanderkerken et al., 2007). Here, we focused our attention

on tumor-induced angiogenesis and lymphangiogenesis,

which have been linked to increase metastasis leading to

decreased survival of patients with HNSCC (see in Patel

et al., 2011 and references therein). In this regard, p38 activa-

tion was associated with decreased HNSCC differentiation

and increased angiogenesis and lymphangiogenesis, both pre-

dictive markers of poor prognosis (Hasina and Lingen, 2001;

Thomas et al., 2013), in a large collection of HNSCC tissues.

The p38 pathway has been shown to control the release of

several cytokines and chemokines including IL-6, IL8, PDGF

and VEGF which are potent proangiogenic factors (Gaundar

et al., 2009; Wagner and Nebreda, 2009). In fact, our studies

demonstrated that inhibition of p38 reduced both angiogen-

esis and lymphangiogenesis in mice in a tumor-cell autono-

mous manner, as judged by the fact that p38 knockdown in

http://dx.doi.org/10.1016/j.molonc.2013.10.003
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cancer cells is sufficient to decrease both processes. Further-

more, the retro-inhibition approach that renders cancer cells

but not the host lymphatic and vascular endothelial cells

insensitive to the p38 inhibitor prevented the ability of

SB203580 to reduce intratumoral angiogenesis when used sys-

temically. Consistent with these findings, p38 inhibition

resulted in a remarkable reduction in the production of

tumor-derived cytokines and chemokines, which are likely

involved in the tumor-induced angiogenesis and lymphangio-

genesis. As depicted in Figure 6F, the emerging results support

the possibility that the antitumor activity by p38 inhibition

might reflect a direct effect on cancer cell proliferation, as

well as the normalization of the tumor microenvironment

by preventing the excess production of pro-angiogenic factors,

and hence reducing vascular and lymphatic endothelial cell

recruitment and growth.

Taken together, the present observations suggest that p38a

functions as a positive regulator of HNSCC cell proliferation

and tumor angiogenesis and lymphangiogenesis. Whereas

the precise biologically relevant downstream targets for p38

in HNSCC warrant further investigation, our collective find-

ings provide a strong rationale for the early evaluation of the

potential clinical benefits of p38 inhibitors in HNSCC patients

that exhibit elevated activities of p38. Indeed, preventing the

aberrant activation of the p38 MAPK pathway may lead to

reduced tumor-induced inflammation and angiogenesis, and

ultimately to halt HNSCC growth andmetastasis. Hence, these

findings support that p38may represent a potential novel mo-

lecular target for adjuvant therapy in HNSCC.
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