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The p38 mitogen-activated protein kinase (MAPK) pathway has been implicated in both suppression and promotion of tumori-
genesis. It remains unclear how these 2 opposite functions of p38 operate in vivo to impact cancer development. We previously
reported that a p38 downstream kinase, p38-regulated/activated kinase (PRAK), suppresses tumor initiation and promotion by
mediating oncogene-induced senescence in a murine skin carcinogenesis model. Here, using the same model, we show that once
the tumors are formed, PRAK promotes the growth and progression of skin tumors. Further studies identify PRAK as a novel
host factor essential for tumor angiogenesis. In response to tumor-secreted proangiogenic factors, PRAK is activated by p38 via a
vascular endothelial growth factor receptor 2 (VEGFR2)-dependent mechanism in host endothelial cells, where it mediates cell
migration toward tumors and incorporation of these cells into tumor vasculature, at least partly by regulating the phosphoryla-

tion and activation of focal adhesion kinase (FAK) and cytoskeletal reorganization. These findings have uncovered a novel sig-
naling circuit essential for endothelial cell motility and tumor angiogenesis. Moreover, we demonstrate that the tumor-
suppressing and tumor-promoting functions of the p38-PRAK pathway are temporally and spatially separated during cancer
development in vivo, relying on the stimulus, and the tissue type and the stage of cancer development in which it is activated.

he p38 mitogen-activated protein kinase (MAPK) was initially

identified as a major mediator of inflammatory and stress re-
sponses (35) and later found to be involved in multiple cellular
processes and in diseases such as cancer (2, 16, 31). Previous stud-
ies have identified the critical role of p38 in tumor-suppressing
cellular processes, including oncogene-induced senescence (6, 17,
23, 48), replicative senescence (23), contact inhibition (8, 13), and
DNA damage responses (5, 18, 36, 49). The tumor-suppressing
activity of the p38 pathway has been demonstrated both in cell
culture and in murine cancer models (20, 45, 47). In addition, the
p38 pathway has also been implicated in cancer promotion. p38
mediates migration and invasion in cultured tumor cells (19, 43),
and the production of tumor-promoting cytokines such as
interleukin-6 (IL-6) in stromal cells (14, 46). Several in vitro stud-
ies have linked p38 to tumor angiogenesis. p38 is essential for the
expression of an important proangiogenic factor, vascular endo-
thelial growth factor (VEGF), in cultured tumor cell lines (44, 51).
In primary cultured human umbilical vein endothelial cells
(HUVECs), p38 can be activated in response to VEGF treatment,
and pharmacological inhibition of p38 attenuated VEGF-induced
cell migration (38, 39). These findings suggest a requirement of
p38 by either tumor cells or host endothelial cells, or both, in
tumor angiogenesis. However, these studies were carried out in
cultured cells, and the role of the p38 pathway in tumor angiogen-
esis in vivo has yet to be determined.

While the potential roles of p38 in tumor suppression and
tumor promotion are both supported by experimental evidence, it
remains unclear how these 2 opposing functions of p38 operates
in vivo to impact cancer development. Like other MAPKs, the
functions of p38 are mediated by its downstream substrates, in-
cluding serine/threonine protein kinases such as p38-regulated/
activated kinase (PRAK) and MAPK-activated kinases 2 (MK2)
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(42). We previously demonstrated that PRAK works as a tumor
suppressor by mediating oncogene-induced senescence during
7,12-dimethylbenzanthracene (DMBA)-induced skin carcino-
genesis (45). DMBA is a well-characterized environmental muta-
gen that induces skin carcinogenesis in mouse models (11).
DMBA-induced skin carcinogenesis is divided into 3 stages: initi-
ation (induction of stable oncogenic mutations, such as those ac-
tivating ras, by DMBA), promotion (proliferation of genetically
altered cells), and progression (growth of the tumors and conver-
sion of papillomas to carcinomas) (12). While DMBA induces
efficient skin tumorigenesis when combined with a chemical tu-
mor promoter such as tetradecanoyl phorbol 13-acetate (TPA)
(2-stage carcinogenesis), DMBA-alone-induced tumor formation
(1-stage carcinogenesis) is poor in wild-type mice but can be en-
hanced in strains deficient for tumor suppressor genes. We found
that PRAK deficiency compromised senescence induction and in-
creased the incidence and reduced the latency of tumor formation
induced by the 1-stage protocol, while having no effect on the
incidence or latency of the 2-stage carcinogenesis (45). These re-
sults indicate that PRAK suppresses the initiation/promotion
stage of skin carcinogenesis by mediating oncogene-induced se-
nescence.
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In the current study, we uncovered a tumor promoting func-
tion of PRAK in the 2-stage skin carcinogenesis model. We dem-
onstrate that once the skin tumors are formed in this model,
PRAK can be activated in the host endothelial cells by tumor-
secreted proangiogenesis factors and mediate tumor angiogenesis
essential for sustained growth and malignant progression of the
skin tumors. Further studies indicate that PRAK is activated by
p38 and promotes the migration of host endothelial cells toward
tumors, at least partly by regulating the phosphorylation and ac-
tivation of focal adhesion kinase (FAK) on focal contacts and cy-
toskeletal reorganization. Our findings have thus revealed that the
tumor-suppressing and tumor-promoting functions of the p38-
PRAK pathway operate in different tissue types and at different
stages of carcinogenesis, upon activation by different stimuli.
Therefore, these 2 opposing functions of the p38-PRAK pathway
are separated temporally and spatially during cancer develop-
ment.

MATERIALS AND METHODS

Mouse and chemical carcinogenesis. The PRAK knockout allele was ini-
tially generated in the 129/Sv X C57BL/6 background (45) and then
crossed into the FVB/N strain for 7 generations. Genotypes of the mice
were determined by allele-specific PCR as described previously (45). The
2-step chemical carcinogenesis was performed as described previously
(45). Briefly, 6- to 8-week-old mice were shaved 2 days before topical
initiation on the back with 0.2 ml of acetone containing 25 ug of 7,12-
dimethylbenzanthracene (DMBA; Sigma). One week after initiation, mice
were promoted with 0.2 ml of acetone containing 12.5 ug of tetradecanoyl
phorbol 13-acetate (TPA; Calbiochem) twice a week for 17 weeks. Tumors
were monitored twice weekly for up to 60 weeks post-TPA treatment. The
longest diameter of the largest tumor and the total number of tumors per
mouse were recorded weekly. Statistical analysis of Kaplan-Meier tumor-
free survival plots is based on the log-rank (Mantel-Cox) test. Statistical
analysis of tumor sizes was performed by ¢ test. Tumor tissues were snap-
frozen and stored at —70°C or fixed in 10% formaldehyde—phosphate-
buffered saline (PBS) and subsequently subjected to histopathological
analysis. Papillomas and carcinomas were scored by their morphological
appearance and histopathological findings.

Immunohistochemical (IHC) and immunofluorescent analysis.
Formalin-fixed samples were deparaffinized with Toluene and rehydrated
in alcohol gradients. To detect von Willebrand factor (VWF), slides were
treated with 20 ug/ml of proteinase K (Roche) for 5 min at 55°C followed
by 5 min at room temperature and then incubated with a rabbit anti-vWF
antibody (AbCam) at 4°C overnight. To detect mouse CD31, deparaf-
finized slides were treated with 36 ug/ml of proteinase K (Roche) for 30
min at 37°C and then incubated with a rat anti-mouse CD31 antibody
(553370; BD PharMingen) at 4°C overnight. To detect VEGF, deparaf-
finized sections were incubated in 10 mM citrate (pH 6.0) at subboiling
temperature for 20 min to retrieve antigen and then incubated with an
anti-VEGF antibody (C20; Santa Cruz). All the samples were then incu-
bated with a biotinylated anti-rabbit (vWF and VEGF) or anti-rat (CD31)
IgG antibody, and signals were detected by Vectastatin ABC kit (Vector
Laboratories). Samples were counterstained with hematoxylin.

Apoptosis was determined by terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) assay (Chemicon) fol-
lowing the manufacturer’s protocol.

To determine the contribution of HUVECs to angiogenesis in the
Lewis lung carcinoma (LLC) xenografts, HUVEC-containing blood ves-
sels were detected using a mouse anti-human CD31 antibody (550389; BD
PharMingen). Deparaffinized formalin-fixed samples were treated with
20 pg/ml of proteinase K (Roche) for 5 min at 55°C and for additional 5
min at room temperature. After incubation with the primary antibody at
4°C overnight and at 37°C for additional 30 min, samples were incubated
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with a fluorescein isothiocyanate (FITC)-labeled anti-mouse IgG anti-
body.

To determine the purity of the mouse vascular endothelial cell
(MVEC) preparations, MVECs and HUVECs were seeded at 2 X 10*
cells/well on an 8-well glass slide (Lab-TekII Chamber System), fixed with
4% paraformaldehyde-PBS, stained with a rat anti-mouse CD31 antibody
(MVEC) (550274; BD PharMingen) or a mouse anti-human CD31 anti-
body (HUVEC) (550389; BD PharMingen) and a FITC-conjugated
secondary antibody, and mounted with DAPI (4',6-diamidino-2-
phenylindole)-containing medium.

Images were captured by an Axiovert fluorescence microscope and
Axiovision image capture system (Carl Zeiss).

Cell culture, shRNAs, and virus-based gene transduction. HUVECs
were obtained from ATCC, cultured in complete EGM2 medium (Lonza),
and immortalized by hTERT-encoding recombinant retroviruses. LLC
cells were obtained from ATCC and cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) with 10% fetal bovine serum and 1% antibiotics.
Short hairpin RNAs (shRNAs) targeting PRAK (45) and p38a (24) were
described previously and introduced into HUVECs or MVECs via retro-
viruses as described previously (48). shRNAs for VEGF receptor 1
(VEGFR1), VEGFR2, neuropilin-1 (NRP1), NRP2, extracellular signal-
regulated kinase 3 (ERK3) ERK4, and MK2 (sequences available upon
request) were designed and cloned into pLV-H1-EF1a-puro based on the
single-oligonucleotide RNA interference (RNAi) technology (Biosettia)
and transduced into cells by following the manufacturer’s protocol. The
efficacy of shRNA was determined by Western blot analysis or real-time
PCR. At least 2 effective shRNA constructs were selected for functional
analysis for each gene to rule out off-target effects. Hygromycin B (50
pg/ml) and puromycin (2 ug/ml) were utilized to select transduced cells.

Quantitative real-time PCR analysis. RNA was isolated from cells by
using TRIzol reagent and converted to cDNA with an oligo(dT) primer
and Moloney murine leukemia virus (MMLV) reverse transcriptase (Life
Technologies). PCR was performed in an ABI 7900 sequence detection
system using the 2X SYBR green PCR master mix (Applied Biosystems)
and gene-specific primers (sequences available upon request) in triplicate.
The mRNA level for each gene was normalized to that of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH).

Establishment of primary MVECs. Abdominal great vessels were iso-
lated aseptically from 8- to 12-week-old mice and incubated with dispase
overnight at 4 Cand then with 0.05% trypsin-EDTA for 10 to 15 min (50).
Cells were neutralized with trypsin-neutralizing solution (TNS; Lonza),
spun down, and resuspended in EGM2-MV medium (Lonza). To enrich
the endothelial cell population, cells were continuously cultivated in
EGM2-MV for 3 or 4 passages or until they displayed a uniform, endo-
thelial cell morphology.

Establishment of primary skin papilloma cell culture. Primary kera-
tinocytes from skin papillomas were established following a protocol pro-
vided by the manufacturer of defined keratinocyte serum-free medium
(D-ksfm) (Life Technologies). Surgically excised tumors from skin papil-
lomas were rinsed in cold PBS, incubated in antibiotics-antimycotics-PBS
cocktail (Life Technologies) on ice for 1 h, and cut into pieces. Several
pieces were fixed in 10% formaldehyde-PBS or frozen in optimal-cutting-
temperature (OCT) medium (Sakura Finetek, Torrance, CA) for histol-
ogy. The remaining pieces were minced by scalpel and digested with 25
units/ml of dispase (Life Technologies) with antibiotics-antimycotics
cocktail overnight at 4°C with mild agitation. The tissues were incubated
with 0.05% trypsin-EDTA for 10 to 15 min and then with TNS (Lonza) to
terminate the digestion. Cells were cultivated in D-ksfm. The skin tumor
supernatant used in migration assays was produced by incubating sub-
confluent primary tumor cells in a 10-cm cell culture dish with 4 ml of
serum/growth factor-free basic EGM2 (Lonza) for 2 days.

In vitro cell migration assay. Cell migration was determined using
24-well modified Boyden chambers (Costar) containing a polycarbonate
membrane with 8.0-um pores. The bottom surfaces of membranes were
coated with 6.6 ug/ml collagen I (Upstate) for 1 h at room temperature.
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FIG 1 PRAK is essential for sustained growth and malignant progression of tumors during skin carcinogenesis. (A and D) Kaplan-Meier plots for
tumor-free survival of PRAK*/*, PRAK*/~, and PRAK~/~ littermates in the 129/Sv X C57BL/6 (A) or FVB/N (D) background treated with 2-stage skin
carcinogenesis protocol. The number of mice with converted carcinomas is indicated. (B and E) The growth of tumors induced as described in panels A
and D, respectively. The average size of the largest tumor on each mouse of the same genotype was plotted over the entire observation period (60 or 45
weeks, respectively, for panels B and E, after the initial TPA promotion). Statistical significance (P < 0.0001) for PRAK*/* versus PRAK~/~ (@) and
PRAK™/~ versus PRAK™/~ (#) was examined by unpaired ¢ test. (C and F) Average number of tumors/mouse at the termination of observation in the
study shown in panel A or over the entire observation period in the study shown in panel B, respectively. Statistical significance for PRAK*/* versus
PRAK~/~ (@) and PRAK*/~ versus PRAK~/~ (#) was examined by unpaired  test.

HUVECs were starved in serum/growth factor-free basic EGM2 overnight
at 37°Cbefore being harvested with trypsin. After neutralizing and remov-
ing trypsin, cells were resuspended in serum/growth factor-free EGM2,
incubated for 1 h at room temperature, and seeded at 1 X 10* cells/well in
the upper chamber. Five hundred microliters of serum/growth factor-free
basic EGM2, skin tumor supernatant, or serum/growth factor-free EGM2
with 20 ng/ml of VEGF was added to the bottom chamber as chemoat-
tractants. After incubation for 24 h at 37°C, cells on the upper surface of
membrane were removed by cotton swabs, and the number of migrated
cells on the bottom surface was counted under microscope (10 fields per
filter) after staining with Giemsa (Sigma). To neutralize VEGF, tumor
supernatant, medium containing recombinant VEGF, or control medium
was preincubated with 10 ug/ml of an anti-VEGF antibody (C-1) (Santa
Cruz) or an antiactin antibody (Sigma) (as the negative control) overnight
at 4°C with mild agitation before being added to the Boyden chambers as
the chemoattractant. In some experiments, 10 uM SB203580, 25 uM
PD98053, 5 uM U0126, or dimethyl sulfoxide (DMSO) was added to the
Boyden chambers to inhibit the relevant MAPKs.

Western blotting. Cell lysates were prepared in radioimmunoprecipi-
tation assay (RIPA) buffer (10 mM Tris, pH 8.0, 140 mM NaCl, 1% Triton
X-100, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) with
complete protease inhibitor cocktail (Roche), 1 mM sodium orthovana-
date, 10 mM sodium fluoride, and 1 mM B-glycerophosphate. Cleared
cell lysates were subjected to SDS-PAGE using 6, 8, or 10% polyacryl-
amide gel and transferred to nitrocellulose membranes. The primary an-
tibodies were from Cell Signaling (p38-pT180Y182, ERK-pT202Y204,
ERK2, ERK3, heat shock protein 27 [HSP27]-pS82, HSP27, and MK2),
BD Bioscience (FAK-pY397 and FAK), Epitomics (ERK4, VEGFRI,
VEGFR2, and NRP2), Abgent (NRP1), or Sigma (actin). The antibodies
against PRAK (45), p38c, and p38f3 (24) was described previously. The
rabbit monoclonal anti-PRAK-pT182 antibody was raised in Epitomics
(Burlingame, CA).

Immunoprecipitation-coupled protein kinase assay. Fifty percent
confluent HUVECs were starved in serum/growth factor-free basic EGM2
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overnight before treated with tumor supernatant or 20 ng/ml VEGF for
the indicated time. Sometimes, cells were pretreated with 10 uM
SB203580, 25 uM PD98053, or DMSO for 2.5 h. Cells were then lysed in
buffer containing 50 mM HEPES, pH 7.5, 2.5 mM EGTA, 1 mM EDTA,
1% Triton X-100, 150 mM NaCl, 10% glycerol, 1 mM phenylmethylsul-
fonyl fluoride (PMSF), 50 mM NaF, 1 mM sodium vanadate, 1 mM
B-glycerophosphate, 1 mM dithiothreitol (DTT), and complete protease
inhibitors. Lysate (400 [or 200] pg) was incubated with 4 (or 2.5) ul of an
antibody against PRAK, MK2, p38c, or p3883 in a 300-ul (or 200-ul)
volume at 4°C for 2 h, followed by incubation with 20 ul (bead volume) of
Protein A Sepharose CL-4B at 4°C for 2 h. The beads were washed with
lysis buffer and kinase buffer (50 mM HEPES, pH 7.5, 0.5 mM EGTA, 10
mM MgCl,, 0.1 mM PMSF, 1 mM NaF, 0.1 mM sodium vanadate, 0.1
mM f-glycerophosphate, and 1 mM DTT). Kinase reactions were per-
formed in 20 pl of 1X kinase buffer (above) with 10 uM ATP, 0.5 ul of
[y-32P]ATP and 5 to 10 pug of HSP27 (for PRAK and MK2) or glutathione
S-transferase (GST)-ATF2 (for p38a or p383) at 30°C for 45 min, stopped
by 7 ul of 4X Laemmli buffer, heated at 95°C, and separated by SDS-
PAGE. Radioactive signals were detected by a phosphorimager.

Analysis of LLC/HUVEC xenograft tumor model. LLCs and
HUVECs were cotransplanted as described previously (10). LLC cells (5 X
10°) and HUVECs (5 X 10°) were mixed in 200 ul of growth factor-
reduced Matrigel (BD Bioscience) and injected subcutaneously into the
athymic nu/nu mice. Tumor size was measured 3, 5, 7, 10, and 12 days
after transplantation. The tumor volume was calculated using the formula
length X width?/2 and statistically analyzed by two-way analysis of vari-
ance (ANOVA) test.

Analysis of the syngeneic xenograft model. Primary skin tumor cells
(1 X 10°) isolated from FVB/N PRAK™/* papilloma were injected subcu-
taneously into FVB/N PRAK*/*, PRAK*/~, and PRAK /" littermates
(12 mice/genotype). Tumor size was measured 2 weeks after transplanta-
tion and statistically analyzed by ¢ test.

Detection of proangiogenic cytokines secreted by skin tumors.
Proangiogenic factors present in skin tumor supernatant was determined
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in mouse angiogenesis enzyme-linked immunosorbent assay (ELISA)
strip (Signosis, Inc) for tumor necrosis factor alpha (TNF-a), insulin-like
growth factor 1 (IGF-1), VEGF, IL-6, basic fibroblast growth factor (FGF),
gamma interferon (IFN-vy), EGF, and platelet-derived growth factor BB
(PDGF-BB) following the manufacturer’s protocol. The amount of se-
creted cytokines was determined by optical density at 450 nm.

Analysis of actin reorganization and focal contacts. HUVECs (1 X
10*) were grown on 25-mm-diameter coverslips (VWR) coated with poly-
L-lysine (Sigma) overnight. Cells were starved by serum/growth factor-
free basic EGM2 overnight and then treated with tumor supernatant or 20
ng/ml of VEGF for the indicated time. After fixation in 4%
paraformaldehyde-PBS and permeabilization in 0.1% Triton X-100-PBS,
cells were incubated sequentially with an antibody against phospho-FAK
(Y397), FAK (BD Transduction Laboratories), or vinculin (Sigma); FITC-
labeled secondary antibody (Santa Cruz); and rhodamine-conjugated
phalloidin (Molecular Probes). Samples were mounted with DAPI-
containing medium and visualized by an Axiovert fluorescence micro-
scope.

RESULTS

PRAK is required for sustained growth and malignant conver-
sion of DMBA-induced skin papillomas. Our previous study,
focused on the initiation and promotion stages of skin carci-
nogenesis, revealed that PRAK works as a tumor suppressor by
mediating oncogene-induced senescence during DMBA-
induced skin carcinogenesis (45). To explore the in vivo func-
tion of PRAK in the progression stage of skin carcinogenesis,
we treated wild-type and PRAK-deficient mice with the 2-stage
protocol and monitored tumor induction for a prolonged pe-
riod. Confirming previous findings, the 2-stage protocol effi-
ciently induced the appearance of skin tumors in all mice. No
obvious difference was observed in the incidence or latency of
tumor induction among 3 PRAK genotypes (Fig. 1A). How-
ever, to our surprise, once the tumors had appeared, tumor
growth was drastically impaired in the PRAK™/~ background
(Fig. 1B). The papilloma-to-carcinoma conversion rate, as de-
termined by the morphological and histological criteria, was
also reduced from 25% (3/12) in PRAK™/* and PRAK™/~ mice
tonone in PRAK™/~ mice (Fig. 1A). In addition to the apparent
difference in tumor sizes, the average number of papillomas
per PRAK™/~ mouse was also significantly fewer than that in
the other two genotypes by the end of the observation (Fig. 1C).

A similar analysis was performed in mice with the FVB/N
background, which are more susceptible to DMBA-induced
skin carcinogenesis. Again, although the incidences and laten-
cies of tumor induction by the 2-stage protocol were similar
among the 3 genotypes (Fig. 1D), the tumor growth rate (Fig.
1E), the average number of tumors/mouse during tumor pro-
gression stage (Fig. 1F), and the papilloma-to-carcinoma con-
version rate (Fig. 1D) were greatly decreased in PRAK™/~ mice
as compared with their PRAK*/* and PRAK*/~ littermates.
Taken together, our findings indicate that while PRAK sup-
presses the tumor initiation/promotion stage, it promotes the
tumor growth/progression stage of DMBA-induced skin carci-
nogenesis.

PRAK s essential for angiogenesis in the surrounding of skin
tumors. The requirement of PRAK for skin tumor progression
prompted us to examine the role of PRAK in tumor angiogen-
esis, which is essential for sustained tumor growth. We ana-
lyzed the formation of tumor vasculature by immunohisto-
chemical (IHC) staining of von Willebrand factor (vWE), a
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blood vessel marker, and CD31, an endothelial marker. In car-
cinomas from either PRAK*/* or PRAK™/~ mice, well-
developed blood vessels were detected inside the tumor re-
gions, mingled with tumor cells (data not shown). In
unconverted papillomas, blood vessels were absent from the
tumor region (the squamous epithelial layer) (Fig. 2A and B).
However, abundant vWF- and CD31-positive blood vessels
were detected in the subcutaneous connective tissue layers near
the tumor epithelium in the papillomas from PRAK*/* (Fig.
2Aa, Ad, Bg, and Bh) or PRAK*/~ (Fig. 2Ab and Ae) mice of
either 129/Sv X C57BL/6 (Fig. 2Aa, Ab, Ad, and Ae) or FVB/N
(Fig. 2Bg and Bh) background. These blood vessels existed ei-
ther between the tumor epithelial layers (Fig. 2Aa, Ab, and Bg)
or in the stromal regions immediately below the papillomas
(Fig. 2Ad, Ae, and Bh). In contrast, in PRAK~/~, papillomas of
sizes similar to the PRAK™/* and PRAK "/~ tumors (about 3 to
4 mm in diameter), a much lower quantity of blood vessels was
present in the subcutaneous tissues immediately below the tu-
mor epithelium (Fig. 2Af, Bj, and C, bottom) and essentially
none in the folds between squamous epithelia (Fig. 2Ac, Bi, and
C, top) in either the 129/Sv X C57BL/6 (Fig. 2Ac and Af) or the
FVB/N (Fig. 2Bi and Bj) background. The same observations
were made in tumors that differed in size but were derived from
mice after the same period of TPA promotion (data not
shown). Thus, angiogenesis in regions surrounding the skin
papillomas is impaired in PRAK™/~ animals.

Inversely correlating with the formation of tumor vascula-
ture, the number of TUNEL-positive apoptotic cells was greatly
increased in the PRAK™/~ tumor epithelia (Fig. 2Dm and Dp)
as compared with the wild-type and PRAK"/~ tumors (Fig.
2Dk, DI, Dn, and Do) in both 129/Sv X C57BL/6 (Fig. 2Dk, DI,
and Dm) and FVB/N (Fig. 2Dn, Do, and Dp) backgrounds.
This suggests that impaired angiogenesis in PRAK-null mice
leads to inadequate blood supply to tumors and deprives tu-
mors of oxygen and nutrients, resulting in increased apoptosis
in tumor epithelia and attenuated tumor growth.

PRAK is required by the host endothelial cells for tumor
growth and tumor angiogenesis. Tumor angiogenesis requires
the migration of host endothelial cells toward tumor-secreted
proangiogenic factors such as VEGF (7). Although p38 was
reported essential for VEGF expression in cultured tumor cells
(44, 51), IHC analysis revealed high levels of VEGF in the squa-
mous epithelium of PRAK*/*, PRAK*/~, and PRAK~/~ tu-
mors (data not shown), indicating that PRAK is not required
for VEGF production during skin carcinogenesis. We next pur-
sued the possibility that PRAK is an essential host factor medi-
ating tumor angiogenesis using a syngeneic xenograft model.
Primary skin papilloma cells derived from wild-type FVB/N
mice were subcutaneously implanted into immunocompetent,
syngeneic FVB/N mice of PRAK*/*, PRAK*/~, or PRAK™/~
genotype. The growth rate of the tumors transplanted into
PRAK ™/~ hosts was greatly reduced as compared to those in the
PRAK*/* and PRAK*/~ hosts (Fig. 3A). Tumors formed
in PRAK*/* and PRAK™/~ mice were pink in color, while those
in PRAK™/~ mice appeared to be pale (data not shown), sug-
gesting that the later might have contained fewer blood vessels.
IHC analysis verified that tumors from the PRAK™/* and
PRAK™*/~ hosts contained plenty of vWF-positive, mature ves-
sels, while fewer and thinner vessels were detected in tumors
from PRAK~/~ hosts (Fig. 3B and C). Consistent with the lack
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FIG 2 PRAK is essential for tumor angiogenesis during skin carcinogenesis. (A, B, and D) Immunohistochemical staining of YWF* (A), CD317 (B), and
TUNEL™ (D) cells in tumors induced by the 2-stage protocol in PRAK*/* (a, d, g, h, k, and n), PRAK*/~ (b, ¢, 1, and o), and PRAK~/~ (¢, f, i, j, m, and
p) littermates with 129/Sv X C57BL/6 (a to f and k to m) or FVB/N (g to j and n to p) background. T, tumor epithelium; SC, subcutaneous connective
tissue. Positive signals are indicated with arrowheads. (C) vVWF™* (left) and CD31+ (right) blood vessels between (top) or immediately below (bottom)
squamous epithelia were counted in 10 to 15 randomly chosen 20X fields from 4 mice/indicated genotype. Numbers are mean * standard deviation (SD).

Statistical significance was examined by unpaired ¢ test.

of blood supply, apoptotic cells greatly increased in tumors
from the PRAK™/~ mice as compared to those from the
PRAK™*/* and PRAK*/~ animals (Fig. 3D). These experiments
in immunocompetent mice have revealed the requirement of
PRAK in the host tumor microenvironment for tumor-
induced angiogenesis and tumor growth in vivo.

To further investigate whether PRAK acts in the host endo-
thelial cells to mediate tumor angiogenesis, we used a tumor/
endothelial cell cotransplantation model (4, 10). Lewis lung
carcinoma (LLC) cells and human umbilical vein endothelial

610 mcb.asm.org

cells (HUVECs) were mixed with Matrigel and implanted into
immunocompromised nude mice. Within the first 10 days
postinjection, the growth rate of the LLC tumors cotrans-
planted with control HUVECs was significantly enhanced as
compared to when LLC cells and Matrigel were injected alone;
however, this enhancement was abolished when PRAK was
knocked down in HUVECs by short hairpin RNA (shRNA)
(Fig. 4A). The increase in tumor growth by the control
HUVECs was accompanied by incorporation of the implanted
HUVECs into the vasculature of xenograft tumors, as detected
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FIG 3 PRAK is a host factor required for tumor growth and tumor angiogen-
esis in vivo. (A) Scatter plots for tumor xenograft volumes 2 weeks after trans-
plantation of skin tumor cells derived from a DMBA-TPA-treated wild-type
FVB/N mouse into the syngeneic FVB/N hosts with indicated PRAK geno-
types. The transverse line indicates the mean volume of 12 xenografts from
mice of each genotype. * indicates statistical significance for tumors from the
PRAK*/* or PRAK*/~ hosts versus PRAK™/~ hosts by unpaired ¢ test. (B)
Immunohistochemical staining of vWE-positive cells in tumor xenografts
formed by skin tumor cells in syngeneic hosts with indicated genotypes. (C)
VWE™ vessels were counted in 10 randomly chosen 20X fields from 3 mice/
indicated genotype. Numbers are mean * SD. Statistical significance for
PRAK™/* or PRAK*/~ versus PRAK ™/~ was examined by unpaired ¢ test. (D)
Box-and-whisker plot of average number of TUNEL-positive cells in 10 ran-
domly chosen fields (40X) per specimen in tumor xenografts formed by skin
tumor cells in syngeneic hosts with indicated genotypes. Twelve mice/geno-
type were analyzed. * indicates statistical significance for tumors from the
PRAK™*/* or PRAK*/~ hosts versus PRAK~/~ hosts by unpaired ¢ test.
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by immunofluorescence staining with an antibody specific for
human CD31 (Fig. 4B). In contrast, correlating with the loss of
ability to enhance tumor growth, essentially all the HUVECs
with PRAK knockdown existed as single cells or clumps of a few
cells without incorporation into tumor vessels (Fig. 4B). It is
noted that enhanced tumor growth by HUVECs was limited to
the initial 10 days postinjection, when host blood vessels (de-
tected by IHC with an antibody specific for mouse CD31) were
scarce in transplanted tumors (Fig. 4c, day 7). Beyond day 10,
angiogenesis in tumors was dominated by host endothelial ves-
sels (Fig. 4C, day 12), and the growth advantage of the tumors
cotransplanted with control HUVECs was lost over those with
no HUVECs or PRAK-defective HUVECs (note the curve
slopes between day 10 and day 12), although the absolute sizes
of the control HUVEC-LLC tumors were still the largest (Fig.
4A). Thus, in the initial period when tumor angiogenesis
mainly relied on the cotransplanted HUVECs without signifi-
cant contribution from the host endothelial vessels, tumor
growth was stimulated by the control HUVECs but not the
PRAK-defective HUVECs that failed to incorporate into tumor
blood vessels. These results clearly demonstrate a requirement
of PRAK by HUVEC:s for their incorporation into vessels and a
PRAK-dependent, tumor-stimulatory role of the coinjected
HUVECs.

PRAK mediates migration of endothelial cells toward
tumor-secreted proangiogenic factors. Directional migration
of endothelial cells is a crucial step toward the organized for-
mation of blood vessel sprouts during angiogenesis. The re-

LLC

B LLC+HU-shGFP
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Day-12
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FIG 4 PRAK is required by the host endothelial cells for tumor growth and angiogenesis in vivo. (A) The growth of tumor xenografts formed in athymic
nude mice after transplantation of LLC cells and Matrigel, in the absence (LLC only) or presence of HUVECs expressing shRNA for GFP (LLC+HU-
shGFP) or PRAK (LLC+HU-shPK89 and -shPK1119). Numbers are mean tumor volume * SD. * indicates statistical significance for LLC+HU-shGFP
versus the other conditions by two-way ANOVA test. (Inset) Western blot analysis demonstrating PRAK knockdown by shRNA in HUVECs. (B)
Immunofluorescent staining of the transplanted HUVECs by a human-specific anti-CD31 antibody in tumor xenografts generated as described in panel
A. Symbols: thick arrow, HUVEC-containing vessels; thin arrow, unincorporated HUVECs. Numbers are average numbers of human CD31+ vessels/field
(in 6 randomly chosen 10X fields from 2 tumors) = SD. (C) Immunohistochemical staining of tumor xenografts formed as described in panel A on day

7 or 12 postinjection, using an anti-mouse CD31 antibody.
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collected from PRAK*/* (wild type [WT]) or PRAK™/~ skin tumor cells by ELISA. (D and E) Migration of PRAK*/* or PRAK~/~ MVECs (D) or
HUVECs transduced with shRNA for GFP (shGFP) or PRAK (shPK-89 and -1119) (E) toward VEGF (VG) or vehicle control (Con). (F) Neutralization
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migrated to the bottom surface of membrane among 1 X 10* seeded cells was counted in 10 randomly chosen 40X fields. The fold increase in migration
was calculated for each cell line by dividing the average number of cells/field in the presence of TS or VG by that without stimuli (Con). (A to F) All the

numbers are mean = SD for triplicates.

quirement of PRAK by the host endothelial cells in tumor an-
giogenesis raises a possibility that PRAK may mediate
endothelial cell migration in response to proangiogenic factors
secreted by tumors. We thus isolated primary mouse vascular
endothelial cells (MVECs) from wild-type and PRAK™/ litter-
mates. The MVEC preparations contained >70% of endothe-
lial cells, based on cell surface expression of CD31 (data not
shown). The tumor supernatant harvested from PRAK*/* skin
papilloma cells induced the migration of MVECs isolated from
wild-type mice but not those from PRAK/~ mice (Fig. 5A).
Confirming this observation, human endothelial cells
(HUVECs) transduced with a control shRNA, but not those
with PRAK shRNA (Fig. 4A, insert), showed increased migra-
tion toward skin tumor supernatant (Fig. 5B). Neither the skin
tumor supernatant nor PRAK shRNA altered the proliferation
of HUVECs (data not shown), indicating that the difference in
cell migration was not due to the effects on cell proliferation.
These results demonstrate that PRAK is essential for migration
of host endothelial toward factors secreted by the skin tumor
epithelium.

To identify the migration-inducing factors secreted by skin
tumors, we examined the proangiogenic factors present in the
tumor supernatants by using ELISA. Among the proangiogenic
factors surveyed, only VEGF was present in significant quantity
in the supernatants collected from either wild-type or
PRAK ™/~ papilloma cells (Fig. 5C), suggesting that VEGF is the
major proangiogenic factor secreted by the skin tumors. When
used as a chemoattractant, recombinant VEGF induced migra-
tion of PRAK™/* MVECs and HUVECs transduced with a con-

612 mcb.asm.org

trol shRNA, but not PRAK~/~ MVECs or HUVECs with PRAK
knockdown (Fig. 5D and E). Furthermore, endothelial cell mi-
gration induced by the skin tumor supernatant was abolished
by an anti-VEGF neutralizing antibody but not by an antiactin
antibody (Fig. 5F), indicating that the ability of skin tumor
supernatant to induce migration relies mainly on VEGF. Con-
firming the potency of the VEGF-neutralizing antibody, it also
inhibited HUVEC migration induced by recombinant VEGF
(Fig. 5F). These data demonstrate that VEGF is the major
proangiogenesis factor secreted by skin tumors to induce the
PRAK-dependent host endothelial cell migration, although
contribution from additional factors cannot be completely
ruled out. Notably, both wild-type and PRAK~/~ skin tumors
secreted comparable levels of VEGF (Fig. 5C). This is consis-
tent with results from the IHC analysis on VEGF expression in
skin tumors (data not shown) and supports the notion that
PRAK deficiency impairs skin tumor angiogenesis by causing a
defect in host endothelial cells rather than skin tumors.
PRAK s activated by p38, but not ERK1/2, ERK3, or ERK4, in
response to tumor-secreted factors during endothelial cell mi-
gration. In addition to being a substrate for p38 (33, 45), PRAK is
also a substrate for ERK1/2 (34) and atypical MAPKs ERK3 and
ERK4 (40, 41). To gain insights into the signaling pathway that
mediates the role of PRAK in migrating endothelial cells, we de-
termined the contribution of p38 and ERKs to PRAK activation by
examining the phosphorylation of PRAK at Thr182, a residue es-
sential for activation (32, 33), and the protein kinase activity of
PRAK immunoprecipitated from cells. Confirming the specificity
of these assays, PRAK-T182 phosphorylation as detected by a
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FIG 6 PRAK is activated by p38 in response to skin tumor-secreted proangiogenic factors. (A) The phospho-specific antibody against PRAK-T182
specifically recognizes activated PRAK but not MK2. Western blot analysis of HUVECs transduced with scramble shRNA (shSC) or shRNA for MK2
(shMK2-A and -B) or PRAK (shPRAK-89) and treated with the control medium (Ctrl), skin tumor supernatant (TS), or 20 ng/ml of VEGF for 30 min.
(B) The HSP27 kinase activity of the immunocomplex isolated by the anti-PRAK antibody is specifically associated with PRAK, but not MK2. PRAK was
immunoprecipitated from HUVECs transduced with scramble shRNA (shSC) or shRNA for PRAK (shPRAK89) or MK2 (shMK2-B) and treated with the
control medium (Ctrl) or skin tumor supernatant (TS) for 30 min, using the anti-PRAK antibody, and assayed for protein kinase activity toward HSP27
in the presence of [y-3?P]ATP. IB, immunoblot. (C) The HSP27 kinase activity of the immunocomplex isolated by the anti-MK2 antibody is specifically
associated with MK2 but not PRAK. MK2 was immunoprecipitated from HUVECs transduced with scramble shRNA (shSC) or shRNA for PRAK
(shPRAK89 and shPRAK1119) and treated with the control medium (Ctrl), skin tumor supernatant (TS), or 20 ng/ml of VEGF for 30 min, using the
anti-MK2 antibody, and assayed for protein kinase activity toward HSP27 in the presence of [y-3?P]JATP. (D) PRAK and p38«a were immunoprecipitated
(IP) by an anti-PRAK and an anti-p38a antibody, respectively, from HUVECs pretreated with DMSO, SB203580 (SB), or PD98053 (PD) and then treated
with control medium (Ctrl), tumor supernatant (TS), or VEGF (VG) for 30 min, and assayed for HSP27- and ATF2-kinase activity, respectively, in the
presence of [y-32P]ATP. Part of the lysates were subjected to Western blot analysis (IB:lysates). (E) Migration of HUVECs toward skin tumor supernatant
(TS) or control medium (Con) in the presence of 10 uM SB203580 (SB), 25 uM PD98053 (PD), 5 uM U0126 (U), or DMSO. The fold increase in
migration was calculated by dividing the average number of cells/field by that in the presence of control medium and DMSO (Con plus DMSO). (F)
Western blot analysis of HUVECs transduced with shRNA for GFP (shGFP) or p38«a (shp38a-756 and -785) and treated with control medium (Ctrl),
tumor supernatant (TS), or VEGF (VG) for 30 min. (G) Migration of HUVECs transduced with shRNA for GFP (shGFP) or p38a (shp38a-756 and -785)
toward control medium (Ctrl), tumor supernatant (TS), or VEGF (VG). The fold increase in migration was calculated for each cell line by dividing the
average number of cells/field in the presence of TS or VG by that without stimuli (Con). (E and G) The number of cells on the bottom surface of the
membrane among 1 X 104 seeded cells was counted in 10 randomly chosen 40X fields. All the numbers are mean = SD for triplicates. (H) PRAK and p38
are activated by the skin tumor supernatant in MVECs. Western blot analysis of lysates from PRAK*/* and PRAK~/~ MVECs treated with the control
medium (Ctrl) or skin tumor supernatant (TS) for 30 min.

phospho-specific antibody and the HSP27 kinase activity of im-
munoprecipitated PRAK were reduced only by PRAK shRNA and
not by shRNA for MK2, another PRAK-related, p38 downstream
protein kinase (Fig. 6A to C).

Treatment of HUVECs with skin tumor supernatant or
VEGF stimulated the kinase activity of PRAK and induced
PRAK-T182 phosphorylation (Fig. 6D). The tumor superna-
tant and VEGF also induced the kinase activity and activating
phosphorylation of p38a and p38B (Fig. 6A and data not
shown), consistent with previous reports that p38 is activated
by VEGF (9, 25, 38, 39). Both tumor supernatant and VEGF

February 2012 Volume 32 Number 3

also activated ERK1/2 in HUVECs (Fig. 6A). Activation of
PRAK and p38 by the skin tumor supernatant was also ob-
served in primary MVECs (Fig. 6H). Thus, PRAK and p38 are
activated concurrently in endothelial cells in response to
tumor-secreted factors. Interestingly, the activity of p38 was
induced rapidly after only 15 min of treatments and returned to
the basal level after 3 h, while the activation of PRAK, albeit also
rapid, persisted at least after 3 h (data not shown). These data
suggest that transient activation of p38 by tumor-secreted fac-
tors leads to a more prolonged activation of its downstream
kinase PRAK in migrating endothelial cells.
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FIG 7 ERK3 and ERK4 are dispensable for the activation of PRAK and FAK and cell migration induced by skin tumor-secreted proangiogenic factors in
endothelial cells. (A) Western blot (WB) (top and bottom) and quantitative real-time PCR (bar graph) analyses of HUVECs transduced with a scrambled
shRNA (shSC) or shRNA for ERK4 (shERK4-426 and -435) or ERK3 (shERK3-360 and -986), showing knockdown of ERK4 and ERK3. (B) Western blot
analysis of HUVECs transduced with a scrambled shRNA (shSC) or shRNA for ERK4 (shERK4-426 and -435) or ERK3 (shERK3-360 and -986) and treated
with control medium (Ctrl) or skin tumor supernatant (TS) for 30 min, detecting indicated proteins. (C) Proliferation (population doubling) of HUVECs
transduced with a scrambled shRNA (shSC) or shRNA for ERK4 (shERK4-426 and -435) over a period of 14 days. (D) Migration activity of HUVECs
transduced with a scrambled shRNA (shSC) or shRNA for LacZ (shLacZ), ERK4 (shERK4-426 and -435), or ERK3 (shERK3-360 and -986) in response to
control medium (Ctrl), skin tumor supernatant (TS), or 20 ng/ml of recombinant VEGF was measured in the Boyden chamber assay. The number of cells
that had migrated to the bottom surface of the membrane among 1 X 10 seeded cells was counted in 10 randomly chosen 40X fields. The fold increase
in migration was calculated for each cell line by dividing the average number of cells/field in the presence of TS or VEGF by that without stimuli (Ctrl).

(A, C, and D) All the numbers are mean * SD for triplicates.

To investigate the contribution of p38 and ERKs to PRAK
activation during endothelial cell migration, we examined the
effects of a MEK1/2 inhibitor, PD98053, and a p38 inhibitor,
SB203580, and shRNA for p38a or ERK3/4. As expected,
SB203580 and PD98053 inhibited the tumor supernatant- and
VEGEF-induced kinase activity of p38 and ERK1/2, respectively,
without affecting the other MAPK (Fig. 6D). The induction of
PRAK kinase activity and T182 phosphorylation by tumor-
secreted factors was disrupted only by SB203580 and not by
PD98053 (Fig. 6D). In addition, shRNA for p38«, but not those
for ERK3 or ERK4, inhibited the induction of activating phos-
phorylation of PRAK (Fig. 6F, 7A and 7B). Therefore, PRAK is
activated by p38, but not by ERK1/2 or ERK3/4, during endo-
thelial cell migration.

Consistent with the essential role of the p38-PRAK circuit in
endothelial cell migration, SB203580 and p38a shRNA abol-
ished the migration of HUVECs in response to skin tumor-
secreted factors (Fig. 6E and G). PD98053 and another MEK
inhibitor, U0126, also disrupted HUVEC migration (Fig. 6D),
suggesting that the MEK-ERK pathway also contributes to en-
dothelial cell migration, but likely via a PRAK-independent
mechanism. The latter finding is consistent with previous re-
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ports that ERK2 regulates the dynamics of focal contacts in
migrating cells by directly phosphorylating FAK and paxillin
(21, 22, 27). None of the compounds had significant effects on
the proliferation of HUVECs in the presence or absence of skin
tumor supernatant (data not shown), indicating that inhibi-
tion of these pathways specifically altered the migration, but
not the proliferation, of the endothelial cells. In contrast to
what was seen for p38 and ERK1/2, knockdown of ERK3 or
ERK4 had no effect on migration (Fig. 7D) of HUVECs, al-
though ERK4 shRNAs inhibited their proliferation (Fig. 7C).
Therefore, ERK3/4 are not required for either PRAK activation
or HUVEC migration in response to tumor-secreted proangio-
genic factors.

PRAK is essential for the activation of FAK on focal contacts
and cytoskeletal reorganization during endothelial cell migra-
tion. To investigate the mechanism underlying the role of
PRAK in endothelial cell migration, we analyzed the effect of
PRAK deficiency on cytoskeletal reorganization, a crucial step
in cell movement. Treatment with tumor supernatant or VEGF
induced the formation of actin stress fibers crossing the cell in
control HUVECs but not in cells with PRAK knockdown (Fig.
8A and B). Focal adhesion kinase (FAK) is a major regulator of

Molecular and Cellular Biology

Ausianiun uswerx Aq 2102 ‘TZ YdJe uo /610’ wse qow;/:dny woly papeojumod


http://mcb.asm.org
http://mcb.asm.org/

Control TS 15m B

Role of PRAK in Cell Migration and Tumor Angiogenesis

Phalloidin P-FAK

Control

shGFP

o
[T
Q
<

[

| =
k=]
%%-- ‘01
c|x T
o< -~
+ & X
o
¥ |c <
< o x
. =
G.‘Q »
N
< c
o
5 o
w
(O]
%
E £
Ctrl TS VEGF =]
2|2
5 ® S“GFP S“‘?\‘ S“GFPS\'\P\‘ S =
O a . = 4
L £ v < Yo} L n v < <
[z [Z) - o ko o - - ™ o0’
P-FAK T e e Rk B “_Cu;
FAK [+ . . — o w—
P-HSP27 .- - e ed D
o
w
HSP27 [0 &
ACHN |5 - —— - « @
g2
X
<
o
o
L
[

VEGF 30m Control VEGF 30m

Control

FIG 8 PRAK is essential for cytoskeletal reorganization and FAK activation by skin tumor-secreted proangiogenic factors. (A and B) HUVECs transduced
with shRNA for GFP (shGFP) or PRAK (shPRAK89 and shPRAK1119) were treated with control medium (Control), tumor supernatant (TS) (A) or VEGF
(B) for 15 min (A) or 30 min (B). Cells were stained with an anti-phospho-FAK (Y397) antibody (A) and/or (B) rhodamine-conjugated phalloidin.
Activated FAK in focal contacts, actin filaments, and nuclei are shown in green, red, and blue, respectively. (C and D) HUVECs transduced with shRNA
for GFP (shGFP) or PRAK (shPRAK1119) were treated with control medium (Control), tumor supernatant (TS), or VEGF for 30 min. Cells were stained
with an antivinculin (C) or anti-FAK (D) antibody. FAK and vinculin signals and nuclei are shown in green and blue, respectively. Symbols: white arrows,
small and sparse focal adhesions in control cells; red arrows, more-intensive focal adhesions induced by proangiogenic factors. (E) Western blot analysis
of HUVECs transduced with shRNA for GFP (shGFP) or PRAK (shPK) and treated with control medium (Ctrl), tumor supernatant (TS), or VEGF for the

indicated times.

cytoskeletal organization (30). In response to migratory stim-
uli, FAK is activated through phosphorylation on residues in-
cluding Y397 and localized to focal contacts. We found that in
control, unstimulated cells, the phospho-FAK-Y397 signal was
weak, diffuse, and predominantly cytoplasmic. Treatment with
tumor supernatant or VEGF induced a striking increase in
phospho-FAK staining on focal adhesions and in the number
of phospho-FAK-positive focal adhesions in control HUVECs
but not in HUVECs expressing PRAK shRNA (Fig. 8A and B).
Consistent with previous reports (1, 9), while small and sparse
FAK- and vinculin-containing focal adhesions were present in
untreated HUVECs, they were induced in both size and quan-
tity by the skin tumor supernatant or VEGF, and PRAK knock-
down did not alter the induction of these focal adhesions (Fig.
8C and D). Moreover, Western blot analysis revealed that
PRAK silencing led to reduction in the steady-state level of
activated FAK in cells but had no effect on the total level of FAK
protein (Fig. 8E). Thus, PRAK is essential for FAK activation
on focal contacts and cytoskeletal reorganization during mi-
gration of endothelial cells but is dispensable for the induction
of focal adhesions and the expression and focal adhesion-
localization of FAK.

The PRAK-FAK circuit mediates endothelial cell migration
independently of the MK2-HSP27 pathway. MK2 is another p38
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downstream substrate protein kinase related to PRAK (42).
When activated by VEGF, MK2 regulates endothelial cell mi-
gration by phosphorylating and inactivating heat shock protein
27 (HSP27), an inhibitor of actin polymerization (15, 26, 39).
Knockdown of MK2 (Fig. 6A and 9A) blocked tumor
supernatant- and VEGF-induced HUVEC migration (Fig. 9B)
and HSP27 phosphorylation (Fig. 9C) but not FAK activation
(Fig. 9C). On the other hand, although PRAK can also phos-
phorylate HSP27 in vitro, VEGF- and skin tumor supernatant-
induced HSP27 phosphorylation was intact in HUVECs ex-
pressing PRAK shRNA (Fig. 8E). Thus, PRAK and MK2 both
contribute to endothelial cell migration by regulating different
signaling events (activation of FAK and inactivation of HSP27,
respectively) that are essential for cell motility.

PRAK and FAK are activated by tumor secreted proangio-
genic factors via VEGFR2 during endothelial cell migration.
VEGF-induced angiogenesis involves 3 VEGF receptors
(VEGFRI to -3) and 2 coreceptors (NRP1 and -2) (28). Despite
the obvious expression of the other VEGF receptors in MVEC
and HUVECs (Fig. 8A), we failed to detect VEGFR3 in these
cells, possibly reflecting its restricted expression in lymphatic
endothelium in adults (3). To examine the role of VEGF recep-
tors in the activation of the PRAK-FAK circuit, we designed
shRNA that effectively knocked down VEGFR1, VEGFR2,

mcb.asm.org 615

Ausianiun uswerx Aq 2102 ‘TZ YdJe uo /610’ wse qow;/:dny woly papeojumod


http://mcb.asm.org
http://mcb.asm.org/

Yoshizuka et al.

A B
12 WlshSC
HshMK2-A c3
10 EshMk2-B 8
w1 ©
2 0.8 "62
2
% o6 S
g Y =
[}
g =]
5 04 21
o] ©
5 o
0.2 [
0.0 . C 1 N °
By ‘\5 20/ e s
Primer Set2 ° BN 5‘\“\\(3« 5‘(\“\(3«
C shSC shMK2-A shSC shMK2-B
[T [T [T
E o0 8 E o 8 E 0o B 0 8
O F 5 6 F > O F O ¢ >
P-FAK [y vt 8 ot 89 04| (= o ~» ow o=
FAK e e e |- ——— -

P-HSP27| ™% s wm =% »v « =

actin [ S e -
Ponceau [W S S S e o [ (- —— - —

FIG 9 MK2 is essential for skin tumor supernatant- and VEGF-induced
HUVEC migration and HSP27 phosphorylation but not for the activation
of FAK. (A) Quantitative real-time PCR analysis of HUVECs transduced
with a scrambled shRNA (shSC) or shRNA for MK2 (shMK2-A and -B),
showing knockdown of MK2 by shRNA. (B) Migration activity of HUVECs
transduced with a scrambled shRNA (shSC) or shRNA for LacZ (shLacZ)
or MK2 (shMK2-A and -B) in response to control medium (Ctrl), skin
tumor supernatant (TS), or 20 ng/ml of recombinant VEGF was measured
in the Boyden chamber assay. The number of cells that had migrated to the
bottom surface of the membrane among 1 X 10* seeded cells was counted
in 10 randomly chosen 40X fields. The fold increase in migration was
calculated for each cell line by dividing the average number of cells/field in
the presence of TS or VEGF by that without stimuli (Ctrl). (A and B) All the
numbers are mean = SD for triplicates. (C) Western blot analysis of HU-
VECs transduced with a scrambled shRNA (shSC) or shRNA for MK2
(shMK2-A and -B) and treated with control medium (Ctrl), skin tumor
supernatant (TS), or 20 ng/ml of recombinant VEGF for 30 min, detecting
indicated proteins.

NRP1, or NRP2 (Fig. 10A). Silencing of VEGFR1, VEGFR2,
and NRP1, but not of NRP2, led to the inhibition of the tumor
supernatant- and VEGF-induced migration of HUVECs (Fig.
10B). Furthermore, the activation of PRAK and FAK was dis-
rupted only by the VEGFR2 shRNA and not by shRNA for the
other VEGF receptors (Fig. 10C). Therefore, while multiple
VEGF receptors are essential for endothelial cell migration in-
duced by skin tumor-secreted proangiogenic factors, the acti-
vation of PRAK and FAK is predominantly mediated by
VEGFR2.

DISCUSSION

Combined with our previous report (45), the current study
indicates that p38-PRAK pathway can either suppress or pro-
mote cancer development, depending on the stimulus of acti-
vation, the tissue type in which this pathway is activated, and
the stage of carcinogenesis at which it is activated. When acti-
vated by oncogenes in normal skin epithelial cells, it suppresses
tumor formation by triggering senescence. However, once se-
nescence is compromised and tumors are formed, this pathway
is activated by tumor-secreted proangiogenic factors in the
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host endothelial cells, resulting in migration of the endothelial
cells and tumor angiogenesis supporting tumor growth and
malignant progression. These findings have thus defined the
temporal and spatial differences between the two opposite
functions of the p38-PRAK pathway in cancer development in
an in vivo model.

This study reveals a novel signaling pathway mediating the
migration of host endothelial cells toward tumors and tumor
angiogenesis, involving VEGF, VEGFR2, p38, PRAK, and FAK.
Our results are consistent with the notion that tumor angio-
genesis is a complicated process involving multiple parallel
pathways. The p38-PRAK-FAK pathway identified in this study
is novel and independent of the previously characterized p38-
MK2-HSP27 pathway. Although PRAK and MK2 are both p38
downstream substrate kinases, their functions in cell migration
diverge upon activation by p38 in response to proangiogenic
factors. While PRAK is responsible for the activation of FAK
but not the inactivation of HSP27, MK2 mediates the inactiva-
tion of HSP27 but not the activation of FAK. It has been doc-
umented that the MK2-HSP27 circuit mediates actin polymer-
ization, a process that does not rely on FAK activation (38).
Moreover, ERK1/2 are required only for cell migration and not
for PRAK activation and thus are likely to contribute to cell
motility by regulating pathways independent of PRAK and/or
FAK. Besides p38 and ERK1/2, the atypical MAPKs ERK3 and
ERK4 have also been implicated as upstream activators of
PRAK (40, 41). However, although we cannot completely rule
out their involvement, our data suggest that ERK3/4 may not
be the major mediator of PRAK activation or HUVEC migra-
tion in response to skin tumor-secreted proangiogenic factors.

In this study, an autophosphorylation site Y397 was used to
monitor FAK activation, which cannot be a direct PRAK sub-
strate. FAK activity is regulated by multiple mechanisms (30),
including phosphorylation by Src, dephosphorylation by pro-
tein tyrosine phosphatases, and interactions with positive and
negative regulators. In addition, the FERM domain of FAK
autoinhibits FAK activity by binding in trans to the FAK cata-
lytic domain. PRAK may induce FAK by activating FAK kinases
or other activators or by inactivating FAK inhibitors. Alterna-
tively, PRAK may directly phosphorylate certain Ser/Thr resi-
dues on FAK, rendering FAK more accessible to its direct acti-
vators or relieving the inhibition by its negative regulators.

Angiogenesis is essential for both physiological and patholog-
ical processes (7, 37). Although the PRAK knockout mice are de-
fective in tumor-induced angiogenesis, they display no deficiency
in normal angiogenesis during development and have the same
life span as their PRAK"/* and PRAK™/~ littermates. These facts
suggest that physiological angiogenesis and tumor angiogenesis
are regulated by overlapping but distinct mechanisms and that the
PRAK-mediated pathway is either inactive or functionally redun-
dant with another pathway during developmental and physiolog-
ical angiogenesis. There are precedents for such proteins required
specifically for tumor angiogenesis. For example, the combination
of heterozygous deletion of Id1 and homozygous deletion of Id3
(Id1*/~ 1d37/7), 2 genes encoding inhibitors for binding of basic
helix-loop-helix (bHLH) transcription factors to DNA, leads to
defects in tumor angiogenesis and impaired tumor growth, with-
out affecting normal angiogenesis or the general health of the mice
(29).

Our findings suggest that the p38-PRAK pathway may serve as
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FIG 10 PRAK and FAK are activated by a VEGFR2-dependent pathway in response to skin tumor-secreted proangiogenic factors. (A) Quantitative
real-time PCR (bottom bar graphs) and Western blot (top) analyses of HUVECs transduced with a scrambled shRNA sequence (shSC) or shRNA for
VEGFRI1 (shVRI-A and -B), VEGFR2 (shVR2-A and -B), NRP1 (shNRP1-A and -B), or NRP2 (shNRP2-A and -B), showing knockdown of targeted genes.
Numbers in bar graphs are mean = SD for triplicates after normalization to GAPDH signals. (B) Migration activity of HUVECs transduced with
scrambled shRNA (shSC) or shRNA for VEGFR1 (shVR1-A and -B), VEGFR2 (shVR2-A and -B), NRP1 (shNRP1-A and -B), or NRP2 (shNRP2-A and
-B) induced by control medium (Ctrl), skin tumor supernatant (TS), or 20 ng/ml of VEGF were measured in the Boyden chamber assay. The number of
cells that had migrated to the bottom surface of the membrane among 1 X 10% seeded cells was counted in 10 randomly chosen 40X fields. The fold
increase in migration was calculated for each cell line by dividing the average number of cells/field in the presence of TS or VG by that without stimuli
(Con). All the numbers are mean = SD for triplicates. (C) HUVEC lines described in panel B were subjected to Western blot analysis detecting indicated

proteins.

an important new target for the antiangiogenic therapy of cancer.
The requirement of PRAK in both skin carcinogenesis and LLC
models suggests that it may play a key role in angiogenesis in
multiple types of solid tumors. Since PRAK is essential for tumor
angiogenesis and growth but not for normal angiogenesis and
development, inhibitors of PRAK or other components of this
pathway might be useful as specific antiangiogenic drugs for can-
cer. However, since the p38-PRAK pathway also contributes to the
suppression of tumor formation in tissues such as skin epithelium,
it may be necessary to deliver these inhibitors specifically into the
host endothelial cells and/or to use these inhibitors for the treat-
ment of cancer patients at advanced stages.
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