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ABSTRACT

The transcription factor Kruppel-like factor 2 (KLF2) displays anticarcinogenic
activities but the mechanism that underlies this activity is unknown. We show
here that KLF2 is markedly downregulated in human breast cancers and that its
expression positively correlates with breast cancer patient survival. We show further
that KLF2 suppresses tumor development by controlling the transcriptional activity
of the vitamin A metabolite retinoic acid (RA). RA regulates gene transcription by
activating two types of nuclear receptors: RA receptors (RARs), which inhibit tumor
development, and peroxisome proliferator-activated receptor /3 (PPARB/J), which
promotes tumorigenesis. The partitioning of RA between these receptors is regulated
by two carrier proteins: cellular retinoic acid-binding protein 2 (CRABP2), which
delivers RA to RARs, and fatty acid-binding protein 5 (FABP5), which shuttles ligands
to PPARB/3. We show that KLF2 induces the expression of CRABP2 and RARy and
inhibits the expression FABP5 and PPARB/J thereby shifting RA signaling from the
pro-carcinogenic FABP5/PPARB/J to the growth-suppressing CRABP2/RAR path. The
data thus reveal that KLF2 suppresses tumor growth by controlling the transcriptional
activities of RA.

cells [11], sensitizes ovarian carcinoma cells to DNA
damage-induced apoptosis [10], and displays anti-
angiogenesis activities [12]. The mechanism(s) by which
KLF2 regulates the growth and oncogenic properties of
carcinoma cells remain incompletely understood but it was
reported that the factor inhibits the expression of epidermal
growth factor receptor [13] and that it suppresses KRAS-
induced oncogenic transformation [2]. Interestingly, as
described below, recent reports suggested that there exists

INTRODUCTION

Members of the Kruppel-like factor (KLF) family
of transcription factors bind to GC-rich sequences in
promoter regions of target genes, and they either activate
or repress transcription in a cell- and promoter-dependent
manner [1, 2]. Several KLFs have been implicated in
involvement in cancer cell biology. For example, it was
reported that KLF5 promotes proliferation of breast

and prostate cancer cells [3, 4] and that KLF11, KLF6,
and KLF4 suppress the growth of various carcinomas
[5-8]. Another member of the family that was shown
to display anti-carcinogenic activities is KLF2. It was
reported that KLF2 expression is downregulated in
prostate and ovarian cancers [9, 10]. It was also reported
that the protein suppresses the growth of T-cell leukemia

cross-talk between KLF2 and transcriptional signaling by
the vitamin A metabolite retinoic acid (RA) [13, 14].

RA regulates transcription by activating several
nuclear hormone receptors: the classical RA receptors
RARs [15, 16], and peroxisome proliferator activated
receptor /6 (PPARPB/3) [17, 18]. The partitioning of RA
between these receptors is controlled by cellular RA-
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binding protein 2 (CRABP2), which shuttles it to RARs,
and fatty acid binding protein 5 (FABPS5), which delivers
it to PPARB/S. CRABP2 and FABPS are cytosolic in the
absence of their ligand, but they move to the nucleus
upon binding of an activating ligand such as RA [17,
19-22]. In the nucleus, these binding proteins selectively
‘channel’ RA to their cognate receptors and thus markedly
enhance their transcriptional activities [17, 20, 22-24].
Consequently, RA activates RARs in cells that express
a high CRABP2/FABPS ratio, but can function through
PPARP/3 when this ratio is low. As RAR and PPARP/
regulate the expression of distinct cohorts of genes, RA
displays different biological activities in cells where it
activates RAR, and in cells in which it functions through
PPARP/3. For example, in many carcinoma cells, RAR
upregulates genes that trigger differentiation, apoptosis
and cell cycle arrest [25-32] while PPARPB/S induces
the expression of genes that promote proliferation,
angiogenesis and survival [17, 33-37]. Consequently,
RA inhibits the growth of carcinoma cells in which the
CRABP2/FABPS ratio is high such as MCF-7 mammary
carcinoma cells [22, 25, 26, 38, 39] but promotes
oncogenic activities in carcinomas where this ratio is low
such as in the triple-negative MDA-MB-231, breast cancer
cells which lack estrogen receptors, progesterone receptors
and the receptor tyrosine-protein kinase erbB-2 (ERBB2)
[17, 40, 41].

It was recently shown that, in preadipocytes,
the classical RA receptor RARy directly regulates the
transcription of KLF2 and that, in turn, KLF2 induces the
expression of both RARy and its cognate lipid-binding
protein CRABP2 [14]. KLF2 and the CRABP2/RAR path
thus cooperate in mediating the ability of RA to inhibit
differentiation of preadipocytes to mature adipose cells. It
was also reported that KLF2 suppresses the expression of
FABPS5 in MCF-7 mammary carcinoma cells [13]. These
observations raise the intriguing possibility that the tumor
suppressive activities of KLF2 may originate from the
ability of this factor to control the transcriptional activity
of RA and that it does so by shifting RA signaling from the
pro-oncogenic FABPS/PPARf/S to the anti-carcinogenic
CRABP2/RAR path.

RESULTS

KLF2 is downregulated in breast cancer,
positively correlates with patient survival, and
suppresses carcinoma growth in a xenograft
model of breast cancer

Two independent expression array profiles deposited
in Oncomine™ Compedia Bioscience [42, 43] documented
that the level of KLF2 mRNA is markedly lower in human
breast tumors vs. normal breast tissue (Figure 1A, 1B).

The data further show that KLF2 is downregulated in
early stage and remains low at all stages of breast cancer
(Figure 1C). Our analysis of a TissueScan™ human breast
cancer cDNA array (OriGene) similarly showed marked
downregulation of KLF2 at early stage of breast cancer
(Figure 1D). Notably, the deposited data [42, 43] show
that high mRNA level of KLF2 correlates with markedly
better survival rates of breast cancer patients (Figure 1E,
1F).

A xenograft mouse model of breast cancer was used
to further examine the involvement of KLF2 in mammary
tumor development. MDA-MB-231 triple negative
mammary carcinoma cells, and an MDA-MB-231 cell
line that stably over-expresses KLF2 (Figure 2A, inset)
were injected into NCr athymic mice and tumor growth
was monitored. To minimize variability between animals,
each mouse was injected with the parental cells into one
flank, and KLF2-overexpressing cells into the opposite
flank. The rate of development of tumors that arose
in sites injected with cells that over-express KLF2 was
significantly slower as compared with sites injected with
parental cells (Figure 2A). Remarkably, all sites injected
with parental cells developed tumors, but 2 out of 10 mice
injected with KLF2-overexpressing cells remained tumor-
free throughout the experiment.

KLF2 regulates RA signaling

Analysis of a qPCR array consisting of cDNA
derived from samples of normal breast and various
stages of human breast tumors (OriGene) showed that
downregulation of KLF2 during disease progression is
correlated with a marked decrease in the ratio of CRABP2
and FABP5 mRNAs (Figure 2B). Measurements of
expression levels of RA binding proteins and receptors in
tumors that arose in the athymic mice showed that tumors
that overexpressed KLF2 (Figure 2C) displayed higher
levels of CRABP2 and the RAR isotype RARY (Figure
2D, Figure S1A) and lower levels of FABPS and PPARPB/3
(Figure 2E, Figure S1A) as compared with tumors that
arose from parental MDA-MB-231 cells. Similarly to
effects observed in the tumors, ectopic expression of
KLF2 increased the expression of CRABP2 and RARy
and decreased the levels of FABP5 and PPARP/S in
MDA-MB-231 cells grown in culture (Figure S1B-S1E).
The observations thus suggest that KLF2 triggers a switch
in RA signaling from the growth-inhibitory CRABP2/
RAR pathway to the pro-oncogenic FABP5/PPARP/d
path. Transcriptional activation assays were carried out to
directly examine effects of KLF2 on the transcriptional
activity of RAR and PPARP/6. MDA-MB-231 cells
stably express GFP-tagged KLF2 or GFP alone (Figure
S1B) were depleted of retinoids by culturing in charcoal-
treated medium. Cells were co-transfected with a vector
encoding an RARE-driven or A PPARE-driven luciferase
reporter and a vector encoding B-galactosidase, serving
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as a transfection control. Considering that RA associates
with CRABP2 and RAR with a higher affinity than with
FABPS5 and PPARP/6 [23, 44, 45], the hormone was used
at 50 nM and 200 nM in RARE-driven and in PPARE-
driven transactivation assay, respectively. RA-induced
activation of the RARE-driven luciferase was significantly
enhanced upon ectopic overexpression of KLF2 (Figure
2F). In contrast, KLF2 inhibited RA-induced activation
of a PPRE-driven luciferase reporter (Figure 2G). In
accordance with activation of RAR and suppression of
PPAR-mediated activity by KLF2, analyses of cultured
cells (Figure S1F-S1I) and of tumors that arose in NCr
mice showed that overexpression of KLF2 upregulated
levels of mRNA of the endogenous the RAR target genes
BTG2 [26] and CYP26a [46, 47] (Figure 2H). In contrast,
levels of mRNAs of two direct PPARPB/S target genes, the
growth factor VEGFA [37] and the survival factor PDK/
[48], were lower in KLF2-expressing tumors (Figure 21).

Unlike MDA-MB-231 cells, MCF-7 mammary

carcinoma cells express a high level of KLF2 (Figure 3A).
Downregulating KLF2 levels in these cells (Figure 3B)
decreased the expression of CRABP2 and RARy (Figure
3C, Figure S2A) and upregulated FABPS and PPARP/S
(Figure 3D, Figure S2B). Accordingly, down-regulation of
KLF?2 attenuated the ability of RA to induce the expression
of the RAR target genes BTG2 and Cyp26a (Figure 3E,
3F), increased the expression of the PPARP/S targets
VEGFA and PDK1, and potentiated the ability of RA to
induce the expression of these genes (Figure 3G, 3H).

KLF2 directly controls transcription of CRABP2
and RARy and indirectly suppresses FABP5

Examination of the promoter region of CRABP2
revealed CACCC motifs, corresponding to consensus
KLF2 response elements [11], at 74, 105, 165, 365, 373,
666, 784, 1062, and 1172 basepairs (bp) upstream from
the transcription start site. Chromatin immunoprecipitation
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Figure 1: KLF2 is downregulated in human breast tumors and correlated with patients survival. A. Levels of KLF2 in

samples from normal breast, breast carcinoma, invasive breast

Levels of KLF2 in normal breast tissue and all breast tumors B.

carcinoma and invasive ductal breast carcinoma reported in [42]. B., C.
or tumors at different stages of breast cancer C. deposited in The Cancer

Genome Atlas (https://tcga-data.nci.nih.gov/tcga/). Group sizes for normal, 1A, IB, 1A, 1IB, IIIA, IIIB, IIIC and IV were 58, 42, 7, 151, 92,
54,15, 17, and 12, respectively. Data in A.-C. were obtained from OncomineTM (Compedia Bioscience, Ann Arbor, Michigan). Whisker
indicates S.D., + indicates mean. **p < 0.01, “p < 0.0006. D. Levels of KLF2 in TissueScanTM tissue qPCR array consisting of cDNA
derived from samples of normal breast and denoted stages of breast tumors (OriGene). Mean+SD. *p <0.05, **p < 0.01 vs. normal tissue.

E., F. Expression levels of KLF2 and their correlations with t
obtained from OncomineTM.

he survival rate of patients with breast cancer in two studies. Data were
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(ChiP) assays demonstrated that endogenous KLF2 is
recruited to the region that encompasses the first three
elements (Figure 4A) as well as to a region that includes
the REs at -365 and -373 bp RE (Figure 4B). Ectopic
over-expression of KLF2 enhanced the response (Figure
4A, 4B). Examination of the promoter of RARy similarly
revealed several putative KLF2 REs. ChiP assays showed
that, of these, endogenous KLF2 was associated with a
region that contains RE at 1192 and 1397 bp upstream
from the start site and ectopic overexpression of the factor
enhanced the response (Figure 4C). The observations
indicate that KLF2 regulates the expression of CRABP2

and RARy by directly binding to their promoters in MDA-
MB-231 cells,.

Interestingly, treatment with RA induced the
expression of KLF2, and ectopic overexpression of RARy
enhanced the response (Figure 4D). ChiP assays showed
that RA triggered recruitment of RARY to a direct repeat 2
(DR-2) RARE present at 687 bp upstream from the KLF2
transcription start site (Figure 4E), indicating that RARy
directly controls KLF2 transcription. Hence, KLF2 and
RARy appear to form a positive feedback loop through
which they promote each other’s expression.

Several putative KLF2 REs appear to be present
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Figure 2: KLF2 is involved in regulating RA signaling. A. NCr athymic female mice were injected with 5x10° MDA-MB-231
cells into the right flank and cells stably expressing KLF2 into the left flank. Tumor growth at both injection sites was monitored by
measuring the length and width with calipers and tumor volume calculated as (length x width?)/2. Data are mean+S.D. (rn = 10) *p < 0.05
vs. control (ctrl) tumors by Paired Student’s T-test. Inset: Immunoblots demonstrating stable over-expression of KLF2. B. Changes in
expression of KLF2 and in the CRABP2/FABPS ratio during breast cancer progression. Data were obtained by analyzing TissueScanTM
tissue qPCR array consisting of cDNA derived from samples of normal breast and denoted stages of breast tumors (OriGene). Expression
of KLF2, CRABP2 and FABP5 mRNA was normalized to 18s. C. Immunoblots of KLF2 in tumors that arose from parental and KLF2-
overexpressing cells. D. Immunoblots of CRABP2 and RARy in tumors that arose from parental and KLF2-overexpressing cells. E.
Immunoblots of FABP5 and PPAR/S in tumors that arose from parental and KLF2-overexpressing cells. F., G. MDA-MB-231 cells stably
overexpressing GFP (Ctrl) or GFP-KLF2 (KLF2) were co-transfected with vector harboring a luciferase reporter driven by RAR response
element (RARE-Luc) F. or PPAR response element (PPAR-Luc) G. and a vector encoding -galactosidase, serving as a transfection control.
Transactivation assays were carried out in the absence and presence of RA (50 nM for RARE; 200 nM for PPRE). Luciferase activity was
normalized to B-galactosidase. Mean+S.D., n = 3. *p < (.05, paired Student’s T-test. H. Levels of mRNA for BTG2 and CYP26a in tumors
that arose from parental and KLF2-overexpressing cells were measured by Q-PCR. Mean+SD, n = 3. *p < 0.05, paired Student’s T-test.
I. Levels of mRNA for VEGFA and PDK1 in tumors that arose from parental and KLF2-overexpressing cells were measured by Q-PCR.
Mean£SD, n = 3. *p < 0.05, paired Student’s T-test.
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in the promoter of FABP5 but ChiP assays indicated that
these are not functional in recruiting KLF2 in MDA-
MB-231 cells (data not shown). KLF2 may thus suppress
FABPS expression by an indirect mechanism. It was
previously reported that KLF2 inhibits the transcriptional
activity of NF-kB by sequestering the transcriptional
coactivator p300/CBP-associated factor (PCAF) [49].
Considering the report that FABPS expression is regulated
by NF-kB [13], we wondered whether such a mechanism
underlies the observed suppression of FABPS expression
by KLF2. To activate NF-«xB, cells were treated with
the growth factor heregulin-f1 (HRG). Similarly to the
response previously observed in MCF-7 cells [13], HRG
induced the expression of FABP5 in MDA-MB-231
cells (Figure 5SA). Ectopic expression of KLF2 lowered
the level of FABPS mRNA both in the absence and in
the presence of HRG (Figure 5A). Activation by HRG
resulted in recruitment of the NF-kB p65 subunit to the
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NF-kB RE located 49 bp upstream from the transcription
start site in the FABPS promoter (Figure 5B). Neither
HRG treatment nor ectopic expression of KLF2 altered
the total expression level of PCAF (Figure 5C). However,
while PCAF effectively associated with the NF-kB RE
at the FABPS promoter upon its activation by HRG, no
such recruitment was observed in the presence of KLF2
(Figure 5D). Hence, KLF2 suppresses FABPS expression
by interfering with the recruitment of PCAF to NF-kB at
the FABP5 promoter.

KLF2 converts RA from a pro-oncogenic to an
anti-oncogenic agent

MDA-MB-231 cells express a high FABPS/
CRABP2 ratio and, consequently, RA promotes their
growth (Figure 6A). To decrease this ratio, FABPS
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Figure 3: KLF2 regulates RA signaling in MCF-7 mammary carcinoma cells. A. Expression of KLF2 in MDA-MB-231 and
MCEF-7 cells examined by immunoblots. B. Immunoblots demonstrating down-regulation of KLF2 in MCF-7 cells transfected with vectors
harboring shRNA luciferase (shLuc) or shRNA KLF2 (shKLF2). C. immunoblots demonstrating expression of CRABP2 and RARYy in
MCEF-7 cells expressing shLuc or shKLF2. D. immunoblots demonstrating expression of FABPS and PPARP/S in MCF-7 cells expressing
shLuc or shKLF2. E., F. MCF-7 cells expressing shLuc or shKLF2 were treated with vehicle or RA (1 uM) for 4 h. Levels of mRNA for
BTG2 E. and CYP26a F. were measured by Q-PCR. Mean£SD, n = 3. *p < 0.05, paired Student’s T-test. G., H) MCF-7 cells expressing
shLuc or shKLF2 were treated with vehicle or RA (1 uM) for 4 h. Levels of mRNA for VEGFA G. and PDK1 H. were measured by Q-PCR.

Mean£SD, n = 3. *p < 0.05, paired Student’s T-test.
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transcription. A.-C. ChIP assays were carried out using MDA-MB-231 cells stably over-expressing GFP or KLF2. Immunoprecipitated
DNA was amplified using primers specific for the putative KLF2 response elements of the CRABP2 promoter A., B. or the putative KLF2
element in the promoter of RARy C. D. MDA-MB-231, transiently expressing a control vector or a vector encoding RARy were treated
with RA (1 uM) or vehicle for 4 h. KLF2 mRNA levels were measured by Q-PCR. Mean+S.D. (n = 3). *p < 0.05, paired Student’s T-test.
Inset: levels of RARy mRNA in cells transfected with an empty vector or a vector encoding RARy, assessed by Q-PCR. E. ChIP assays
demonstrating RA-induced recruitment of RARY to the RARE-containing region of the KLF2 promoter.
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30 pg/ml) for 4 h. and level of FABP5 mRNA was measured by Q-PCR. Mean+SD (n = 3). *p < 0.05. B., D. ChIP assays were carried out
using MDA-MB-231 cells stably over-expressing GFP or KLF2 untreated or treated with HRG with presence or absence of HRG (30 pg/
mL, 24 h). Immunoprecipiations was carried out using non-specific IgG or antibodies against the NFkB subunit p65 B. or antibodies against
PCAF D. Immunoprecipitated DNA was amplified using primers for the NFkB response element of the FABP5 promoter. C. Immunoblots
demonstrating expression level of PCAF in MDA-MB-231 cells stably over-expressing GFP or KLF2 in the absence or presence of HRG
(30 pg/ml, 24 h).
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expression was downregulated using two different
shRNAs and, concomitantly, CRABP2 was ectopically
overexpressed (Figure S3A). In contrast with its effect
on the growth of parental MDA-MB-231 cells, RA
suppressed the growth of cells which express a low
FABPS5/CRABP2 ratio (Figure 6A, Figure S3B). In
accordance with the notion that the tumor suppressing

activity of KLF2 is exerted at least in part by controlling
RA signaling, ectopic expression of this factor, similarly
to direct alteration of the FABP/CRABP2 ratio, converted
RA from a pro- to an anti-proliferative agent (Figure 6B,
Figure S3C). In addition to promoting cell proliferation,
RA enhanced cell invasion through a matrix gel (Figure
6C) and facilitated wound closure in scratch assays (Figure
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Figure 6: KLF2 converts RA from a pro-oncogenic to an anti-oncogenic agent. A. MDA-MB-231 cells were transfected
with control vectors encoding shLuc and empty vector (ev), or with vectors harboring shFABP5 and CRABP2. Cells were cultured in
medium containing 10% charcoal-treated FBS, treated with vehicle or RA (1 uM) for 4 days, and counted. *p < 0.05 (n = 3) by paired
Student’s T-test. B. MDA-MB-231 cells stably overexpressing GFP (Ctrl) or GFP-KLF2 (KLF2) were cultured in medium containing 10%
charcoal-treated FBS, treated with vehicle or RA (1 uM) for 4 days, and counted. *p < 0.05 (n = 3) by paired Student’s T-test. C. Invasion
assays using cells stably overexpressing GFP (Ctrl) or KLF2 and treated with RA (1 uM, 24 h.) or vehicle. Mean+S.D. (n = 3). *p <0.05,
paired Student’s T-test. D. Scratch assays using cells stably overexpressing GFP (Ctrl) or KLF2 and treated with RA (1 uM) or vehicle.
Quantitation of % closure after 24 h is shown. Mean£S.D. (n = 3). *p < 0.05, paired Student’s T-test. (See Figure S4 for representative
images). E. MDA-MB-231 cells that stably overexpress GFP (Ctrl) or KLF2 were cultured in medium containing 10% charcoal-treated
FBS in the presence of vehicle (ethanol) or RA (1 uM) for 5 days. RA was replenished every 24 h. Cells were stained with propidium
iodide and fractions of cells in different cell cycle stages assessed by FACS. The fraction of cells with fragmented DNA (sub-G1) is shown.
Mean+S.D. (n = 3). *p < 0.05, paired Student’s T-test. F. Top: MDA-MB231 cells stably overexpressing GFP (Ctrl) or KLF2 were cultured
in medium containing 10% charcoal-treated FBS in the absence or presence of RA (1 uM) for 5 days. RA was replenished every 24 h.
PARP and cleaved PARP were assessed by immunoblots. Bottom: quantitation of the cleaved-PARP/total-PARP ratio. Mean+S.D. (n = 3).
*p < 0.05, paired Student’s T-test *p < 0.05. G. Immunoblots demonstrating levels of PARP and cleaved PARP in tumors that arose from
parental and KLF2-overexpressing MDA-MB-231 cells. H. MDA-MB-231 cells that stably overexpress GFP (Ctrl) or KLF2 were cultured
in medium containing 10% charcoal-treated FBS in the presence of vehicle (ethanol) or RA (1 uM) for 5 days. RA was replenished every
24 h. Cell cycle stages were assessed by FACS. Mean+S.D. (n = 3). *p < 0.05, paired Student’s T-test.
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6D, Figure S3D). Conversely, in KLF2-overexpressing
cells, RA suppressed cell invasion and inhibited wound
closure (Figure 6C, 6D, Figure S3D). KLF2 displayed
a modest apoptotic activity on its own but it markedly
potentiated RA-induced apoptosis (Figure 6E, 6F, Figure
S3D). Similarly to the response of cultured cells, KLF2-
overexpressing tumors that arose in NCr mice (Figure
2A) displayed a higher apoptotic status, reflected by
PARP cleavage (Figure 6G). FACS analysis (Figure 6H,
Figure S4 ) showed that, in parental cells, 57.6£11.6%
and 59.9.8+10.1% were in G1 phase and 20.8+2.2% and
22.543.3% were in G2 phase in the absence and presence
of RA, respectively. Interestingly, overexpression of
KLF2 shifted the distribution resulting in 63.4+£9.4%
and 17.6+£2.9% of cells placed in G1 and G2 phases,
respectively. Similarly to parental cells, this distribution
was not affected by RA treatment (Figure 6H). These
observations thus show that KLF2 expression resulted in
a G1 arrest even in the absence of RA and suggest that,
in addition to regulating RA signaling, KLF2 also exerts
additional RA-independent antiproliferative activities.

DISCUSSION

The observations reveal that KLF2 controls the
transcriptional activity of RA and that it does so by
regulating the expression of RA nuclear receptors RAR
and PPARP/S and their cognate lipid-binding proteins

FABPS/
PPARR/®

CRABP2/
RARy

|

pro-oncogenic

CRABP2 and FABPS5 (Figure 7). KLF2 directly binds
to response elements in the proximal promoters of
CRABP2 and RARy and upregulates their expression.
Concomitantly, KLF2 suppresses the expression of FABPS
and PPARP/S. In accordance with the previous report that
KLF2 inhibits the transcriptional activity of NF-kB by
“squelching” the transcriptional coactivator PCAF [49],
the data indicate that KLF2 suppresses the expression of
FABPS5 by interfering with recruitment of PCAF to NF-kB
at the FABP5 promoter. The mechanism by which KLF2
inhibits the expression of PPAR/3 remains to be clarified.
The data further show that, in MDA-MB-231 cells, KLF2
is directly regulated by RARy. Hence, KLF2 and RARy
form a positive feedback loop through which they promote
each other’s expression.

By upregulating CRABP2 and RARy and decreasing
the expression of FABPS and PPARP/S, KLF2 diverts RA
signaling from a pro-oncogenic to an anti-proliferative
path, and the positive feedback loop between KLF2
and RARy further amplifies this activity. Indeed, while
RA promoted proliferation, migration, and invasion in
parental MDA-MB-231, expression of KLF2 converted
the hormone to an agent that suppressed growth and
oncogenic properties and triggered apoptosis in cultured
cells and in tumors that arose in a xenograft mouse model
of breast cancer. Hence, by controlling the partitioning
of RA between its two transcriptional pathways, KLF2
potently overcame the profound RA-resistance of highly

CRABP2/
RARy

FAB%
PPARB/3
—
KLF2
RA

anti-oncogenic

Figure 7: A model outlining cross-talk between KLF2 and RA signaling in control of cancer cell growth. In cancer
cells that express a high FABP5/CRABP?2 ratio, RA is ‘channeled’ to PPARB/d and promotes tumorigenesis. KLF2 expression results in
decreased expression of FABP5 and PPAR/S and in upregulation of CRABP2 and RAR. RA is thus diverted from a pro-oncogenic to an

anti-oncogenic pathway and suppresses tumorigenesis.
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metastatic, triple negative breast cancer cells. It is worth
noting that KLF2 inhibited cancer cell invasion and
migration, and induced apoptosis and cell cycle arrest
even with the absence of RA. These observations indicate
that, besides potentiating the anticarcinogenic activities of
RA, KLF2 suppresses tumor growth by additional, RA-
independent, mechanism(s) the nature of which remains
to be clarified.

The molecular events that lead to suppression of
KLF2 during breast cancer development are incompletely
understood but it is worth noting that it has been reported
that KLF2 expression is inhibited by NF-xB [13].
Considering that NF-«B is activated by epidermal growth
factor receptors (EGFR) [13], the amplification of the
EGFR gene HER2/ERBB2/neu in a significant fraction
of human breast cancers [50] may provide a partial
explanation for downregulation of KLF2 in breast tumors.
Taken together, the data show that KLF2 appreciably
contributes to the development of some human breast
cancers and point at this factor and its downstream
effectors, RA binding proteins and nuclear receptors, as
novel targets for therapy of some human breast cancers.

MATERIALS AND METHODS

Reagents

RA was purchased from Calbiochem (Millipore
Corp). Antibodies against FABP5 (AF1476) and PPARB/6
(AB10094) were obtained from R&D Systems and
Millipore Corp., respectively. Antibodies against RARy
(sc-7387), actin (sc-47778), PCAF (sc-8999), p65 (sc-
372), and KLF2 (sc-28675) were purchased from Santa
Cruz. Antibodies against PARP (9532) were from Cell
Signaling. Anti-mouse (170-6516) and anti-rabbit (170-
6515) immunoglobulin horseradish peroxidase-conjugated
antibodies were from BioRad. Antibodies against
CRABP2 were kindly provided by Cecile Rochette-
Egly IGBMC, Strasbourg, France). Normal mouse (sc-
2025) and rabbit (sc-2027) IgG for the Chip control were
purchased from Santa Cruz.

Cells

MDA-MB-231 cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and penicillin/streptomycin
(100 units/ml). To generate cells stably over-expressing
KLF2, MDA-MB-231 cells were infected with lentivirus
encoding GFP (ctrl) or GFP-KLF2 (KLF2) (Welgen Inc.)
and selected using puromycin (0.7 pg/ml). Individual
colonies were pooled. To flip CRABP2/FABPS ratio
in cells, MDA-MB-231 cells were transiently infected
with a vector harboring shRNA FABPS5 (shFABPS 1:

TRCN0000059698; shFABP5 2: TRCN0000059700, GE
Dharmacon) together with an expression vector encoding
CRABP2 (A vector encoding CRABP2 was generated
by inserting cDNA for human CRABP2 into BamHI and
EcoRI sites of pCMV-3Tag-1 vector). To generate KLF2
knock-down cells, MCF-7 cells were transiently infected
with lentivirus encoding shRNA luciferase (control) or
shRNA KLF2 (shKLF2 1: TRCN0000020725; shKLF2 2:
TRCN0000020726, GE Dharmacon).

Immunoblotting

Cells were lysed in a RIPA buffer containing 150
mM NacCl, 10 mM Tris, pH 7.2, 0.1% SDS, 1% Triton
X-100, 1% deoxycholate, 5 mM EDTA, 1 mM PMSF, 2
pug/ml leupeptin, 2 pg/ml aprotinin and 2 pg/ml pepstatin
A. Protein concentration was determined by the Bradford
protein assay. Cell lysates (50 pg protein) were resolved
by SDS-PAGE and immunobloted using appropriate
antibodies.

Quantitative real-time PCR (Q-PCR)

Total RNA was extracted using Trizol. 2 ng mRNA
was reverse transcribed into cDNA using the high
capacity RNA to cDNA kit from Applied Biosystems
(Gaithersburg, MD). Quantitative real-time PCR (Q-PCR)
analyses were performed in tripicates using the Tagman
Gene Expression Master Mix (Applied Biosystems)
and TagMan chemistry and Assays on Demand probes:
FABP5 (Hs00154260-m1), CRABPII (Hs00154260-m1),
RARy (Hs01559234-m1), PPARB/S (Hs00606407 ml),
RARP (Hs00977140-m1), VEGFA (Hs00173626-ml),
CYP26A1 (Hs 00175627-m1), PDK1 (Hs00765634-m1),
BTG2 (Hs00198887 m1) and KLF2 (Hs00360439-g1).
As internal control, 18s rRNA (4319413E-0710034) was
used.

Chromatin immunoprecipitation (ChIP) assays

Cells were grown to 70-80% confluency on 5x100
mm?® tissue culture dishes. Cells were fixed with 1%
formaldehyde (15 min.), quenched by the addition of
0.125 M glycine (5. min.), washed three times with PBS,
scraped in PBS and centrifuged. Cells were resuspended in
buffer containing 5 mM PIPES, pH 8.0, 85 mM KCl, 0.5%
NP40, 10 pg/ml leupeptin, 1 pg/ml aprotinin, and 5 pg/ml
pepstatin A, pelleted, resuspended in a buffer containing
10 mM Tris-HCI1 pH 8.1, 10 mM EDTA, 1% SDS, 1 ug/
ml leupeptin, 1 pg/ml aprotinin, and 5 pg/ml pepstatin A.
Cells were sonicated to yield DNA fragments 250-1000
bp in size. Sonicated samples were diluted 10 fold in
dilution buffer (0.01% SDS, 1.1% Triton X 100, 1.2 mM
EDTA, 16.7 mM Tris-HCI pH 8.1, 167 mM NacCl) and
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incubated for 1 h at 4 °C with 50 ul/ml of 50% slurry of
Protein A-Sepharose. Supernatant was transferred to a tube
containing 10 ug antibodies. See Experimental Procedures
for antibodies used. After overnight incubation, beads were
centrifuged and washed sequentially with 1 ml of buffer
containing 0.1% SDS and 150 mM NaCl, 1 ml of buffer
containing 0.1% SDS and 500 mM NaCl, 1 ml of buffer
containing 10 mM Tris, pH 8.1, 0.25 M LiCl, 1% Nonidet
P-40, 1% sodium deoxycholate, and 1 mM EDTA, and two
washes with 1 ml of buffer containing 10 mM Tris, pH 8.0,
and I mM EDTA. 200 plof elution buffer (0.1 M NaHCO,
and 1% SDS) were added to the beads, and samples were
incubated at room temperature for 15 min with agitation.
Eluates were reverse crosslinked overnight at 65°C. The
supernatant was incubated for 1 hour at 45°C with 1 M Tris
6.5 and 10 mg/ml proteinase K. DNA was extracted using
phenol-chlorofrom. PCRs were carried out using Go Taq
DNA polymerase (Promega). The regions that contained
KLF?2 response elements regions (CACCC) were amplified
by PCR using the following primers: CRABP2 forward
5’-AGC TAC GGC TCA AGA TCT GG-3’ and reverse
5’-GGG CTC GTG TAT GGC TG-3’; CRABP2 forward
5’-TTC CAG AGT CCC CAG GCA-3’ and reverse 5’-
GCT GGA ACA ACT CGG AGA GG-3’; RARy forward
5’-TGG AGT GAA AGA GAG GGC-3’ and reverse 5’-
CTT CCC CAG CAA TGC TCGA-3’. The regions that
contained p65 response elements regions were amplified
by PCR using the following primers: FABPS forward
5’-CAC CTC CCG ACC CCG AGAA-3’ and reverse 5°-
CCG GCG GCT GCT TTA TAA CG-3’. Primers used for
detecting RARY on KLF2 promoter: forward 5’-CCC ACC
TCA GCC TCC CAC TAC ACC CAGC-3’ and reverse
5’-GAT GGA TGG GAA GTC TGG AGT CTC CAG
GAT TCA TGG-3’. PCR products was separatedon a 1%
agarose gel, stained in ethidium bromide, and visualized
with an Alphalmager® HP System.

Fluorescence activated cell sorting (FACS)

Cells were seeded in 60 mm plates in DMEM
supplemented with 10% charcoal-treated FBS. RA (1
uM) was replenished every 24 hr. for 5 days. Cells were
collected, washed with PBS and fixed in 70% ice-cold
ethanol overnight. Cells were stained with propidium
iodide (0.5 pg/ml) containing 100 U/ml RNASe for 30
min. Samples were analyzed at the Case Western Reserve
University cell sorting facility, using a Becton Dickinson
LSRII cell sorter.

Cell proliferation assays

3 x10* cells were plated in triplicates in a 6-well
plate and treated with RA (1uM) for 4 days. Ligand was
replaced daily. Cell growth was assessed by counting.

Wound healing assays

70 uL of 5 x 10° cells/ml cells were seeded into
35mm p-Dish culture-insert (80206, Ibidi, Germany).
Cells were grown to the confluent layer overnight.. The
insert was gently removed without touching attached cells,
and cells were washed extensively with PBS 3 times to
remove floating cells, and medium with vehicle (EtOH)
or RA (1 uM) was replaced into culture dish. Images were
taken at initial and 24 h after insert removed..

Invasion assays

Invasion assays were performed using BD
bioscience invasion assay following manufacture’s
protocol. Briefly, 5x10* cells/mL were placed in a 24 well
plate containing matrigel and grown for 24 h. Medium was
aspirated and excess cells removed using a cotton swab.
Membranes were then stained using the Diff-Quik staining
kit (IMBC Inc), excised, mounted on a microscope slide
and cells were counted.

Transactivation assays

2x10° cells were plated in 6-well plates in DMEM
supplemented with 10% charcoal-treated FBS. Cells were
transfected with vectors harboring a luciferase reporter
driven by a PPAR RE (PPRE-Luc) or an RAR RE (RARE-
Luc). Cells were co-transfected with an expression vector
for B-galactosidase, serving as transfection efficiency
control. 24 h post-transfection, cells were treated with
0.2 uM RA (50 nM RA for RAR) or vehicle overnight.
Cells were lysed, and luciferase activity was assayed using
the luciferase assay buffer (Promega) and corrected for
transfection efficiency by the activity of B-galactosidase.

Mice studies

NCr athymic mice were housed in accordance with
ARC protocol and TACUC regulations. Eight-week old
NCr athymic female mice (Athymic Animal & Xenograft
Core Facility, Case Western Reserve University) were
injected with 5x10° MDA-MB-231 cells or cells that stably
overexpress KLF2. Parental and KLF2-overexpressing
cells in PBS were injected into left and right mammary fat
pad of the same animal, respectively. Tumor development
was monitored by measuring the length and width
with calipers and tumor volume calculated as (length x
width)*2. Tumors were collected at termination for mRNA
and protein expression evaluation.
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Human breast cancer cDNA array

cDNA array was purchased from OriGene
(BCRT101). Samples were analyzed by Q-PCR. Tagman
probes for KLF2, CRABP2 and FABPS were from Applied
Biosystems (Hs00360439, Hs00275636, and Hs02339439,
respectively).

Statistical analysis

Statistical significance of difference in KLF2
expression between breast tumors and normal tissue was
analyzed by an unpaired T-test. Statistical analyses on
xenograft tumors were carried out by Paired Student’s
T-test. Analyses were performed using SPSS 16.0 software
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