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Abstract
Recurrent respiratory papillomas are pre-malignant tumors of the airway caused by human
papillomaviruses (HPVs), primarily types 6 and 11. We had reported that respiratory papillomas
overexpress the epidermal growth factor receptor (EGFR), the small GTPase Rac1 and
cyclooxygenase-2 (COX-2), and have enhanced Nuclear Factor-κB (NFκB) activation with
decreased levels of IκB-β but not IκB-α. We also showed that EGFR-activated Rac1 mediates
expression of COX-2 through activation of p38 mitogen activated protein kinase. We have now
asked whether the p21-activated kinases Pak 1 or Pak2 mediate activation of p38 by Rac1 in
papilloma cells. Pak1 and Pak2 were constitutively activated in vivo in papilloma tissue compared
to normal epithelium, and Rac1 siRNA reduced the level of both phospho-Pak1 and phospho-Pak2
in cultured papilloma cells. Reduction in Pak1 and Pak2 with siRNA decreased COX-2 expression
in papilloma cells, increased levels of IκB-Iβ and reduced nuclear localization of NF-κB, but had
no effect on p38 phosphorylation. Our studies suggest that Rac1→ Pak1/Pak2→ NFκB is a
separate pathway that contributes to the expression of COX-2 in HPV-induced papillomas
independently of the previously described Rac1→ p38 → COX-2 pathway.
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Introduction
Recurrent respiratory papillomas (RRP) are benign tumors induced by human
papillomaviruses (HPVs), primarily types 6 or 111,2 which are members of a large family of
viruses that cause benign and malignant tumors.3 Respiratory papillomas cause significant

Address correspondence and reprint requests to: Dr. Bettie M. Steinberg, The Feinstein Institute for Medical Research, 350
Community Drive, Manhasset, NY, USA 11030. Phone: (516) 562-1159; Fax: (516) 562-1022; bsteinbe@lij.edu.

NIH Public Access
Author Manuscript
Int J Cancer. Author manuscript; available in PMC 2011 November 1.

Published in final edited form as:
Int J Cancer. 2010 November 1; 127(9): 2230–2237. doi:10.1002/ijc.25226.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



morbidity and mortality because they block the airway. Standard therapy is surgical
removal, and there is no currently-approved medical treatment. In approximately three
percent of patients the papillomas convert to aggressive squamous-cell cancers.

Respiratory papillomas over-express high levels of the epidermal growth factor receptor
(EGFR),4,5 have altered signal transduction pathways linked to the EGFR,6–9 and have
increased activation of NF-κB p50.10 COX-2 is expressed in papillomas, requiring both
EGFR and Phosphoinositol 3-kinase (PI3K) activity.11 COX-2 expression in papilloma cells
is mediated in part through Rac1-dependent activation of the kinase p38, while the low basal
level of COX-2 in normal cells is independent of p38 activation.9 Others have shown that
RelA NF-κB activates COX-2 expression,12 while Thornburg et al.13 reported that NF-κB
p50 can also activate gene expression when complexed with a co-activator. Thus, the
increased activation of NF-κB p50 could contribute to COX-2 expression in papilloma cells.
Inhibition of COX-2 suppresses proliferation of papilloma cells and enhances spontaneous
apoptosis, suggesting that it plays an important role in the biology of the tumors.11
Moreover, Farley et al.14 reported that celecoxib, a selective COX-2 inhibitor, showed
efficacy in the treatment of moderate to severe cervical dysplasia. Thus, understanding the
pathway of COX-2 induction could potentially lead to targets for treatment of many HPV-
induced diseases.

The p21-activated kinases (Paks) are a family of serine/threonine protein kinases that can be
activated by multiple mechanisms, including the small GTPases Cdc42 and Rac1.15–17
Paks can be divided into Group I (Paks1 to 3) and Group II (Pak4 to 6) isoforms. The
catalytic activity of the Group I Paks is induced upon binding to GTP-bound Rac or Cdc42.
Pak1,15 Pak2,18 and Pak319 phosphorylate a number of substrates, regulating the
cytoskeleton and both proliferative and anti-apoptotic signaling.20 Elevated expression and
hyperactivity of Paks is linked to tumorigenesis, invasion and metastasis.16,17,21,22 In this
study, we have asked whether Pak 1 and/or Pak2 might play a role in mediating Rac1
activation of p38, and the subsequent induction of COX-2, in papilloma cells.

Materials and Methods
Tissues and Cultured Cells

The use of human tissues and cultured cells was approved by the Institutional Review Board
of the Feinstein Institute for Medical Research, North Shore- Long Island Jewish Health
System, in accordance with an assurance filed with and approved by the Department of
Health and Human Services. Informed consent for use of tissues for research was obtained
from each subject or the subject’s guardian. Laryngeal papillomas and normal laryngeal
epithelium were obtained from surgical biopsies. Biopsies were used to establish primary
cell cultures as previously described,23 or were snap frozen in liquid nitrogen until used.
Cells were sub-cultured in supplemented serum-free KGM (Clonetics, San Diego, CA,
USA),11 and studies repeated at least three times with cells from different patients to control
for variation among specimens.

Immunohistochemistry
Normal laryngeal and papilloma specimens were fixed in 10% buffered formalin, paraffin-
embedded, and processed for immunohistochemical staining by conventional methods.
Primary antibodies were anti-phospho (ser144 Pak1/ser141 Pak2/ser139 Pak3 (Invitrogen
Life Sciences, Carlsbad, CA, USA), Pak1 or Pak2 (Cell Signaling Technology, Danvers,
MA, USA), and anti-p50 NFκB and IκB-β (Santa Cruz Biotechnology, CA, USA).
Secondary antibodies were horseradish peroxidase anti-mouse and anti-rabbit IgG (pierce,
Rockford, IL, USA). Staining was detected by the avidin-biotin-complex (ABC) method

Wu et al. Page 2

Int J Cancer. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with diaminobenzidine as label (Vectastain ABC Elite Kit, Vector Laboratories,
Burlingame, CA, USA), and sections counterstained lightly with hematoxylin.

Western Blot Analysis
Pulverized frozen tissues and cultured cells were extracted as previously described,10,11 30
µg proteins separated on 10% SDS-PAGE, and electroblotted onto nitrocellulose
membranes (Schleicher & Schuell, Keene, NH, USA), blocked with dried milk, incubated
with primary antibody overnight at 4°C, washed and incubated with secondary antibody.
Standard molecular weight markers (BIO-RAD, broad range, Hercules, CA, USA) were
used for molecular weight estimation. After detection, blots were stripped and re-probed
with antibodies to β-actin to confirm equivalence in loading and transfer. The
immunoreactive species were detected with Super Signal West Pico chemiluminescent
substrates (Pierce, Rockford, IL). Signal intensity was quantified by UN-SCAN-IT Program
(Silk Scientific, Inc., Orem, UT, USA). Primary antibodies were as follows: anti-COX-2,
anti-p50 NFκB, anti-IκBβ (C-20), and β-actin were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); anti-phospho-Pak1 (ser199/204)/Pak2 (ser192/197), anti-Pak1 and anti-
Pak2 from Cell Signaling Technology, Inc. (Waltham, MA, USA), anti-Rac1 (Upstate
Biotechnology, Temecula, CA, USA), anti-phospho-p38 and anti-p38 (BD Transduction
Laboratories, San Diego, CA, USA). Secondary antibodies were horseradish peroxidase
anti-mouse and anti-rabbit IgG (Pierce, Rockford, IL, USA).

Quantitative Analysis of Pak1 and Pak2 mRNA
Total RNA was extracted from powdered frozen tissue using the RNeasy Mini Kit
(QIAGEN Inc., Chatsworth, CA, USA) and DNase treated to avoid genomic DNA
contamination. TaqMan primers and probes were designed using Primer Express® software
version 1.5 (Applied Biosystems, Foster City, CA, USA). Real-time PCR was performed as
previously described.24 Data was analyzed using Sequence Detection System (SDS)
software version 2.2.1. Relative expression of Pak1 or Pak2 mRNA in papilloma samples
compared to normal samples was calculated by the delta delta Ct method (User Bulletin #2,
Applied Biosystems Inc., USA). The Pak1 forward primers were 5’-
CCCATTTCACCTACTGAAAATAACA-3’, which anneals between residues 1019 and
1044 and reverse primer 5’- CCCACACTCACTATGCTTCG -3’, which anneals between
residues between 1150 and 1130. Probe sequences were:
CCCATTTCACCTACTGAAAATAACA and CCCACACTCACTATGCTTCG. The Pak2
forward primer was 5’-CAGAAACAGCCAAAGAAGGAAC -3’ which anneals between
residues 982 and 1004, the reverse primer 5’- AACGATGTTGGGATTTTTCAA-3’, which
anneals between residues 1057 and 1036. The Pak2 probe sequences were
CAGAAACAGCCAAAGAAGGAAC and AACGATGTTGGGATTTTTCAA. Human β-
actin primers were 5’- CCTGGCACC CAGCACAAT-3’, which anneals between 1030 and
1047, and 5’- GCCGATCCACACGGAGTACT-3’, which anneals between residues 1099
and 1080, with probe sequence 5’-ATCAAGATCATTGCTCCTCCTGAGCGC-3’, which
anneal between residues 1052 and 1078.

Transient Transfections of siRNAs
Cells cultured in KGM were transfected with specific siRNAs directed against Rac-1, Pak1
and Pak2 when they were 60–80% confluent. Two separate siRNAs were used to target
Pak1 and Pak2. Luciferase siRNA was used as a control. Transfections were performed as
previously described 9 and cells extracted for analysis 72 hr later. All siRNAs were
purchased from Dharmacon (Chicago, IL, USA).

Rac1 siRNA: AAGGAGAUUGGUGCUGUAAAA.

Pak1 siRNA: GAAGAAAUAUACACGGUUU.
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Pak 1′ siRNA: CAUCAAAUAUCACUAAGUCUU.

Pak2 siRNA: AGAAGGAACUGAUCAUUAA.

Pak2′ siRNA: GAAACUGGCCAAACCGUUAUU.

Inhibition of Group I Pak activity
Papilloma cells were cultured in supplemented KGM until sub-confluent, cultured overnight
in KBM without growth factors, pre-treated with 50 µM IPA-3 (Tocris Bioscience,
Missouri, USA) for one hour, then cultured in supplemented KGM for 24 hours, and cells
extracted for western blot as described above. Control cultures were treated with solvent
(DMSO).

Quantitation of Rac activity
Lysates of normal and papilloma tissues and primary cell cultures were analyzed for total
Rac GTP levels using a G-LISA™ colorometric assay as instructed by the manufacturer
(Cytoskeleton Inc., Denver CO, USA).

Statistical analysis
A Student’s t-test was used to determine statistical significance. Values were expressed as
mean ± SD of multiple experiments using tissues or cells from different patients. A
difference between groups of p<0.05 was considered significant.

Results
First, we asked whether Pak 1 and Pak2 were activated in papilloma tissues and cultured
cells. Pak1/2 was clearly activated in biopsies of respiratory papillomas compared with
normal laryngeal epithelium when evaluated by immunohistochemical staining using an
antibody that recognized phosphorylation of Pak1 ser-144 or Pak2 ser-141,25 the initial
activating sites for these two isoforms (Fig. 1a). Phospho-Pak1/2 staining was specially
pronounced in the spinous layers of the papilloma tissue, where HPV expression is elevated.
26 When analyzed by western blot (Fig. 1b) with an antibody that recognized phospho-
ser-199/204 (Pak1) or ser- 192/197 (Pak2), activating sites that are targets for GTPase-
induced or autophosphorylation,27 the ratio of phosphorylated to total Pak1 and Pak2 was
elevated approximately 16 and 7 fold respectively in papilloma tissues compared with
normal laryngeal epithelium (*: p< 0.001). Total Pak1 and Pak2 protein levels varied among
biopsies, with the suggestion that Pak1 was reduced in papillomas, but the difference was
not significant with this relatively small number of samples. There was no significant
difference in levels of mRNA for either isoform (data not shown). Elevated steady-state
levels of activated Pak1 and Pak2 were also seen in papilloma cells cultured in serum-free
medium containing EGF and insulin (Fig. 1c) (*: p<0.01). Culturing either papilloma or
normal cells with 10-fold higher concentrations of EGF (20 ng/ml) did not result in a
significant change in phospho-Pak1 or phospho-Pak2 levels (data not shown).

We had previously reported that Rac1 protein was overexpressed in papilloma tissues and
cells.9 We have now determined that Rac activity is also elevated: 4.0 ± 0.02 fold in
papilloma tissues and 3.1 ± 0.01 fold in cultured cells, relative to normal laryngeal tissue
and cells (p=0.006, data not shown). Knockdown of Rac1 protein levels with specific siRNA
(Fig. 2) significantly reduced activation of both Pak1 and Pak2 in papilloma cells (*: p
<0.05), as well as levels of COX-2 as previously described. 9 This result confirmed that
Rac1 contributed to the activation of Pak1 and Pak2 in papilloma cells, and suggested that
the elevated Rac1 signaling in papilloma cells could mediate the hyper-phosphorylation of
Pak1 and Pak2.
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We then asked whether Pak1 and/or Pak2 contributed to the elevated level of COX-2 in
HPV-infected papillomas (Fig. 3a). Reduction of either Pak1 or Pak2 with specific siRNAs
reduced the steady-state level of COX-2 in papilloma cells (*: p<0.05), but not normal cells,
confirming that both Pak1 and Pak2 specifically contributed to Rac1-mediated COX-2
expression in the tumor cells. Surprisingly, Pak1 and Pak 2 siRNAs had no effect on p38
phosphorylation. Rather, knockdown of Pak1 or Pak2 increased IκB-β in papilloma cells
more than three-fold, to levels approaching those seen in uninfected cells, without affecting
the levels of IκB-β in normal cells. We confirmed these results, treating papilloma cells with
a second set of Pak1 and Pak2 siRNAs (Fig. 3b), to rule out off-target effects. Again, there
was a reduction in COX-2 levels and elevation of IκB-β. In the second set of experiments,
there was a modest, but not significant reduction in relative p38 phosphorylation, as seen by
densitometry analysis. The blot shown in Figure 3 appears to show a greater reduction, but
the total p38 protein level was also reduced slightly in those cells. We also determined that
simultaneous knockdown of Pak1 and Pak2, or inhibition of both with the Group I-selective
Pak inhibitor IPA-3,28 had a greater effect on COX-2 levels than targeting just one isoform
(Fig. 3c), confirming that signaling through both Pak1 and Pak2 contributes to COX-2
induction in papilloma cells.

The results in Fig. 3a and 3b suggested that Rac1-activated Pak1 and Pak2 contribute to
induction of COX-2 in papilloma cells primarily through activation of the NFκB pathway,
not through activation of p38. Others have reported that Pak1 or Pak2 mediate NFκB
activation,29,30 but those studies have primarily used expression of constitutively activated
or dominant negative constructs which can affect multiple pathways. To our knowledge this
is the first study that used siRNAs to show that IκB-β is regulated by Pak1 or Pak2.

Because IκB-β was increased when Pak1 and Pak2 levels were reduced, we assessed the
abundance and localization of NFκB p50 and IκB-β in papilloma tissues compared to
normal laryngeal epithelium, and the effects of Rac1, Pak1 and Pak2 siRNAs on NFκB and
IκB localization in papilloma cells (Fig. 4). Immunohistochemical staining showed heavy
expression and significant nuclear localization of NFκB p50 in papilloma tissues, with very
low levels of IκB-β (Fig. 4a). Quantitation of tissue extracts by western blot (Fig. 4b)
showed that NFκB p50 protein levels were three-fold higher in papillomas than in normal
tissue (*: p<0.05), and IκB-β levels 80% lower. Lower IκB-β levels are consistent with our
earlier report.10 Treating papilloma cells with siRNAs to reduce levels of Rac1 (Fig. 4c) or
Pak1 and Pak2 (Fig. 4d) shifted NFκB p50 from the nucleus to the cytoplasm, and Pak
siRNAs appeared to markedly reduce the level of NFκB protein. Moreover, reducing levels
of Pak1 or Pak2 increased both cytoplasmic and nuclear staining of IκB-β.

Discussion
In this paper, we have examined the role of Pak1 and Pak2 as Rac1 mediators in the over-
expression of COX-2 in HPV6/11-infected papillomas. These studies indicate for the first
time that activation of Pak1 and Pak2 are markedly increased in benign tumor tissues, and
that they are activated in HPV-induced lesions. In addition, our data show that both Pak1
and Pak2 contribute to Rac1 mediated COX-2 expression in papillomas, but not through
activation of p38. Rather, they appear to do so via activation of p50 NFκB, since reduction
of Pak1/2 increased IκB-β levels and reduced levels of nuclear NFκB. NFκB can directly
activate the COX-2 promoter.31,32 Of interest, the Pak1/2 → NFκB→COX-2 pathway does
not appear to function in normal laryngeal epithelial cells that express low levels of COX-2
in culture.

Our results suggest that there are two parallel pathways downstream of Rac1 that regulate
COX-2 expression in respiratory papillomas. One consists of Rac1→ Pak1/ Pak2→ NFκB→
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COX-2, the other is the Rac1→ p38→ COX-2 pathway we previously described.9 Our
previous studies had shown that chemical inhibitors of p38 could completely block over-
expression of COX-2, 9 while the knockdown of either Pak1 or Pak2 only partially reduced
COX-2 levels. However, simultaneously reducing signaling from both Paks further
suppressed COX-2 levels. Thus, the Rac1→ Pak1/ Pak2→ NFκB pathway may be as critical
as the Rac1→ p38 pathway in induction of COX-2. We propose that while the pathways
appear parallel, both are required for efficient, sustained expression of COX-2. Drugs that
inhibit components of either of these two pathways could potentially be effective therapies
for this serious disease, and other HPV-induced tumors, with minimal effects on normal
tissues. Future studies in animal models will determine whether drugs that preferentially
target these pathway components33,34 are equally efficacious.
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Figure 1. Pak1 and Pak2 are highly phosphorylated in recurrent respiratory papilloma tissues
and cultured cells
a. Representative immunohistochemical staining of formalin-fixed, paraffin-embedded
normal laryngeal and papilloma tissues, showing abundant phosphorylated Pak1/2. Arrows
indicate location of the basement membrane, bar = 24 µm. Three papillomas and two normal
tissues were analyzed. b. Western blot showing elevation of phosphorylated Pak1 and Pak2
in papilloma tissues compared to normal tissue. Bar graph shows the mean ± SD of the ratio
of phosphorylated Pak1 and Pak2 to total Pak 1 and Pak2 in 5 papillomas, normalized to the
mean ratio of 4 normal tissues (*: p<0.01). c. Representative western blot showing steady-
state levels of phospho-Pak1 and Pak2 in papilloma cells and normal laryngeal cells cultured
in serum-free medium containing EGF and insulin. The bar graph shows the mean ± SD of
the ratio of phosphorylated to total protein, normalized to actin and expressed relative to
normal cells, from 3 separate experiments (*: p<0.01).
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Figure 2. Activation of Pak1 and Pak2 requires Rac1
Normal and papilloma cells were transfected with Rac1-specific siRNA and levels of
phospho-Pak1, phospho-Pak2, Pak1, Pak2, Rac1, COX-2 and β-actin determined by western
blot after 72 hrs. Luciferase (Luc) siRNA was used as a control. The bar graph shows the
mean ± SD of the ratios of phosphorylated to total Pak1 and Pak2, normalized to actin and
expressed relative to the ratios in normal cells treated with luciferase siRNA (*: p<0.01).
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Figure 3. Pak1 and Pak2 signaling mediates COX-2 expression in papilloma cells via activation
of IκBβ, not activation of p38
Western blots showing effects of specific siRNAs targeting either Pak1 or Pak2 on levels of
COX-2, phosphorylated and total p38 and IκBβ in normal and papilloma cells. Luciferase
(Luc) siRNA was used as a negative control. Levels of Pak 1 and Pak2 were measured to
assess knockdown, actin measured to confirm equal loading. a. Representative western blot
and bar graphs showing mean ± SD of 3 experiments with papilloma and normal cells, with
levels normalized to actin and expressed relative to control cells of each type treated with
luciferase siRNA (* p<0.01). b. Western blot of parallel experiment on papilloma cells using
a second set of Pak1 and Pak 2 siRNAs (Pak1' and Pak2'), with the associated bar graph
showing confirmation of minimal effects on relative phosphorylation of p38. c. Western
blots and associated bar graph of papilloma cells treated with combined Pak1 and Pak2
siRNAs, and cells treated with the GroupI Pak1 inhibitor IPA-3, to assess effects on COX-2
levels of simultaneously reducing both Pak1 and Pak2 signaling (* p<0.05).
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Figure 4. Reduction in Pak1 or Pak2 levels reduce nuclear NFκB and elevate cytoplasmic and
nuclear IκBβ in HPV6/11-infected papilloma cells
a. Immunohistochemistry of papilloma tissues and normal laryngeal epithelium, showing
high levels of NFκB p50 and minimal IκBβ in papilloma tissues. b. Western blot of tissue
extracts, confirming high levels of NFκB p50 protein and limited IκBβ in papillomas. Bar
graph shows mean ± SD of multiple samples of each type, normalized to actin and expressed
relative to normal tissue. c. Representative effects of Rac1 siRNA on localization of NFκB
p50 in papilloma cells, assessed by immunohistochemistry. Luciferase siRNA was used as
control. d. Representative effects of Pak1 and Pak 2 siRNAs on abundance and localization
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of NFκB p50 and IκBβ in papilloma cells. Luciferase siRNA (Luc) was used as a control.
Bar is 24 µm. The experiments in 4c and 4d were repeated 3 times.
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