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K-RAS mutations are found in approximately 30% of
lung cancers. The transcription factor Kriippel-like
Factor 5 (KLF5) has been shown to mediate cellular
transformation signaling events downstream of onco-
genic RAS in other cancers, but a role for KLF5 in lung
tumorigenesis has not been defined. We show here
that knockdown of KLF5 expression significantly de-
creased anchorage-independent growth, but did not
affect proliferation of human lung adenocarcinoma
cells. Moreover, KIf5 is not required for lung tumor
formation in an inducible oncogenic K-Ras®'?”
mouse model of lung tumorigenesis, and non-small
cell lung cancer patients expressing high levels of
KLF5 (21/258) have a significantly better disease-spe-
cific survival than those with intermediate to no KLF5
expression. Further, KLF5 knockdown in K-RAS-mu-
tant human lung cancer cells resulted in a fivefold in-
crease in ATP-binding cassette, subfamily G (WHITE),
member 2 (ABCG2), an anthracycline drug trans-
porter, which lead to significantly increased resis-
tance to doxorubicin treatment, a chemotherapeutic
agent clinically used to treat lung cancer. In sum-
mary, while KLF5 is not required for oncogenic
mutant K-Ras-induced lung tumorigenesis, KLF5
regulation of ABCG2 expression may be impor-
tant for chemotherapeutic resistance and pati-
ent survival. (Am J Pathol 2010, 177:1503-1513; DOI:
10.2353/ajpath.2010.090651)

Lung cancer is the leading cause of cancer deaths
throughout the world.” Despite major advances in detec-
tion and cancer therapeutics in the past decade, the
overall 5-year survival of patients with lung cancer is
15%.? Therefore, genetic and environmental factors re-
sponsible for the susceptibility to lung cancer and thera-
peutic resistance need to be identified to determine more
efficient ways of preventing and treating the disease.
Ras genes have been highly conserved throughout
evolution in all mammalian cells, and therefore represent
essential proteins for normal cellular physiology.® Three
Ras genes have been well characterized: H-Ras, K-Ras,
and N-Ras. K-Ras mutations have been identified in ap-
proximately 30% of human lung cancers; however, at-
tempts to clinically target mutant K-Ras have encoun-
tered significant problems.*® Ras mutants induce an
exaggerated form of oncogenic signaling allowing can-
cer cells to experience continuous growth factor stim-
ulation and contribute to many cell phenotypes, such
as loss of contact inhibition and anchorage indepen-
dence. Therefore, the presence of Ras mutations marks a
poor prognosis for both early and late stage lung can-
cers.® Many murine lung tumor models have failed to
generate tumors that closely resemble human adenocar-
cinomas.”® However, a mouse lung tumor model has
been generated in which a lox-stop-lox cassette and
mutant K-Ras®’2P were introduced into the endogenous
K-Ras locus. Cre-mediated deletion of the lox-stop-lox
cassette induces K-Ras®'2P expression from normal cis-
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regulatory elements and yields pulmonary hyperplasia,
adenomas, and adenocarcinomas, which mimic the hu-
man disease.®'°

Krippel-like factor 5 (KLF5, IKLF, BTEB2) is a member
of the KrUppel-like transcription factor family. KLF5 is a
DNA-binding transcriptional regulator, and contains three
independent C,H, zinc fingers.’" KLF5 is expressed in
multiple human tissues including small intestine, colon,
prostate, kidney, pancreas, kidney, skeletal muscle,
breast, and lung.'® ' KLF5 expression is responsive to
H-Ras, Wnt-1, and ErbB2 oncogenic signaling.’>~"" Ex-
ogenous expression of H-Ras in NIH3T3 cells leads to
cellular transformation and KLF5 overexpression through
the MEK/MAPK pathway.'® Inhibition of KLF5 in these
cells resulted in decreased proliferation and anchorage-
independent cell growth, potentially through KLF5-medi-
ated activation of cyclin D1 expression.'® Expression of
K-Ras"'2% in IEC-6 intestinal epithelial cells also lead to
increased KLF5 expression, proliferation, and anchor-
age-independent cell growth that was reversed on
siRNA-mediated knockdown of KLF5.'® In contrast, de-
letion or reduced expression of KLF5 has been asso-
ciated with human prostate, breast, and familial colon
cancers.'*1972" Moreover, KLF5 re-expression in esoph-
ageal and breast cancer cell lines reduced cell viability
and inhibited cell proliferation.’*22 Thus, KLF5 may act
either as a tumor suppressor, or as an oncogene in a
context-dependent manner; however, the necessity of
KLF5 for Ras-mediated lung tumorigenesis in vivo has not
been determined.

Solid tumors contain a minor population of cancer cells
that have a high repopulation capacity.?®* In vitro stud-
ies have shown that roughly 1 in 1000 to 5000 lung
cancer cells show this high repopulation capacity, imply-
ing that not every lung cancer cell is capable of tumor
initiation.2® Expression of ATP-binding cassette, subfamily
G (WHITE), member 2 (ABCG2), an ATP-binding cas-
sette transporter, permits the identification of hematopoi-
etic stem cells by flow cytometry as a side population
(SP) of cells with a distinct “low” Hoechst 33342 dye
staining pattern.?®2” Moreover, the SP of a tumor may be
enriched in cancer repopulating cells.252%=3" Impor-
tantly, the ABCG2 transporter effluxes Hoechst dyes and
chemotherapeutic anthracycline drugs, thus providing an
intersection between the concepts of cancer stem cells
and drug resistance.

To directly assess the requirement for KLF5 in lung
tumorigenesis, we used in vitro and in vivo models of lung
cancer in which an oncogenic allele of K-Ras was com-
bined with manipulation of KLF5 expression. We found
that KLF5 functions to support the in vitro anchorage-
independent growth of Ras-mutant human lung adeno-
carcinoma cell lines. However, using the K-Ras®’2P
mouse model of lung tumorigenesis, we found that KIf5
is not required for lung tumorigenesis. Moreover, KLF5
expression levels in human primary lung cancers dem-
onstrate a positive correlation with lung cancer dis-
ease-specific survival. Furthermore, KLF5 repression of
ABCG2 expression subsequently affects sensitivity to
doxorubicin, an anthracycline drug, which is now used
routinely in the clinic as adjuvant chemotherapy for the

treatment of lung cancer. In summary, our studies dem-
onstrate that although KLF5 is not required for Ras-me-
diated lung tumorigenesis in mice, KLF5 expression and
target gene regulation may be relevant to chemothera-
peutic resistance and patient survival.

Materials and Methods
Cell Culture

The human lung adenocarcinoma cell lines A549, H441,
H23, and H460 were all obtained from the American Type
Culture Collection (ATCC, Manassas, VA), and main-
tained in RPMI 1640 medium (Life Technologies, Be-
thesda, MD) supplemented with 10% fetal bovine serum,
1% penicillin/streptomycin, and 1% L-glutamine. All cell
lines were incubated in a humidified incubator at 37°C
supplied with 5% carbon dioxide. Cells were routinely
maintained in 75 cm? tissue culture flasks (BD Bio-
sciences Discovery Labware, San Jose, CA) and har-
vested when they were in the logarithmic phase of
growth.

Production of Stable KLF5 Overexpressing and
Knockdown Cells

The day before virus infection, 2 X 10° A549, H441,
H460, and H23 cells were plated in each well of a six-well
tissue culture plate. The next day, the culture medium
was aspirated, cells washed, and incubated with viruses.
For KLF5 knockdown experiments, lentivirus containing
either VSVg-pseudotyped KLF5-specific short hairpin
(sh)RNA vectors (shKLF5-A, B, and C), or nontargeting
shRNA control vector (NT) that were purchased from
Sigma (St. Louis, MO) were used. For KLF5 overexpres-
sion experiments, cells were instead infected with ret-
rovirus containing either VSVg-pseudotyped MSCV
y-retroviral vector containing hemagglutinin (HA)-immu-
noepitope-tagged KLF5, or with empty vector serving as
control. Polyclonal stable transfectants were selected us-
ing 5 pg/ml puromycin for 4 days.

Western Analysis

Nuclear extracts were generated using the Nuclear Ex-
tract Kit purchased from Active Motif (Carlsbad, CA)
according to the manufacturer’s instructions. Protein con-
centrations were quantified by Bradford assay (Thermo
Fisher Scientific, Rockford, IL). Equal amounts of total
protein (35 to 40 pg per lane) were resolved on 10%
polyacrylamide gels by using standard SDS-polyacryl-
amide gel electrophoresis (PAGE) techniques. Proteins
were transferred onto a nitrocellulose membrane using a
semidry transfer apparatus. Membranes were blocked in
5% nonfat milk plus 0.01% Tween 20, then incubated with
anti-KLF5 (ab24331; concentration 2 pug/ml; Abcam Inc.
Cambridge, MA) polyclonal antibody, followed by incu-
bation with horseradish peroxidase-conjugated anti-rab-
bit IgG secondary antibody (Calbiochem, Gibbstown,



NJ) and developed using the ECL Plus Western Blotting
Detection System (GE Health care Bio-Sciences Corp.
Amersham, Piscataway, NJ). Membranes were stripped
and reprobed for TATA-box binding protein (Abcam,
Cambridge, MA) as loading control. Quantitation of band
intensities were performed using Quantity One software
(BioRad Laboratories, Hercules, CA) and are expressed
as fold change relative to control.

Cell Proliferation Assay

The growth rates of A549, H441, H23, and H460 cells
stably expressing KLF5-specific shRNA, nontargeting
shRNA, KLF5 overexpression, or MSCV empty vectors
were measured by colorimetric WST assay based on
metabolizing tetrazolium salt (Roche, Indianapolis, IN).
Briefly, 2 x 10® cells were plated into each well of a
96-well plate in triplicate. Cells were allowed to settle for
24 hours. On each day for five consecutive days, 10 ul
WST was added to each well, and then the cells were
incubated at 37°C for an additional 30 minutes. Optical
densities were determined on a microplate reader at 490
nm. For drug sensitivity assays, Doxorubicin was added
to the cells at a final concentration of 100 nmol/L, 10
nmol/L, 1 nmol/L, or 0.1 nmol/L and incubated for 24
hours. Drug resistance is represented as % viability cal-
culated using the following formula: (absorbance of
treated cells)/(absorbance of untreated cells) X 100%.
Experiments were repeated thrice and graphed as aver-
age % viability = SEM.

Anchorage-Independent Growth Assay

A549, H441, H23, and H460 cells (8 X 10° cells/well)
were seeded into 0.3% Difco Agar Noble (Difco BD Bio-
sciences, San Jose, CA) supplemented with complete
culture medium. The suspension was layered over 2 ml of
0.8% agar-medium base layer in 6-well tissue culture
plates (BD Biosciences Discovery Labware, San Jose,
CA). After 14 days, the colonies were counted. Results
are displayed as the average number of colonies from
three independent experiments + SEM.

Flow Cytometry

Side population (SP) abundance was determined simi-
larly to the procedure described.?” Cells were trypsinized
and washed twice with RPMI 1640 supplemented with
2% fetal bovine serum and 10 mmol/L HEPES (pH 7.4).
For each SP analysis, ~10° cells were resuspended in 1
ml of RPMI 1640. Hoechst 33342 (1 mg/ml in water;
Sigma, St. Louis, MO) was added to a final concentration
of 5 wg/ml (+/— verapamil (Sigma, St. Louis, MO) as a
negative control), and the cells were incubated at 37°C in
a water bath for 90 minutes and mixed by gentle vortex-
ing every 20 minutes. At the end of the incubation, all
samples were chilled on ice and transferred to microcen-
trifuge tubes. Cells were washed once with cold HBSS
supplemented with 2% fetal bovine serum and 10 mmol/L
HEPES (pH 7.4), resuspended in 1 ml of HBSS and
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transferred to prechilled 5 ml polystyrene tubes. To as-
sess viability, 7AAD was added to a final concentration of
1 ng/ml for 30 minutes before running the sample on an
LSRII flow cytometer (BD Biosciences, San Jose, CA).
Verapamil-sensitive SP were quantified using FloJo soft-
ware (Treestar, Ashland, OR).

RNA Isolation and Real-Time PCR

Total RNA was isolated with the RNeasy Mini Kit (QIAGEN,
Valencia, CA), digested with DNase1 (Applied Biosystems/
Ambion, Austin, TX) to remove DNA contamination, and
processed using the Tagman Reverse Transcription Sys-
tem according to the manufacturer’s instructions (Ap-
plied Biosystems, Foster City, CA). cDNA was analyzed
with probes targeting KLF5, ABCG2, and B-actin (Applied
Biosystems, Foster City, CA). The expression of the glyc-
eraldehude-3-phosphate dehydrogenase (Gapdh) gene
was used for normalizing samples. The average fold
expression from at least three independent samples =+
SEM is shown.

Generation of K-Ras®"?P:Kif5™'* and
K-Ras®"2P:Kif5"" Mice and Lung Infections with
Cre-Containing Adenovirus

KI5 1ox mice®? were mated to K-Ras@"2P mice® ob-
tained from the Mouse Models of Human Cancer Consor-
tium (NCI, Frederick, MD). The resultant experimental
K-Ras'*'G"2P:Kif5™" mice (n = 5) and K-Ras"'¢72P:Kif5/*
(n = 6) control mice lacking loxP sites in KIf5 were used
for in vivo lung tumorigenesis studies. Adenovirus ex-
pressing Cre recombinase (AdCreM2) was produced
according to Akagi et al®® to simultaneously induce
the K-Ras®'?P oncogene expression (referred to as
K-Ras®'2P) and recombination between the loxP sites
flanking exons 2 and 3 in the Kif5 gene (referred to as
KIf5™"). Two- to 4-month-old mice were treated with 9.6
mg/day co-trimoxazole orally (480 mg co-trimoxazole in
250 ml drinking water, presumed intake 5 mi/day) 1 week
before virus administration. Co-trimoxazole was adminis-
tered to reduce perioperative mortality due to infections.
One day before AdCre administration mice received 15
mg/kg cyclosporin A intraperitoneally. Mice were anes-
thetized with isoflurane, and intubated with AdCre virus
(1 X 107 PFU). From the day of AdCre administration
until 6 weeks later, mice were administered cyclo-
sporin A orally, 20 mg/kg/day. Two K-Ras®??;Kif6""
mice and one K-Ras®’?P;Kif5™* mouse were sacrificed 8
weeks postintubation for showing signs of distress, all
other animals were sacrificed at 16 weeks postintubation.
Animal protocols were approved by the Institutional Ani-
mal Care and Use Committee in accordance with NIH
guidelines.

Mouse Lung Fixation, Tissue Collection, and
Tumor Quantification

At the time of sacrifice, K-Ras®"?P;Kif5™" and K-Ras®'#";
KIf5™" mice were perfused with 5 ml of sterile PBS through
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the inferior vena cava. Once the lungs were perfused to a
white color, the lungs were then perfused through the
trachea with 10% neutral buffered formalin (Surgipath,
Richmond, IL) and the lungs were inflated to 10cm H,O
with the fixative. Lungs were removed en bloc and fixed
overnight, then replaced with 70% ethanol, and the tis-
sues were processed and embedded into paraffin. Tu-
mors were enumerated from two H&E-stained, 4-um his-
tological sections per mouse. Tumors were categorized
as either adenoma with a defined perimeter and a size of
=0.4 mm or adenocarcinoma displaying mitotic bodies
and a size of >1 mm, in addition to the use of previously
defined criteria for classification of mouse lung tumors by
Nikitin et al,>** Johnson et al,'® and Jackson et al.® The
number of adenomas and adenocarcinomas per mouse
were summed and averaged from the two sections and
are shown graphically as tumor number per mouse. In-
dividual areas of alveolar hyperplasia could not be accu-
rately quantified in this study due to diffuse, and in some
areas, dense inflammation and to abnormal lung paren-
chyma architecture, which have been described previ-
ously for these mouse models.®32

Human Lung Cancer Tissue Array

Tissue arrays were generated from 609 cases of primary
non-small cell lung cancer (NSCLC), using duplicate 0.6
mm cores.®® Of these, 460 cases had interpretable KLF5
data, as outlined in the Immunohistochemistry Materials
and Methods, known cause of death, and follow-up time
of greater than 30 days. There were 159 female cases,
301 male, with a median age of 64 years and median
survival of 3.57 years. Patients from this historical cohort
were treated before adjuvant chemotherapy (eg, anthra-
cycline) was routinely used in the treatment of lung
carcinoma. The Ras mutation status of these patients is
not known. Therefore, prognosis in groups substratified
based on specific treatment protocols or Ras status was
not performed.

Immunohistochemistry

Immunohistochemistry was performed on 4-um paraffin
sections of K-Ras®"?P:Kif57+ and K-Ras®"?P:Kif5"" mouse
lungs prepared by the CCHMC Pathology Core Lab, and
on 609 tissue biopsies on the human NSCLC tissue ar-
ray.3® Endogenous peroxidases were blocked in 3%
H,O, for 20 minutes at room temperature and then in PBS
with 0.1% Triton X-100 and 4% normal goat serum at
37°C for 2 hours. For KLF5 immunohistochemistry, sec-
tions were incubated first with either a commercially avail-
able KLF5 antibody (1:500 dilution; Abcam Inc. Cam-
bridge, MA) or our own KLF5 antisera,®® and then a
secondary antibody in PBS with 0.1% Triton X-100 and
4% normal goat serum at 37°C for 30 minutes. For pro-
surfactant protein-C (pro-SP-C) and mature surfactant
protein-B (mature SP-B) staining, sections were incu-
bated at 4°C overnight with primary rabbit polyclonal sera
anti-pro-SP-C (1:3000 dilution) and mature anti-SP-B (1:
1000 dilution) antibodies (Seven Hills Bioreagents, Cin-

cinnati, OH), and then with anti-rabbit secondary antibod-
ies. Staining was detected using the Vectastain ABC and
DAB kits (Vector Labs, Burlingame, CA). Stained slides
were photographed on a Zeiss Imager.A2 microscope
with Zeiss Axiocam MRc5 camera (Carl Zeiss, Inc.,
Thornwood, NY) at X10 magnification for KLF5 and at
X 40 magnification for pro-SP-C and mature SP-B. For the
NSCLC tissue array, expression of KLF5 was graded
according to the following scale, for each case on the
array: 0O-negative, 1-weak immunoreactivity, 2-moder-
ately intense immunoreactivity, and 3- strong immunore-
activity. Tissues that did not remain intact during the
staining procedure were omitted from the scoring
analysis.

Gene Expression Analysis

Total RNA was extracted from H441 cells transduced with
KLF5-specific shRNA, KLF5 over expression (OE), and
MSCV empty vector (NT) respectively. The cRNAs was
then hybridized to Human Genome U133 Plus 2.0 Arrays
(Affymetrix) according to manufacturer’s protocol. The
RNA quality and quantity assessment, probe preparation,
labeling, hybridization, and image scan were performed
in the CCHMC Gene Expression Microarray Core Facility
using standard procedure. Affymetrix Microarray Suite
5.0 was used to scan and quantitate the gene chips
under default scan settings. Hybridization data were se-
quentially subjected to normalization, transformation, fil-
tration, and functional classification and pathway analysis
as previously described.®¢” The complete dataset can
be found at Gene Expression Omnibus (GEO); Accession
no. GSE16555. Data analysis was performed with BRB
Array Tools software package (http://linus.nci.nih.gov/
BRB-ArrayTools.html).

Chromatin Immunoprecipitation Analysis

Chromatin immunoprecipitation assay was performed in
A549 cells overexpressing KLF5. 2 X 10® cells were
harvested and fixed in 1% formaldehyde for 10 minutes
on ice and terminated with 0.125 mol/L glycine. Cells
were resuspended in cell lysis buffer (50 mmol/L Tris-HCI
pH 8.1, 10 mmol/L EDTA pH 8.0, 10% glycerol, 1% SDS,
1X complete protease inhibitor) and incubated on ice for
10 minutes. Cells were then sonicated with a Sonicator
3000 cup horn (Misonix, Farmingdale, NY) on ice to gen-
erate soluble chromatin complex with DNA fragments of
<1 kb length. Approximately, 1.5 ml of soluble chromatin
was used per reaction for immunoprecipitation with anti-
body to KLF5 (ab24331, Abcam Inc. Cambridge, MA)
and control mouse IgG (sc-2025, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). Recovered chromatin was PCR
amplified using Abcg2 (5'-AATGGCCTCTCAAAAGGT-
GTC-3" and 5'-GGTTGTGGTGAGCCAAGATT-3'; prod-
uct size 200 bp) or B-actin (5" - AGCGCGGCTACAGCT-
TCA-3' and 5-CGTAGCACAGCTTCTCCTTAATGTC-3;
product size 120 bp) primer pairs. B-actin was used as a
control for nonspecific enrichment.



Statistical Analyses

For statistical analyses of WST cell growth assays and
soft agar anchorage-independent cell growth assays, t-
test analyses were performed comparing KLF5 overex-
pression (KLF50e) to empty vector control (vector) or
KLF5 shRNA (A, B, or C) to nontargeting control (NT). For
doxorubicin WST cell growth assays, One-way analysis of
variance analyses were performed comparing KLF5
overexpression (KLF50e), KLF5 shRNA-C (shKLF5-C),
and nontargeting control (NT) for each day per treatment
dose. In the case of the doxorubicin studies, the only
significant differences were found between shKLF5-C
and NT. For t-test and analysis of variance *P = 0.05,
P = 0.005, and **P = 0.0005. For clinical NSCLC
tissue array, the initial 609 cases were first filtered for
follow-up of >30 days and interpretable KLF5 staining,
which resulted in a total of 460 cases with lung cancer
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including all subtypes. The overall survival of these 460
cases based on KLF5 expression level was compared by
Mantel-Cox log rank analysis. For disease-specific sur-
vival analyses, the 460 filtered cases were censored for
lung cancer all subtypes-specific survival totaling 258
cases, which were then compared by Mantel-Cox log
rank analysis and Kaplan Meier curves generated based
on KLF5 expression. For adenocarcinoma only and squa-
mous cell carcinoma only disease-specific survival, 109
and 116 cases, respectively, were compared by Mantel-
Cox log rank analysis and Kaplan Meier curves gener-
ated based on KLF5 expression. For gene microarray
analyses, differentially expressed genes between shRNA
versus NT, OE versus NT and shRNA versus OE in H441
cells were identified using a random-variance t-test.3®
Genes were considered statistically significant if their P
value was less than 0.01 and fold change greater than
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lung cancer cells. A549, H441, H23, and H460 cells were stably transduced with KLF5

overexpression retrovirus (KLF50e) or empty vector control virus (vector). A: Western analysis of KLF5 in protein lysates generated from nuclear extracts of KLF5
overexpressing or empty vector control A549 cells. Detection of TATA-binding protein (TBP) serves as loading control. KLF5 band intensities are reported as fold
change relative to empty vector control. B: Representative images of KLF5 overexpressing or empty vector control H441 cells plated at high density that have
reached confluence (Day 1) or three days later (Day 4). C: Average number of colonies formed in soft agar by A549, H441, H23, and H460 KLF5 overexpressing
or empty vector control cells = SEM. *P < 0.05 and **P < 0.0005 by rtest. A549, H441, H23, and H460 cells were stably transduced with three different
KLF5-specific shRNA lentiviruses (A—C) or nontargeting shRNA lentivirus control (NT). D: Western analysis of KLF5 expression in protein lysates generated from
nuclear extracts of KLF5 knockdown or control A549 cells. TATA-binding protein serves as loading control. KLF5 band intensities are reported as fold change
relative to nontargeting shRNA control. E: Average number of colonies formed in soft agar by A549, H441, H23, and H460 KLF5 knockdown or control cells =

SEM. **P < 0.005 and ***P < 0.0005 by #test.
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1.5. The maximum proportion of false discovery rate was
set to 0.1. In addition, Affymetrix “Present Call” in at least
two of three replicates and coefficient of variation among
replicates =50% were set as a requirement for gene
selection.

Results

Manipulation of KLF5 Expression Significantly
Alters Anchorage-Independent Growth of K-Ras
Mutant Lung Cancer Cells

To investigate the effect of KLF5 on lung cancer, we
infected the K-Ras-mutant human lung cancer cell lines
A549, H441, H23, and H460 with either KLF5 overexpres-
sion retrovirus (KLF50e) or three different KLF5-specific
shRNA lentiviruses (A, B, and C). Cells were selected
with puromycin to generate bulk stable cell populations
with KLF5 overexpression or knockdown, and expression
of KLF5 was validated by Western analysis on nuclear
extracts from these cells (Figure 1, A and D, respec-
tively). Using a growth assay based on metabolism of a
tetrazolium salt (WST), we examined the growth of the
cells over 5 days in culture. In all cell lines tested, neither
KLF5 overexpression nor knockdown had a consistently
significant effect on cell growth (Supplemental Figure S1
http.//ajp.amjpathol.org and data not shown). However,
on plating cells at a higher starting density, we observed
that by day 4 of growth KLF5 overexpressing H441 cells
continued to grow past confluency, while the empty vec-
tor control H441 cells ceased proliferation after reaching
confluence maintaining a single monolayer (Figure 1B).
To test whether KLF5 regulates contact-mediated cell
growth, which has also been shown to be a characteristic
phenotype of oncogenic mutant Ras signaling, we per-
formed anchorage-independent cell growth assays by
colony formation in soft agar. KLF5 overexpression in
A549, H441, H23, and H460 lung cancer cells lead to a

significant increase in the number of colonies formed in
soft agar as compared with empty vector control cells
(Figure 1C). Correspondingly, knockdown of KLF5 by
three different shRNAs all significantly decreased the
number of colonies in soft agar as compared with non-
targeting shRNA controls in all lung cancer cells exam-
ined (Figure 1E). These data demonstrate that in K-Ras
mutant lung cancer cells, modulation of KLF5 expression
significantly alters the ability of the cells to undergo an-
chorage-independent cell growth in vitro.

KI5 Is Not Required for K-Ras®?P-Mediated
Lung Tumorigenesis

To determine the importance of Klf5 to oncogenic mu-
tant K-Ras driven tumorigenesis in vivo, we mated mice
with a K-Ras'*'@'2P allele to mice with floxed exons 2-3 of
KIf5. Subsequently, K-Ras*©'?® mice (n = 6) and
K-Ras™®'®12PKif5"" mice (n = 5) were intubated at 6
weeks of age with adenoviruses expressing the Cre re-
combinase to delete exons 2 and 3 of Kif5 and induce
oncogenic KRas®'2P expression. Mice were followed for
4 months unless they showed signs of early distress, at
which point mice were sacrificed and lungs were fixed.
The number of adenomas and adenocarcinomas were
quantified histopathologically from at least 2 sections per
mouse and averaged to generate the number of tumors
per mouse represented in Figure 2A. The mean number
of tumors formed in K-Ras®"?P;Kif5™* control mice was
10.8, whereas the K-Ras®'?P:Kif5"" mice developed a
mean of 17.4 tumors. Although there was a trend toward
the development of more tumors in the K-Ras®'2P:Kif5""
mice as compared with controls, this difference was not
statistically significant (P = 0.28 by t-test) perhaps due to
the limited number of animals in this study and variability
in tumor numbers within each group. KLF5 immunohisto-
chemical analysis of lung tissues harvested from these
mice revealed strong KLF5 expression in airway epithe-
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Figure 2. KIf5 is not required for K-Ras®'?P-mediated lung tumorigenesis in mice. K-Ras“/?”;KIf5*/* controls (n = 6) and K-Ras“ ", Kif7"/" expetimental (n =
5) mice were intubated with a Cre recombinase adenovirus at six weeks of age. Mice were sacrificed 8 to 16 weeks postinfection, at which point their lungs were
inflation fixed and embedded in paraffin. A: The number of lung adenomas (=0.4 mm) and adenocarcinomas (>1 mm) per mouse were enumerated
histopathologically, summed, and represented as tumor number per mouse. The mean tumor number in each genotype is denoted with a straight line. B:
Representative images of immunohistochemical detection of KIf5 expression in the airways, alveolar hyperplasia (AH; arrowheads), adenomas, and adenocar-
cinomas of K-Ras®"?P;KIf5*/* and K-Ras®'??;KIf9"" mice are shown. KIf5 positive cells are dark brown in contrast to KIf5 negative cells and have been magnified
to show their histological appearance (black boxes). Original magnification X10. Scale bar = 100 wm.
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Figure 3. KLF5 expression significantly correlates with better disease-
specific survival of human NSCLC patients. KLF5 immunohistochemical
analysis was performed on biopsies of 609 human NSCLC tissues on array
slides. For disease-specific survival analyses, a total of 258 cases were
compared by Mantel-Cox log rank analysis for KLF5 expression levels
that had interpretable KLF5 data, follow-up information >30 days, and
known cause of death. A: Kaplan-Meier disease-specific survival curves
of lung cancer patients of all subtypes (left), squamous cell carcinoma
(middle), and adenocarcinoma (right). P values are indicated where
statistical significance was found. B: Representative images of KLF5-
negative and KLF5-positive immunohistochemical staining of squamous
cell carcinomas and adenocarcinomas from the NSCLC tissue array. KLF5
positive cells are dark brown in contrast to KLF5 negative cells and have
been magnified to show their histological appearance (black boxes).
Original magnification X10. Scale bar = 100 um.

lium, alveolar hyperplasia, and adenomas, with more
moderate expression observed in the adenocarcinomas
of K-Ras®'2P:Kif5™* control mice (Figure 2B). In
K-Ras®"2P:Kif5™" mice, KIf5 expression was also ob-
served in airway epithelium, while very low to no KIif5
expression was found in areas of alveolar hyperplasia
(Figure 2B arrowhead), adenomas, or adenocarcinomas
(Figure 2B), which is coincident with induction of onco-
genic K-Ras®'2P. These findings suggest that KIf5 is not
required for K-Ras®"?P-mediated lung tumorigenesis in
mice.

Previously, we reported that embryonic deletion of
KIf5, lead to a maturation defect in the type Il cells of the
lung, which specifically lacked lamellar bodies.®? It was
demonstrated previously that K-Ras®’?? mice have nor-
mal expression of the type Il cell marker pro-surfactant
protein-C (proSP-C), and additionally it was hypothesized
that type Il cells are the cell origin of lung tumors in this
model.®3° To address whether deletion of KIf5 postna-
tally in mice with a K-Ras®'2P mutation also results in a
type Il cell maturation defect, we performed immunohis-
tochemical analysis of type Il cell lamellar body proteins
proSP-C and mature SP-B. We found no differences in
the expression of either proSP-C or mature SP-B in
K-Ras®"2P:Kif5"" lungs compared with K-Ras®'2P:Kif5+*
controls (Supplemental Figure S2 http://ajp.amjpathol.
org). Thus, except for differences in KlIf5 expression, tu-
mors in K-Ras®"2P:KIf5* and K-Ras®"?P:KIf5"" lungs
appeared similar.

KLF5 Expression Predicts Disease-Specific
Survival of Lung Cancer Patients

We next addressed the prognostic significance of KLF5
expression in primary human lung cancers. A human
NSCLC tissue array®® was subjected to immunohisto-
chemical analyses for KLF5 expression. Both commer-
cially available anti-sera and our in-house antibodies
specific to KLF5? revealed similar staining patterns. The
overall survival of all lung cancer patients (n = 460) did
not significantly correlate with KLF5 expression (P =
0.177). However, the disease-specific survival of all lung
cancer patients (n = 258) was significantly better for
those patients with strong KLF5 expression (P = 0.009,
Figure 3A, left). In addition, the disease-specific survival
of all lung cancer patients progressively worsened with
decreasing levels of KLF5 expression (Figure 3A, left).
The disease-specific survival of patients with squamous
cell carcinoma (P = 0.018) was significantly better with
strong KLF5 expression (Figure 3A, middle and right,
respectively). A similar trend for adenocarcinoma was
limited by the number of patients with high KLF5 expres-
sion (P = 0.476). The breakdown of patients within each
KLF5 staining category are shown in Table 1 by lung
cancer subclassification. Representative images of lung
adenocarcinomas and squamous cell carcinomas posi-
tive and negative for KLF5 immunohistochemical staining
are shown in Figure 3B. These data suggest that KLF5
expression is a novel indicator of lung cancer survival.
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Table 1. Distribution of NSCLC Patients Represented in Kaplan Meier Disease-Specific Survival Curves Grouped by
Immunohistochemical Score for KLF5 Expression
KLF5 expression (% of Total)
Total cases (N) Strong Intermediate Weak Negative
All lung cancer 258 8% 15% 13% 64%
Squamous cell carcinoma 116 16% 18% 10% 56%
Adenocarcinoma 109 3% 14% 14% 70%
Other 33 - 9% 18% 73%

Identification of KLF5-Responsive Genes by
Microarray Analysis

Given our findings that KLF5 regulates anchorage-inde-
pendent growth of K-Ras mutant human lung cancer cells
in vitro, and that KLF5 expression predicts the disease-
specific survival of lung cancer patients, we wanted to
further investigate potential mechanisms by which KLF5
might influence lung tumorigenesis and patient disease-
specific survival. Since KLF5 is a DNA-binding transcrip-
tion factor, we performed gene-expression microarray
analysis on H441 cells with stable expression of KLF5-
shRNA or KLF5 overexpression compared with the non-
targeting shRNA control. Microarray data analysis iden-
tified 220 genes that were differentially expressed more
than 1.5-fold between KLF5-overexpressing and KLF5
knockdown cells; a subset of which provided discrimina-
tion between normal and transformed lung cancer gene
expression signatures (Supplemental Figure S3 http://
ajp.amjpathol.org). The 20 most deregulated genes are
listed in Table 2, 15 of which demonstrated at least three-
fold differential expression; a subset of those showed
modest correlation to KLF5 expression in gene expres-

sion arrays from primary human lung cancers (Supple-
mental Figure S4 http://ajp.amjpathol.org). Four genes
ABCG2, EED, TP63, and PROM2 were selected for vali-
dation of microarray results by TagMan quantitative-PCR
on RNA harvested from KLF5 knockdown, KLF5 overex-
pressing, or nontargeting control H441 and A549 cells. In
agreement with the microarray results ABCG2 (Figure 4,
A and C), EED, and PROM2 (Supplemental Figure S5
http://ajp.amjpathol.org) showed increased expression in
the KLF5-shRNA cells and decreased expression in KLF5
overexpressing cells, whereas TP63 (Supplemental Fig-
ure S5 http://ajp.amjpathol.org) showed decreased ex-
pression in KLF5-shRNA cells and increased expression
in KLF5 overexpressing cells. These data confirm the
validity of the gene array results.

KLF5 Represses ABCG2 Expression and
Controls Anthracycline Sensitivity
Given the ability of ABCG2 to efflux chemotherapeutic

agents® we examined the ABCG2 genomic locus to find
two putative KLF5 binding sites conserved between mu-

Table 2. Gene Expression Microarray Analysis of H441 Cells Stably Transduced with Lentiviral Vectors Expressing KLF5-Specific
shRNA, a Control Nontargeting shRNA, or a Retroviral Vector Expressing KLF5
Gene symbol Gene description Affymetrix 1D Fold change
SFTPB Surfacant, pulmonary-associated protein B 209810 at 0.162
SFTPB Surfacant, pulmonary-associated protein B 37004 at 0.176
TP73L Tumor protein p73-like (p63) 209863 s at 0.232
TP73L Tumor protein p73-like (p63) 211194 s at 0.238
TP73L Tumor protein p73-like (p63) 207382 at 0.282
FYN FYN oncogene related to SRC, FGR, YES 210105 s at 0.349
CDKN2B Cyclin-dependent kinase inhibitor 2B (p15) 236313 at 0.451
CCPG1 Cell cycle progression 1 214152 at 0.453
EED Embryonic ectoderm development 210656 at 2.577
CDKN2C Cyclin-dependent kinase inhibitor 2C (p18) 204159 at 2.711
CDCAS3 Cell division cycle associated 3 223307 at 2.745
BMP5 Bone morphogenetic protein 5 205430 at 2.848
SCIN Scinderin 1552367 a at 2.896
SCIN Scinderin 1552365 at 2.927
TGFB2 Transforming growth factor, beta 2 228121 at 3.005
PROM2 Prominin 2 1552797 s at 3.015
PKIB Protein kinase (cCAMP-dependent) inhibitor beta 231120 X at 3.367
DAPK1 Death-associated protein kinase 1 203139 at 3.786
ABCG2 ATP-binding cassette, sub-family G (WHITE) 2 209735 at 4.136
ADH1A Alcohol dehydrogenase 1A (class I) 206262 at 4.439
VGLL1 Vestigial like 1 (Drosophilia) 215729 s at 4.783
BCL2A1 BCL2-related protein A1 205681 at 4.883
AQP3 Aquaporin 3 (Gill blood group) 39248 at 6.159
DKK1 Dickkopf homolog 1 (Xenopus laevis) 204602 at 8.162

Gene expression changes are shown as fold change of KLF5 knockdown cells relative to KLF5 overexpressing cells normalized to nontargeting

control.
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Figure 4. KLF5 represses ABCG2 expression and controls doxorubicin sensitivity. A: Real-time quantitative gene expression analysis (TagMan) of ABCG2 in A549
cells transduced with lentiviruses expressing KLF5-specific ShRNAs (A, B, and C) or nontargeting shRNA control (NT). B: Schematic representation of the ABCG2
gene with putative KLF5 binding sites 1 and 2 (black boxes). Chromatin immunoprecipitation analysis on lysates from A549 cells overexpressing KLF5.
KLF5-specific antiserum was used for immunoprecipitation of KLF5-DNA complexes, and the indicated primers flanking sites 1 and 2 (arrows) were used for
identification of DNA sequences. Immunoprecipitation using IgG and amplification of B-Actin gene (actin) serve as negative controls. C: Real-time quantitative
gene expression analysis (TagMan) of ABCG2 in A549 cells transduced with retroviral vectors overexpressing KLF5 (KLF50e) or an empty vector control (vector).
D: Side population (SP) shown is purple flow cytometric analysis after Hoechst 33342 dye staining of A549 cells transduced with lentivirus expressing KLF5-specific
shRNA “B” (shKLF5-B), nontargeting shRNA control (NT), or a retrovirus overexpressing KLF5 (KLF50e). The percentages of SP cells per group are indicated. E:
WST cell growth analysis of A549 cells transduced with lentivirus expressing KLF5-specific sShRNA “C” (shKLF5-C), nontargeting shRNA control (NT), or a retrovirus
overexpressing KLF5 (KLF50e) treated with the indicated doses of doxorubicin. % Viability was calculated as (absorbance of treated cells)/(absorbance of
untreated cells) X 100% * SEM *P < 0.05, *P < 0.005, and **P < 0.0005 by one-way analysis of variance.

rine and human genomes (Figure 4B). Chromatin immu-
noprecipitation analysis revealed that KLF5 associates
with Site 1, but not Site 2, upstream of the transcription
start site in the ABCG2 locus in A549 cells (Figure 4B).
Taken together with the gene array and quantitative-PCR
data, these results suggest that KLF5 may transcription-
ally repress ABCG2 expression.

To determine whether ABCG2 plays a functional role
downstream of KLF5 in lung cancer cells, we first exam-
ined the ability of ABCG2 to efflux Hoechst dye 33342, as
evidenced by a Hoechst-negative side population (SP) of
cells measured by flow cytometric analysis of A549 cells
in which KLF5 expression was manipulated. KLF5 over-
expressing, KLF5-shRNA, and nontargeting control ex-
pressing cells were stained with Hoechst 33342 dye with
and without verapamil treatment, which blocks the activ-
ity of Hoechst transporter. The SP gate was defined as
the diminished region in the presence of verapamil (data
not shown). The KLF5-shRNA cells consistently exhibited
a significantly higher percentage of SP cells, 6.03%,
compared with 0.89% for the nontargeting control and
0.56% in KLF5 overexpressing cells (Figure 4D and Sup-
plemental Figure S6 http://ajp.amjpathol.org). Given that
ABCG2 has been shown to efflux anthracycline chemo-

therapeutic drugs®® such as doxorubicin, we next exam-
ined the relative sensitivity of A549 cells (in which KLF5
expression was manipulated) to doxorubicin treatment.
A549 cells expressing KLF5-shRNA “C,” KLF5 overex-
pressing, or nontargeting shRNA control cells were
treated with increasing doses of doxorubicin, and the
metabolism of tetrazolium salt (WST) was measured 24
hours later as an indication of cell survival. Drug resis-
tance is represented as % viability calculated as (absor-
bance of treated cells)/(absorbance of untreated cells) X
100%. The KLF5-shRNA expressing A549 lung cancer
cells consistently showed significantly increased survival
from 0.1 nmol/L up to 100 nmol/L doxorubicin (Figure 4E).
These data demonstrate that reducing KLF5 expression
significantly decreases the sensitivity of lung cancer cells
to chemotherapy with an anthracycline drug; revealing
functional sequelae of KLF5-manipulated ABCG2 gene
expression.

Discussion

Prior investigation has shown that KLF5 is up-regulated
by oncogenic mutant Ras signaling, and functions as a
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downstream mediator of Ras signaling to activate expres-
sion of Ras-pathway target genes, such as cyclin D7, and
to regulate cell proliferation and anchorage-independent
cell growth.529:22:40.47 |n ggreement with this, we found
that KIf5 is expressed in K-Ras®’2° mouse lung tumors,
and that KLF5 expression significantly regulates the abil-
ity of K-Ras mutant human lung cancer cells to undergo
anchorage-independent growth in vitro. This prompted
us to use an inducible K-Ras®’2? mouse model of lung
cancer to determine the requirement for KIf5 in
K-Ras®'2P-mediated tumorigenesis. The deletion of ex-
ons 2-3 of KIf5, which functionally inactivates the protein
and causes KIf5 expression to be undetectable, did not
prevent K-Ras®'2P initiated lung tumors, nor did it overtly
alter cyclin D1 expression (data not shown). Thus, in
contrast to in vitro data using human lung cancer cell
lines, KIf5 is not required for in vivo oncogenic K-Ras®12P-
mediated lung tumorigenesis.

Traditionally, chemotherapeutic agents have serious
side effects and ideally should be given only to patients
classified as high-risk. Common prognostic factors such
as lymph node status and tumor size are not sufficiently
accurate to identify those patients whose prognosis
would not benefit from adjuvant chemotherapy, and new
prognostic biomarkers are needed. Our evidence sug-
gests that for lung cancer patients, in particular those
with squamous cell carcinoma, KLF5 expression levels
may be a novel indicator for disease-specific survival. In
addition, our in vitro data suggests that lung cancers with
high levels of KLF5 expression may be more sensitive to
adjuvant chemotherapy.

We found that the disease-specific survival of human
NSCLC patients with strong KLF5 expression was signif-
icantly better than those with weak or no expression,
which is the opposite survival correlation for patients with
Ras mutations. In addition, K-Ras®’?° mice with KIf5 de-
letion exhibited a trend toward greater tumor burden than
in mice with wild-type KiIf5, although this finding was not
statistically significant, perhaps limited the number of
animals in our current study and/or to the difficulty of
distinguishing smaller hyperplastic lesions close together
from the larger areas of diffuse hyperplasia. Together,
these data suggest that KLF5 may act as a tumor sup-
pressor in a subset of lung cancers. In support of this,
previous studies have demonstrated down-regulation
and deletion of KLF5 in both prostate and breast cancer,
and KLF5 re-expression reduces cell viability and
proliferation. #1920

Although KLF5 is typically regarded as a transcrip-
tional activator, as with other Krippel-like factor family
members, its function is likely to be context dependent.*?
We found more genes significantly up-regulated, than
down-regulated, on KLF5 knockdown in H441 lung can-
cer cells by microarray analysis. Given that the functions
of other Krlppel-like factor family members have been
found to be cell type- and promoter-dependent,* our
data suggest similar complexity for KLF5 target gene
regulation.

The recent concept that chemotherapeutic agents are
unsuccessful due to a minority population of chemo-
resistant cancer cells, which retain the ability to re-initiate

the tumor, suggests that these “cancer stem cells” retain
stem cell-like qualities such as self-renewal and self-
preservation through expression of multidrug resistance
transporters.*® Some of the KLF5-responsive genes iden-
tified in our microarray study have been previously asso-
ciated with tumorigenic or stem-cell-related properties
such as TP73L (TP63), EED, ABCG2, PROMZ2, and
ADH1A, which may impact disease-specific survival of
lung cancer patients.?®43°4¢ ABCG2, specifically, has
been shown to efflux chemotherapeutic anthracycline
drugs, such as doxorubicin, which leads to drug resis-
tance.?® We showed that KLF5 expression exhibits an
inverse relationship with ABCG2 expression, and KLF5
knockdown significantly increased the resistance of lung
cancer cells to doxorubicin treatment. Moving forward,
lung cancer patients with high KLF5 expression should
be examined to determine whether they respond better to
adjuvant chemotherapeutic intervention.
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