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The small GTPase Ras is mutated to remain in the active onco-
genic state in one-third of human cancers, thereby promoting
tumorigenesis. It has recently come to light that one consequence
of oncogenic Ras signaling is secretion of cytokines vascular en-
dothelial growth factor (VEGF), interleukin 6 (IL6), hCXCL1
(Gro-a) and hCXCLS8 (IL8). As the latter two belong to the ELR+
Cys-X-Cys (CXC) chemokine family, we investigated whether the
entire family of ELR+ CXC chemokines plays a role in oncogenic
Ras-mediated tumorigenesis. We now demonstrate that oncogenic
Ras induced the expression and secretion of the ELR+ CXC che-
mokine family in different tumorigenic human cells and that these
chemokines are elevated in tumor specimens. Moreover, genetic
ablation of the common receptor for these chemokines, nCXCR2,
reduced oncogenic Ras-driven tumorigenesis in mice. Taken
together, we suggest that oncogenic Ras induces the secretion of
the ELR+ CXC chemokine family to promote tumorigenesis.
This chemokine signature may identify the presence of Ras acti-
vation in cancer and perhaps even serve as targets for oncogenic
Ras-driven tumor cells.

Introduction

One of three Ras small GTPases genes HRAS, NRAS or KRAS acquire
a mutation rendering the encoded protein constitutively guanosine
triphosphate (GTP) bound and thereby in the active and oncogenic
state in one-third of human cancers and as high as 90% of pancreatic
cancers (1). Constitutively active GTP-bound Ras binds to and acti-
vates a number of proteins that transmit a potent oncogenic signal
fostering many tumorigenic phenotypes (2). Mounting evidence sup-
ports the notion that oncogenic Ras signaling also induces the secre-
tion of cytokines, which in turn promote tumor growth. Specifically,
activated Ras has been shown to upregulate VEGF, which acts on
endothelial cells to promote vasculature formation (3,4). Moreover,
Ras induces expression of hCXCL8 in HeLa cells infected with
activated HRas as assayed by enzyme-linked immunosorbent assay
(ELISA) (5). hCXCLS is an ELR-+ chemokine most well known for
its ability to recruit neutrophils to sites of inflammation (6). Injection
of CXCLS neutralizing antibodies in a xenograft model led to a de-
crease in Ras-induced tumorigenesis (5), presumably in a paracrine
fashion since the tumor cells lacked the hCXCR1 and hCXCR?2 re-
ceptors for h(CXCLS (5). Inhibition of hCXCLS8 also led to an increase
in necrosis consistent with a defect in tumor vasculature and paracrine
mechanism of action. It should also be noted that hCXCLS is upregu-
lated in pancreatic (7), lung (8), melanoma (9), breast (10,11), pros-
tate (12,13) and ovarian (10,11) cancers. Studies in our laboratory
have demonstrated a role for interleukin (IL6) in Ras-induced tu-
morigenesis (14). IL6 acts in a pleiotropic manner eliciting cell
survival, angiogenic, as well as metastatic effects on tumors (15).

Abbreviations: CXC, Cys-X-Cys; DMBA, dimethylbenzanthracene; ELISA,
enzyme-linked immunosorbent assay; GTP, guanosine triphosphate; HEK, hu-
man embryonic kidney; IL, interleukin; mRNA, messenger RNA; RT-PCR, re-
verse transcription—polymerase chain reaction; shRNA, short hairpin RNA; TPA,
12-O-tetradecanoylphorbol 13-acetate; TUNEL, terminal deoxynucleotidyl
transferase dUTP nick end labeling; VEGF, vascular endothelial growth factor.

It has been shown by ELISA and reverse transcription—polymerase
chain reaction (RT-PCR) that Ras induces expression of IL6 and
that knockdown of IL6 with IL6 short hairpin RNA (shRNA) re-
duces tumorigenic growth of both genetically defined cells as well as
in pancreatic cancer cell lines. Furthermore, IL6 null mice show a
decrease in dimethylbenzanthracene (DMBA)/12-O-tetradecanoyl-
phorbol 13-acetate (TPA) induced sporadic tumors as compared with
wild-type controls (14). As knockdown of IL6 in cells lacking the
IL6 receptor reduced tumorigenesis, IL6 presumably acts in a para-
crine fashion. Indeed, knockdown of IL6 also resulted in decreased
tumor vasculature. As with hCXCLS, IL6 is upregulated in a variety
of human cancers, including pancreatic, lung, colorectal, melanoma,
breast, prostate and ovarian (16). Studies have also demonstrated
that h(CXCL1 is upregulated by activated Ras and that this activation
is required for proper tumorigenesis (17,18). As with hCXCLS,
hCXCLI1 is best known as a neutrophil chemoattractant (19). HRas-
and KRas- expressing immortalized ovarian cells express elevated
levels of hCXCL1 as compared with non-Ras expressing controls
(17). Moreover, shRNA-mediated inhibition of hCXCLI1 led to a de-
crease in Ras tumorigenesis in a xenograft model (18). It appears
that hCXCLI1 also acts in a paracrine manner, although through
a different mechanism compared to hCXCLS or IL6. Increased ex-
pression of hCXCL1 led to an increase in senescent fibroblasts in the
tumor area and addition of hCXCLI1 to the media of cultured fibro-
blasts induced senescence (18). Lastly, co-injecting such senescent
fibroblasts with non-tumorigenic cells into mice actually promoted
tumorigenesis.

Of these four chemokines, hCXCL1 and hCXCLS belong to the
ELR+ CXC family of chemokines, comprised of CXCL1 (GRO-a), 2
(GRO-B), 3 (GRO-Y), 5 (ENA-78), 6 (GCP-2), 7 (NAP-2) and 8 (IL-8)
in humans or mCXCL1, 2, 3, 5 and 6 in mice. These chemokines are
characterized by a canonical Cys-X-Cys (CXC) motif preceded by
a Glu-Leu-Arg (ELR) sequence, which promotes an interaction and
subsequent activation of primarily the CXCR2 receptor, although
some of these chemokines can bind additional receptors (20,21). Ac-
tivation of receptors by ELR+ CXC chemokines in immune cells can
lead to a chemotactic response, recruiting activated cells to the site of
chemokine secretion and eliciting a localized immune response,
which could facilitate angiogenesis (21,22). Furthermore, CXCR1
and CXCR?2 receptors are found on endothelial cells and activation
of these receptors has been shown to inhibit apoptosis, induce migra-
tion and tube formation in endothelial cells, processes linked to
angiogenesis (23).

The ability of ELR+ CXC chemokines and their activated recep-
tors to promote angiogenesis, and at least in the case of hCXCL1 and
hCXCLS, to foster oncogenic Ras-driven tumorigenesis (5,18)
prompted us to investigate the involvement of the entire family of
ELR+ CXC chemokines in oncogenic Ras-driven tumorigenesis.

Materials and methods

Vectors

pBabePuro, pBabeBleo and pBabePuro-HRas®!?Y, p>CMVNeo-TET, pSUPER-
RETRO-PURO-TETO-KRas®!?P shRNA, pBabeHygro-TERT, pBabeNeo-
SV40 T-Ag and pBabeZeo-cMyc™®” were described previously (24-26).
pBabeBleo-FLAG-NRas®'?V was generated by subcloning PCR-amplified
NRas complementary DNA (cDNA) (using primers 5'-CGGGATCCGCC-
ACCATGGACTACAAAGACGATGACGACAAGACTGAGTACAAACTG-3’
and 5'-GAATTCCTTACATCACCACACATGG-3') into the BamHI and
EcoRlI sites of pBabeNeo. pBabeNeo-FLAG-KRas®'?Y was generated by sub-
cloning PCR-amplified KRas%'2Y ¢DNA (using primers 5'-CGGGAT-
CCGCCACCATGGACTACAAAGACGATGACGACAAGACTGAATATAAA-
CTTGTG-3" and 5'-ACGCGTCGACTTACATAATTACACACTTTGTCTT-3")
into the BamHI and Sall sites of pBabeNeo. pPSUPER-RETRO-PURO-hCXCL1
shRNAI and shRNA2 were engineered to encode the shRNA sequence
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5'-GCATCGCTTAGGAGGAAGTCTT-3" and 5'-GCACACTGTCCTATTATA-
3', respectively. pPSUPER-RETRO-PURO encoding the shRNA sequence 5'-GA-
CAGGTTTCTGTAGAAGA-3' was used as a scramble control.

Cell lines

HEK-HT, HEK-HT HRas®'?Y, BJ-HT, BJ-HT HRas®'?, HSMM-HT and
HSMM-HT HRas®'?V cell lines were described previously (24,27-29).
HEK-HT cells were stably infected with a retrovirus derived from pBabebleo
or pBabebleo-NRas®!?V using a protocol described previously (30) or tran-
siently transfected with pBabeneo or pBabeneo-KRas%!2Y, generating the cells
HEK-HT-vector or HEK-HT-NRas®!?V and HEK-HT-vector or HEK-HT-
KRas®'?Y, respectively. Primary HEK cells were stably infected with retrovi-
ruses derived from plasmids pBabeHygro-hTERT and pBabeNeo-SV40 T-Ag.
Resultant HEK hTERT/T-Ag cells or HeLa (American Type Culture Collec-
tion, Manasass, VA) cells were then stably infected with retroviruses derived
from plasmids pBabeZeocMyc™®* or pBabePuro-FLAG-KRas®!?V using
a protocol described previously (30). SW1990 (American Type Culture Col-
lection) cells were stably transduced with pCMVNeo-TET and pSUPER-
RETRO-PURO-TETO-KRas®'?P shRNA similar to approaches described
previously (24) to create the cell line SW1990 DOX KRas®!?P shRNA.
HRas®!?Y HEK-HT and AsPC1, Pancl, SW1990 and Capan1 cells (American
Type Culture Collection) were stably infected with retroviruses derived from
pSUPER-RETRO-PURO scramble or hCXCL1 shRNA-1 using a protocol de-
scribed previously (30).

RT-PCR

Total RNA isolated from HeLa, HEK-HT, BJ-HT, HSMM-HT and SW1990-
DOX-KRas®'?P shRNA (in the absence and presence of 64 pg/ml doxycyclin)
cells was reverse transcribed using an oligo-dT primer and amplified with the
gene specific primer pairs 5'-ACCTCCTCGCCAGCTCTT-3" and 5'-CT-
TCAGGAACAGCCACCAG-3' to detect hCXCL1; 5'-AGCTCTCCTCCTC-
GACA-3' and 5'-CTTCAGGAACAGCCACCAA-3'to detect hCXCL2;
5'-AAGTGTGAATGTAAGGTCCCC 3’ and 5'-CTTTCCAGCTGTCCC-
TAGAA-3’ to detect hCXCL3; 5'-GAGAGCTGCGTTGCGTTTG-3' and
5"-TTTCCTTGTTTCCACCGTCCA-3" to detect hCXCLS5; 5'-CGCTGGT-
CCTGTCTCTGCT-3"and 5'-GTTTTTCTTGTTTCCACTGTCC-3" to detect
hCXCL6; 5'-ACCATGAGCCTCAGACTTGATACC-3" and 5'-TTAATCAG-
CAGATTCATCACCTGCC-3" to detect hCXCL7; 5'-TTGCCAAG-
GAGTGCTAAAGAAC-3" and 5'-GTCACTTCTACGGTCATTTG-3" to
detect hCXCLS; 5'-GAGAGACCCTCACTGCTG-3' and 5'-GATGGTACAT-
GACAAGGTGC-3' to detect GAPDH; 5'-ACGAGCACAAGCTCACC-3’
and 5'-TTTCCACACCTGGTTGC-3' to detect cMyc and 5'-TGTGGTAGTT-
GAGCTGGTG-3" and 5'-TGACCTGCTGTGTCGAGAAT-3'to detect ec-
topic KRas messenger RNA (mRNA). Total RNA isolated from DMBA/
TPA-induced tumors, normal B6 mouse skin or frozen human tissues reverse
transcribed with oligo-dT and subsequently amplified with the following
gene-specific primer pairs. 5'-GCTGGGATTCACCTCAAGAA-3" and 5'-
TCTCCGTTACTTGGGGACAC-3’ to detect mCXCL1; 5'-AAGTTTGCCT-
TGACCCTGAA-3' and 5'-AGGCACATCAGGTACGATCC-3’ to detect
mCXCL2; 5'-ATCCAGAGCTTGACGGTGAC-3" and 5'-GGATGGATCGC-
TTTTCTCTG-3' to detect mCXCL3; 5'-TGCCCCTTCCTCAGTCATAG-3’
and 5'-GTGCATTCCGCTTAGCTTTC-3" to detect mCXCLS5; 5'-GCGCT-
GCAGATGTACGAATA-3' and 5'-AGGAAAATGGTTTGGCACAG 3’ to
detect mCXCL7 and 5'-TGGTCTTTCTGGTGCTTGTCTCAC-3' and 5'-AT-
TTCAATGTGAGGCGGGTGGAAC-3" to detect B2M mRNA. Number of
PCR cycles (94°C for 30 s, 55°C for 60 s, 72°C for 90 s) varied from 20 to
35 depending on cell line and transcript.

Immunoblot

Flag-HRas®'2Y, B-actin and Flag-NRas®!?V were detected by immunoblot with
the antibodies o-Pan-Ras (Oncogene Research Products, La Jolla, CA),
a-actin C-2 (Santa Cruz Biotechnology, Santa Cruz, CA) and o-Flag (Sigma,
St. Louis, MI) antibodies, respectively.

Chemokine detection

Cells were seeded at 80% confluency in the absence of serum, and 48 h later,
isolated media was centrifuged to remove debris and diluted 1:1 (HEK cells),
1:3 (BJ fibroblasts) or not diluted (human skeletal muscle myoblasts) in sample
diluent (Raybiotech, Norcross, GA). Human serum samples (Bioreclamation,
Liverpool, NY) were undiluted. The levels of the indicated ELR+ CXC che-
mokines in samples were quantitated using a Custom Quantibody Array as per
manufacture’s protocol (Raybiotech). Results were normalized per milligram
of protein extracted with RIPA buffer (1x phosphate buffered saline (PBS), 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS) from total cell lysate of the
same cells which media was tested in ELISA. Pancreatic cancer cell lines
(AsPCI, Pancl, SW1990, Capanl and SW1990-DOX-KRas®!?P shRNA in
the absence and presence of 64 pg/ml doxycyclin) were seeded at 80% con-
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fluency on day 1. Cells were then serum starved on day 2 for 48 h and media
was collected. Conditioned media were diluted 1:4 in sample diluent.
hCXCLI1-ELISA was performed using manufacturer’s instructions (R & D
systems, Minneapolis, MN). Results are normalized to total protein.

DMBA/TPA skin carcinogenesis

The backs of 24 (12 male, 12 female) wild-type Balb/c mice and 14 (7 male, 7
female) homozygous mCXCR2 knockout (/[8rb™!Mwm/[i8rb™Mwm) Balb/c
mice (Jackson Laboratory, Bar Harbor, ME) were topically treated with
150pl of 125pg/ml DMBA (Sigma) in dimethyl sulfoxide. One week later, the
same region was topically treated twice a week with 150pl of 1 x 10~*M TPA
(Sigma) in dimethyl sulfoxide for 20 weeks. Tumor number and size were
recorded weekly. All procedures were done using a protocol approved by the
DUMC Institutional Animal Care and Use Committee.

Xenografts

Ten million cells in PBS were injected into the flanks of SCID-Beige mice
following published protocols (30). Following removal from the mice, tumors
were fixed in formalin, paraffin embedded, sectioned and stained with Ki-67,
CD-31 and terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay using standard protocols.

Results

Induction of ELR+ CXC chemokines by oncogenic HRas

HEK cells expressing the early region of SV40 encoding T-Ag and
t-Ag, and hTERT, the catalytic subunit of telomerase (HEK-HT cells),
are driven to a tumorigenic state upon expression of oncogenic HRas
(HRas®!2V). Because of an absolute requirement for oncogenic Ras
for tumorigenesis and the defined genetic background of these cells
(28,29), we tested whether the mRNA and secreted protein levels of
the human ELR+ CXC chemokine family (hCXCL1, 2, 3, 5, 6, 7 and
8) were elevated in HEK-HT cells stably infected with a retrovirus
encoding HRas®!2Y or no transgene. Appropriate HRasG!2V expres-
sion was validated by immunoblot (Figure 1A), and chemokine
mRNA and secreted protein levels assessed by RT-PCR and antibody
array, respectively. Consistent with previous observations (5,31),
HRasC!?V increased the mRNA and secreted protein levels of
hCXCL1 and hCXCLS, and as shown here, also the remaining five
chemokines (Figure 1B and C and supplementary Table I is available
at Carcinogenesis Online). We conclude that oncogenic HRas induces
the expression and secretion of the entire ELR+4 CXC family of
chemokines in HEK-HT cells.

Induction of ELR+ CXC chemokines by oncogenic HRas in different
cell types

To test whether the concerted expression of the ELR+ CXC chemo-
kine family by oncogenic HRas was independent of cell type, the
mRNA and secreted protein levels of ELR+ CXC chemokines were
measured in human skeletal muscle myoblasts (HSMM-HT) and
human fibroblasts (BJ-HT) similarly expressing SV40 early region
and hTERT in the absence or presence of HRas®!?V (Figure 1A).
Again, both these cell types are dependent upon oncogenic HRas
for tumor growth (24,27-29), providing a means to compare chemo-
kine level with Ras-mediated tumor potential. RT-PCR and antibody
array analysis revealed that, with the possible exception of hCXCL7
in BJ-HT cells, all seven chemokines were elevated upon expression
of HRas®!2V in both cell types (Figure 1B and C and supplementary
Table I is available at Carcinogenesis Online). Thus, oncogenic
HRas induces secretion of the ELR+ CXC family of chemokines
independent of cell type.

Induction of ELR+ CXC chemokines by all three Ras family members

Oncogenic mutations to HRAS are typically detected in 10% of the
relatively rare tumors of the bladder. NRAS is more commonly mu-
tated and found in ~30% of AML cancers. However, by far most
tumors are associated with oncogenic KRAS mutations (1). Given this
prevalence of mutations in specific RAS genes in different cancers and
the unknown effect of Ras isoform on secretion of these cytokines, we
tested whether oncogenic NRas and KRas would similarly induce
expression of the ELR+ CXC chemokine family. To this end,
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Fig. 1. HRas®'2V increases expression and secretion of ELR+ CXC chemokines. (A) Immunoblot (IB) using a pan-Ras demonstrating ectopic HRas
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expression, and (B) RT-PCR of ELR+ CXC chemokines demonstrating elevated chemokines levels upon expression of HRas%!?V in HEK-HT, BJ-HT and
HSMM-HT cells expressing HRas®'?Y (4) compared with a control vector (—). Tubulin and GAPDH serves as loading controls. (C) Antibody array
demonstrating increased secretion of ELR+ CXC chemokines in HEK-HT, BJ-HT and HSMM-HT cells expressing HRasC!2V (grey bar) compared with a vector
control (black bar). For ease of comparison between different chemokines and cell lines, the level of the each chemokine in the media collected from the indicated
cell lines was normalized to the total protein in the media and depicted as a percentage of the level of the corresponding chemokine in the Ras-expressing cells,

which was set at 100%.

HEK-HT cells were stably retrovirally infected or transfected with
a vector encoding NRas®!2Y, KRasS!2V or as a control, no transgene,
after which appropriate expression of ectopic Ras was verified (sup-
plementary Figure 1A and B is available at Carcinogenesis Online)
and chemokine levels assessed by RT-PCT. KRas®!?V induced ex-
pression of all seven ELR+ CXC chemokines, whereas NRas®!2V
induced all but hCXCL5 and hCXCL6 (supplementary Figure 1C
is available at Carcinogenesis Online). Thus, oncogenic versions of
any of the three Ras family members increases the levels of ELR+
CXC chemokines.

ELR+ CXC chemokines are upregulated by oncogenic Ras but not
oncogenic Myc

To assess whether the upregulation of ELR+ CXC chemokines was
specific to Ras and not other oncogenes, the mRNA level of h(CXCLI1,
2,3,5,6,7 and 8 was measured in HEK cells engineered to express
hTERT, SV40 T-Ag and a control vector or one encoding either on-
cogenic KRas%12Y or oncogenic cMycT>#4 (26). Small t-Ag was not
expressed in these cells since it can activate cMyc (26,32). Consistent
with the above experiments, expression of oncogenic KRas®!?V in the
resultant HEK-hTERT/T-Ag cells induced the expression, as assessed
by RT-PCR, of all seven of these chemokines compared with vector
control cells. In contrast, expression of cMycT>84 if anything, re-
duced the level of these chemokines (Figure 2A). To validate these
results in an independent setting, we measured the mRNA levels of
these chemokines by RT-PCR in HeLa cells engineered to stably
express no transgene, KRas®!2V or ¢Myc™834, In agreement with

the previous experiment, only oncogenic KRas®!?V induced expres-
sion of ELR+ CXC chemokines (Figure 2B). Thus, oncogenic Ras,
but not oncogenic cMyec, induces ELR+ CXC chemokines.

Knockdown of oncogenic KRas in pancreatic cancer cells reduces
ELR+ CXC chemokines levels

To independently validate that oncogenic Ras induces the expression
of ELR+ CXC chemokines, we tested whether knockdown of endog-
enous oncogenic KRas in pancreatic cancer cells suppressed expres-
sion of these chemokines. Specifically, SW1990 human pancreatic
cancer cells were engineered to express doxycycline-inducible
shRNA targeting the oncogenic KRas%1?P transcript, such that the
level of hCXCLI1, 2, 3, 5, 6, 7 and 8 could be measured in the same
cells, except in the absence or presence of endogenous KRas®12P.
hCXCL2 to hCXCL8 mRNA levels were reduced, as assessed by
RT-PCR (Figure 3A), and CXCLI secreted protein levels were re-
duced (Figure 3B) in SW1990 cells upon the addition of doxycycline,
which was shown to suppress KRas®!?P expression (Figure 3A).
Thus, the endogenous mutant KRasS!?P protein increases the level
of ELR+ CXC chemokines.

ELR+ CXC chemokines are upregulated in tumors

Given the limitations of studying cell lines as a model of cancer (33),
we next determined whether ELR+ CXC expression was elevated
during carcinogen-induced tumorigenesis in mice, given that such
a model reflects the spontaneous nature of cancer in an in vivo
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Fig. 2. Oncogenic cMyc does not uniformly induce expression of
ELR-+ CXC chemokines in HEK-hTERT/T-Ag or HeLa cells. Detection of
ELR+ CXC chemokines by RT-PCR in KRas®!?Vand cMycT84 expressing
(A) HEK-hTERT/T-Ag and (B) HeLa cells. GAPDH serves as a loading
control.

environment. Specifically, premalignant papillomas characterized by
oncogenic HRAS mutations (34) occur spontaneously in mice treated
topically with 7,12 DMBA followed by repeated application of TPA.
Thus, the mRNA levels assessed by RT-PCR of mCXCL1, 2, 3, 5 and
6 (corresponding to the seven aforementioned human ELR+ CXC
chemokines) were compared between the skin of an untreated mouse
and the carcinogen-induced tumor of a mouse treated with DMBA/
TPA. We found that the level of each of these ELR+ CXC chemo-
kines was elevated in the DMBA/TPA-induced skin tumor as com-
pared with normal mouse skin (Figure 4A). We next validated these
results by comparing the levels of the ELR+ CXC chemokines in
a matched pair of normal versus tumor tissue from a patient diagnosed
with pancreatic adenocarcinoma, given that this is the cancer most
commonly associated with oncogenic Ras mutations (1). RT-PCR
analysis revealed that of these chemokines, hCXCLI, 2, 6, 7 and 8
mRNA levels were elevated in the pancreatic adenocarcinoma tumor
sample (Figure 4B). Thus, independent models of Ras tumorigenesis
demonstrate an increase in the level of ELR+ CXC chemokines.

mCXCR2~/~ mice are resistant to oncogenic Ras-driven tumors

The one common feature among all ELR+ CXC chemokines is that
they bind to and activate the CXCR2 receptor (20). As such, we
reasoned that disruption of this receptor would be a means to test
whether the concerted increase in ELR+ CXC chemokines by onco-
genic Ras was necessary for oncogenic Ras-driven tumorigenesis.
mCXCR2~/~ mice (35) were thus tested for resistance to DMBA/
TPA-induced tumors, again because this model recapitulates the spon-
taneous nature of cancer, and tumors arising in this system typically
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PCR in SW1990 cells expressing doxycyclin (dox)-inducible KRas%!?P
shRNA treated with dox for 48 h compared with untreated cells. GAPDH
serves as loading control. (B) hCXCL 1 levels in conditioned media from
serum starved SW1990 cells expressing doxycycline (dox-inducible
KRasC!?P shRNA treated with dox for 48 h compared was assayed by
ELISA.

harbor oncogenic RAS mutations (34). mCXCR2+/+ and mCXCR2~/~
mice were treated topically with DMBA, followed by TPA and tumor
number and size were monitored over time. We found that there was
a delay in the onset of tumors, as the point when 50% of mice ex-
hibited tumors occurred at week 12 in control mice, but at week 16.5
in the mCXCR2~/~ mice (Figure 5A and B). There was also a decrease
in the number of mice with tumors; specifically, control mice all
formed tumors by week 18.5, whereas at the termination of the ex-
periment almost a quarter of the mCXCR2~/~ mice still were tumor-
free (Figure 5A and B). Lastly, control mCXCR2%* mice formed
more tumors per mouse, having an average of 7.7 tumors/mouse
compared with 2.9 for the mCXCR2~/~ mice at the termination of
the experiment (Figure SA and C). In agreement, a mCXCR?2 neutral-
izing antibody has also been shown to decrease the size of KRas%'?P-
driven murine lung tumors (36). Thus, the common receptor for
ELR~+ CXC chemokines, mCXCR?2, is integrally involved in mouse
models of Ras-driven tumorigenesis.

The ELR+ CXC chemokine hCXCLI is required for tumorigenesis

Given that loss of the common ELR+ CXC receptor mCXCR2 re-
duced oncogenic Ras-mediated tumorigenesis, we next tested whether
tumor-derived ELR+ CXC chemokines promote tumorigenesis.
To this end, we focused on hCXCL1 since it was uniformly elevated
in cells expressing oncogenic Ras, oncogenic Ras-driven tumors
(Figures 1, 2 and 4 and supplementary Figure 1 is available at
Carcinogenesis Online) and the serum of pancreatic cancer patients
(Figure 6).

We first tested whether knockdown of hCXCL1 reduced the tumor-
igenic growth of oncogenic Ras-transformed cells. Specifically,
HRas®!2Y HEK-HT cells stably infected with a retrovirus encoding
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Fig. 4. Upregulation of ELR+ CXC chemokines in oncogenic Ras-driven mouse and human tumors. Detection by RT-PCR of the indicated ELR+ CXC
chemokines from a (A) DMBA/TPA-induced tumor (T) versus normal mouse skin (N) or (B) matched pair of tumor (T) and normal tissue (N) removed from the
pancreas of a patient diagnosed with pancreatic cancer. B2M or GAPDH serves as a loading control.
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Fig. 5. mCXCR2 ~/~ mice are resistant to DMBA/TPA-induced carcinogenesis. (A) Representative mice at the termination of experiment (arrow: tumors),
(B) number of mice with tumors or (C) number of tumors per mouse versus time in weeks of 24 mCXCR2*/* (black diamond) and 14 mCXCR 27/~ (grey square)

mice treated topically with DMBA followed by TPA.
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Fig. 6. hCXCL1 and hCXCL7 are upregulated in pancreatic
adenocarcinoma serum. Serum concentrations of the indicated ELR+ CXC
chemokines as assessed by antibody array. Samples from age- and sex-
matched normal donors (black square) and patients diagnosed with
pancreatic adenocarcinoma (grey triangle). Bar indicates mean; *P < 0.05,
P <1x 1075

a scramble control sequence or hCXCL1 shRNA-1 that reduced the
secreted level of hCXCL1 (supplementary Figure 2A is available at
Carcinogenesis Online) were injected into the flanks of four mice
each. At the termination of the experiment, tumors derived from
cells in which hCXCL1 expression was reduced were a third the
size of scramble control tumors (supplementary Figure 2B is avail-
able at Carcinogenesis Online). We validated these results with
a second shRNA, again demonstrating that the same cells engineered

to express an independent hCXCL1 shRNA-2 (supplementary
Figure 2A is available at Carcinogenesis Online) exhibited
reduced tumorigenic growth when injected into immunocompro-
mised mice (supplementary Figure 2B is available at Carcinogenesis
Online).

In order to determine how hCXCLI shRNA inhibited tumor
growth, tumors were extracted and stained for Ki-67, TUNEL and
CD-31 to assess cell proliferation, apoptosis and tumor vasculature,
respectively. It was shown by Ki-67 staining that scramble control
cells proliferate at a significantly higher rate than hCXCL1 shRNA
cells. Furthermore, TUNEL staining indicated a higher level of
apoptosis in hCXCL1 shRNA cells. Interestingly, CD-31 staining
was higher in the hCXCL1 shRNA tumors than in the scramble
control tumors (supplementary Figure 3A and B is available at
Carcinogenesis Online). Thus, oncogenic Ras-induced secretion of
hCXCLI1 appears to promote a number of tumor phenotypes.

To address whether hCXCL1 was also required for the tumori-
genic growth of human pancreatic cancer cells, we stably infected
the human pancreatic cancer cell lines AsPC1, Pancl, SW1990 and
Capanl with a retrovirus encoding a scramble control sequence or
hCXCL1 shRNA-1, which was validated to reduce the levels of
hCXCL1-secreted protein (supplementary Figure 4A is available
at Carcinogenesis Online). These eight cell lines were then injected
into the flanks of four immunocompromised mice each and when the
first control tumor reached maximum volume (<1.5 cm?), tumors
were excised, photographed and weighed. Knockdown of hCXCL1
reduced tumor weight by approximately half in all but Capanl cells
(supplementary Figure 4B and C is available at Carcinogenesis On-
line), cells which incidentally exhibited the poorest knockdown and
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highest endogenous secreted levels of hCXCL1 (supplementary Fig-
ure 4A is available at Carcinogenesis Online and data not shown).
These results agree with the observation that hCXCL1 is upregu-
lated by Ras and is required for Ras-driven tumorigenesis (18).
Thus, knockdown of an ELR+4 CXC chemokine reduces oncogenic
Ras-driven tumor growth.

In order to determine how hCXCL1 shRNA inhibited tumor
growth, Panc-1 tumors were extracted and stained for Ki-67, TUNEL
and CD-31 to assess cell proliferation, apoptosis and tumor vascula-
ture, respectively. It was shown by Ki-67 staining that scramble con-
trol cells proliferate at a significantly higher rate that do hCXCL1
shRNA cells. Furthermore, TUNEL staining indicated a higher level
of apoptosis in hCXCL1 shRNA cells. Additionally, CD-31 staining
was found to show lower levels of vasculature in the hCXCL1 shRNA
tumors than in the scramble control tumors (supplementary Figure SA
and B is available at Carcinogenesis Online). Thus, oncogenic Ras-
induced secretion of hCXCL1 appears to promote a number of tumor
phenotypes.

Elevated serum levels of hCXCLI and hCXCL7 pancreatic cancer
patients

Lastly, we tested whether the elevation of ELR+ CXC chemokines
observed in tumorigenic cells of multiple models of oncogenic Ras
tumorigenesis could be detected in a more clinically available
tissue, namely serum. We again chose pancreatic cancer for this
analysis, since KRAS is mutated in >90% of all pancreatic
adenocarcinoma (1). Serum isolated from 20 patients diagnosed with
pancreatic adenocarcinoma versus 19 age- and sex-matched normal
donors was assayed by antibody array for the presence of ELR+
CXC chemokines hCXCLI1, 5, 6, 7 and 8. Although only hCXCL1
and hCXCL7 levels were statistically higher in pancreatic cancer
patients, the highest levels of chemokines were detected exclusively
in cancer patients, suggesting the possibility of a more broad increase
in ELR+ CXC chemokines in a subset of pancreatic cancer patients
(Figure 6).

Discussion

We demonstrate that expression of any of the three oncogenic Ras
proteins, but not an unrelated oncogene cMyc, and in different tumor-
igenic cells and tumor tissues, there is an increase of ELR+ CXC
chemokines and that genetic ablation of the common mCXCR?2 re-
ceptor for these chemokines in mice or knockdown of a representative
ELR+ CXC chemokine (hCXCL1) in pancreatic cancer cells reduces
oncogenic Ras-driven tumorigenesis. We thus suggest that oncogenic
Ras induces the secretion of the ELR+ CXC chemokine family to
promote tumorigenesis. This could have two impacts. First, such a se-
creted protein signature induced by oncogenic Ras may serve as
a non-invasive means of detecting oncogenic Ras-driven malignan-
cies, such as pancreatic cancer. Indeed, we (Figure 6) and others
(7,37) detect elevated levels of hCXCL1, hCXCL7 and hCXCLS in
serum of pancreatic cancer patients. Second, although RAS is one of
the most widely activated proto-oncogenes in human cancer (1), and
inhibition of oncogenic Ras expression is well known to cause tumor
regression (24,38,39), Ras has proven refractory to pharmacological
inhibition as a means to treat oncogenic Ras-driven cancers (40).
However, chemokines and their receptors that are required for Ras
oncogenesis, such as ELR+ CXC chemokines and CXCR2, are drug-
gable proteins, being both bioavailable and susceptible to inhibition
by neutralizing antibodies (41). Indeed, neutralizing antibodies to
CXCL8 and CXCR2 have been demonstrated to reduce oncogenic
Ras-driven tumor growth (5,36). As such, the induction of ELR+
CXC chemokines by oncogenic Ras may have diagnostic, prognostic
and perhaps even therapeutic value.

Supplementary material

Supplementary Table 1 and Figures 1-5 can be found at http://carcin.
oxfordjournals.org/
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