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The Kruppel-like factor Klf4 is implicated in tumorigenesis and maintaining stem cell pluripotency, and
Klf4 can both activate and repress gene expression. We show that the Pbx1 and Meis2 homeodomain proteins
interact with Klf4 and can be recruited to DNA elements comprising a Klf4 site or GC box, with adjacent Meis
and Pbx sites. Meis2d and Pbx1a activate expression of p15Ink4a and E-cadherin, dependent on the Meis2d
transcriptional activation domain. In HepG2 cells, reducing expression of endogenous Meis2 or Pbx1 decreases
p15 gene expression and increases the number of cells entering S phase. Although DNA binding by all three
proteins contributes to full cooperative activation, the sequence requirements for binding by Meis2 and Pbx1
are variable. In the E-cadherin promoter, a Pbx-like site is required for full activation, whereas in the p15
promoter, the Klf4 site appears to play the major role. Through a bioinformatics search we identified
additional genes with conserved binding sites for Klf4, Meis2, and Pbx1 and show that at least some of these
genes can be activated cooperatively by Klf4 and Meis2/Pbx1. We suggest a model in which genes with Klf4 sites
can be cooperatively activated by Meis2/Pbx1 and Klf4, dependent primarily on recruitment by Klf4. This
provides a mechanism to modulate transcriptional regulation by the multifunctional Klf4 transcription factor.

Homeodomain proteins comprise a large evolutionarily con-
served family of DNA binding proteins, with diverse functions
in organisms from yeast to mammals (17, 39, 40). The homeo-
domain is an approximately 60 amino-acid domain consisting
of three alpha helices. The third helix is primarily responsible
for DNA binding, whereas helices 1 and 2 play a structural role
and are responsible for protein-protein interactions (10, 18, 49,
52). Many homeodomain proteins bind to DNA in complex
with other proteins (9, 29, 30, 37). Meis2 and Pbx1 are mem-
bers of the TALE superfamily of homeodomains, in which
alpha helices 1 and 2 are separated by an extra three-amino-
acid loop extension (hence TALE) (5, 7, 44). The TALE su-
perfamily includes proteins which are transcriptional activa-
tors, such as Meis1 and Meis2, and repressors, such as Tgif1
and Tgif2 (5, 20, 41, 64, 65). In mice and humans, there are
three Meis paralogs (Meis1, 2, and 3), as well as the related
Prep1 and Prep2 (4, 15). Meis/Prep proteins share a highly
conserved TALE homeodomain and a second conserved do-
main, termed the homothorax homology domain (Hth), which
is present in the fly homothorax protein (42, 53). The Hth
domain of Meis family proteins mediates interaction with Pbx
proteins via the conserved PBC-A and PBC-B domains (22, 54,
57). Interaction of Meis and Pbx partners with each other
facilitates their cooperative binding to a composite DNA ele-
ment. Additionally, Meis proteins can be recruited to DNA by
interaction with a Pbx partner and other homeodomain pro-
teins, with out the need for Meis to bind DNA (34, 57). Meis
and Pbx family proteins can contribute to the formation of
DNA-bound transcription factor complexes with non-home-
odomain proteins. For example, Pbx1 can recruit MyoD to
promoter elements at which Pbx1 is prebound, prior to MyoD

expression (2, 28). Some members of the Meis family, includ-
ing Meis1 and Meis2, have transcriptional activation domains
(20, 21), whereas Prep1 and 2 appear to be much weaker
activators and may contribute primarily to the formation of a
DNA-bound complex (3). Pbx proteins are unable to activate
transcription alone but contribute to the binding of Meis pro-
teins to DNA and may facilitate transcriptional activation by
Meis partner proteins (35). Multiple splice variants of Meis2
have been identified (65). Most of the alternate splicing of
Meis2 affects the transcriptional activation domain. However,
one major splice variant (Meis2e) inserts a translational stop
close to the amino terminus of the homeodomain, generating
a variant lacking the activation domain and most of the homeo-
domain (65).

Mammalian Meis1 (myeloid ecotropic insertion site 1) was
identified as a common site of viral integration in mouse my-
eloid leukemia cells (43), and the related Meis2 and Meis3
genes were identified based on sequence similarity (46, 48).
Meis1 plays a key role in the progression of acute myeloid
leukemia (AML) and mixed lineage leukemia (MLL), and
fusion proteins generated by chromosomal rearrangements in
MLL can induce increased expression of Meis1 (55, 61, 63).
The Meis relative Prep1 plays a role in hematopoietic stem cell
function and in early T cell development (12, 50, 51). Pbx
proteins, which are common partners of Meis family members,
have also been implicated in tumorigenesis. The Pbx1 gene is
fused to the transcription factor E2A as a result of the t(1;19)
translocation in pre-B cell leukemia (25, 26). This fusion pre-
vents interaction with Meis proteins and converts Pbx1 to a
transcriptional activator. Thus, there is significant evidence for
deregulation of Meis and Pbx family proteins promoting tu-
morigenesis in lymphoid and hematopoietic cells.

Sp1 is a zinc finger-containing transcription factor which
regulates a large number of genes via binding to a GC-rich
consensus site (6, 13, 24). The related Sp3 protein binds to the
same sequence and is highly homologous over the carboxyl-
terminal zinc finger domain but is less well conserved outside
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this region (27). Sp1 has been shown to regulate the p15 pro-
moter and to activate p15 cooperatively with transforming
growth factor � (TGF-�)-regulated Smads (32, 33). Sp1 and
Sp3 belong to a larger family of Kruppel-related zinc finger
transcription factors that includes more than 15 KLF (for
Kruppel-like factor) proteins (23, 60). The KLF family includes
GKLF (gut-enriched KLF), also known as Klf4, which al-
though highly expressed in gut epithelium is also expressed in
a wide variety of other tissues (14) and plays a role in the
maintenance of pluripotent stem cells (36, 47, 62). Klf4 has the
characteristic three zinc fingers of the KLF family located at its
carboxyl terminus and contains both a transcriptional repres-
sion domain and an activation domain that can interact with
p300/CBP (19, 66). Thus, Klf4 can activate or repress transcrip-
tion, possibly depending on the context. Klf4 also plays appar-
ently contradictory roles in tumorigenesis, as there is evidence
for Klf4 being both a tumor suppressor and an oncogene (14,
38). For example, Klf4 levels are decreased in colorectal cancer
and in medulloblastoma, both by hypermethylation and by
mutation (45, 68). In contrast, Klf4 expression in keratinocytes
can induce squamous epithelial dysplasia (16). Consistent with
a role as an oncogene, Klf4 expression is increased in a number
of cancers, including mammary carcinomas and some squa-
mous cell cancers (38).

Here we show that Klf4 can recruit Meis2 and Pbx1 to a
suboptimal Meis/Pbx site adjacent to a GC box in the p15
promoter. The GC box is essential for Meis2 and Pbx1 recruit-
ment and for the transcriptional activation by Meis/Pbx, which
requires the Meis2 transcriptional activation domain. Using a
combination of bioinformatics and functional analysis we iden-
tified a number of other genes that are candidates for cooper-
ative regulation by Klf4-Meis/Pbx complexes. This work sug-
gests that Meis/Pbx dimers may promote transcriptional
activation over repression by DNA-bound Klf4, dependent on
adjacent Meis or Pbx binding sites.

MATERIALS AND METHODS

Plasmids and oligonucleotides. TGIF expression and short hairpin RNA
(shRNA) plasmids have been described previously (1). p15 reporter constructs
were created in pGL2 or pGL3 (Promega) or in pGL2 basic into which a minimal
TATA element from the adenovirus major late promoter (MLP) had been
inserted. The E-cad-luc reporter contains sequences from 178 bp upstream of the
transcriptional start to �92 from the mouse gene. The four-copy SBR2 and
two-copy Meis/Pbx reporters are as described previously (21, 56). Meis2, Pbx1,
KLF, and Sp1 expression constructs were created in a modified pCMV5 with
either a Flag or T7 epitope tag. KLF4 was also expressed from within pCDNA3.
Meis2 and Pbx1 mutants and deletion constructs are as described previously (21).
Pax3 and Etv1 luciferase reporters are as described previously (8, 11).

Cell culture and siRNA knockdown. HepG2 (ATCC HB-8065), Mcf7, NMuli,
and HeLa cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) with 10% fetal bovine serum (FBS), and COS1 cells were grown in
DMEM with 10% bovine growth serum (BGS). For knockdown, cells were
plated in 12-well plates and transfected with Dharmacon SMARTpool oligonu-
cleotides by using DharmaFECT reagent 1, according to the manufacturer’s
instructions. Small interfering RNA (siRNA) sequences are available on request.
RNA was isolated 60 h after transfection. The control pool (mouse siGENOME
nontargeting siRNA pool 3) was used for the nontargeting control. For EdU
labeling, cells were labeled with 10 �M EdU for 1 h at 37°C, and after fixation
in 4% paraformaldehyde, were permeabilized with Triton X-100 for 30 min at
room temperature. EdU was detected with an Alexa Fluor 488 EdU detection kit
(Click-iT EdU [Molecular Probes]), according to the manufacturer’s protocol,
and DNA was stained with Hoechst 33342. Images were captured on a Zeiss
AxioObserver with Volocity.

RNA analysis. RNA was isolated and purified using an Absolutely RNA kit
(Stratagene). For quantitative real-time PCR (qRT-PCR), cDNA was generated
using Superscript III (Invitrogen) and analyzed in triplicate by real-time PCR
using a Bio-Rad MyIQ cycler and Sensimix Plus SYBR green plus fluorescein
isothiocyanate (FITC) mix (Quantace). Intron-spanning primer pairs were se-
lected using Primer3 (http://frodo.wi.mit.edu/). Primer sequences for qRT-PCR
are available on request. Expression was normalized to cyclophilin using the
cycle threshold (��CT) method and is shown as the mean plus standard devia-
tion (SD) from triplicate experiments.

Immunoprecipitation and Western blotting. COS1 cells were transfected using
Lipofectamine (Invitrogen). Forty hours after transfection, cells were lysed by
sonication in phosphate-buffered saline (PBS) with 1% NP-40, 1 mM dithiothre-
itol (DTT), and protease inhibitors. Immunocomplexes were precipitated with
Flag M2-agarose (Sigma). Following SDS-polyacrylamide gel electrophoresis,
proteins were electroblotted to Immobilon-P (Millipore) and incubated with
antisera specific for Flag (Sigma) or T7 (Novagen). Proteins were visualized with
horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit Ig (Pierce)
and ECL (Amersham Pharmacia Biotech). For testing dependence on DNA
binding, ethidium bromide was added to a concentration of 1 �M to cell lysates
prior to precipitation.

DNA affinity precipitation. For isolation of protein complexes on double-
stranded DNA oligonucleotides, lysates were prepared from 75% of a confluent
15-cm dish of COS1 cells for each condition, in MSLD (100 mM NaCl, 20 mM
HEPES, pH 7.8, 10% glycerol, 0.1% Tween 20, with 1 mM DTT) and protease
inhibitors. Lysates were precleared with protein A-agarose (Pierce) and incu-
bated in 1 ml with 100 ng of biotinylated double-stranded oligonucleotide and 1
�g poly(dI-dC) � poly(dI-dC). Complexes were isolated on streptavidin-agarose,
washed 4 times in binding buffer, and then subjected to analysis by SDS-PAGE
and Western blotting. Sp1 antibody is from Upstate (07-645), Meis2 is from
Abnova (H00004212-M01), and Pbx1 is from Abnova (H00005087-M01).

Luciferase assays. HepG2 cells were transfected using Exgen 500 (MBI Fer-
mentas) according to the manufacturer’s instructions. Cells were transfected with
firefly luciferase reporters, a Renilla transfection control (phCMVRLuc [Pro-
mega]), and the indicated expression constructs. After 40 h, firefly luciferase
activity was assayed using firefly substrate (Biotium) and Renilla luciferase was
assayed with 0.09 �M coelenterazine (Biosynth), by using a Berthold LB953
luminometer. Mithramycin was added to a final concentration of 200 nM, 24 h
prior to analysis, where indicated.

ChIP. For transfected chromatin immunoprecipitation (ChIP) HeLa cells
were transfected with Exgen 500 (Fermentas) in 60-mm dishes and 5 �g of DNA.
Two days after transfection, cells were washed with PBS, fixed in PBS with 1%
formaldehyde for 15 min, and then quenched with 0.125 M glycine for 5 min.
Plates were washed twice with cold PBS, scraped into 1 ml of cold radioimmu-
noprecipitation assay (RIPA) buffer (150 mM NaCl, 1% NP-40, 0.5% deoxy-
cholate, 0.1% SDS, 50 mM Tris pH 8, 5 mM EDTA) with protease inhibitors,
and sonicated 15 times for 10 s. Lysates were centrifuged at 21,000 relative
centrifugal force (RCF) for 15 min to remove cell debris and then precleared
with protein G-agarose (Pierce) for 2 h. Immunoprecipitation was carried out
overnight with 15 �l Flag-agarose (in PBS, 1 mg/ml bovine serum albumin [BSA],
0.3 mg/ml salmon sperm DNA). Precipitates were washed twice with RIPA, 4
times with Szak’s IP wash buffer (100 mM Tris-HCl, pH 8.5, 500 mM LiCl, 1%
NP-40, 1% deoxycholate), twice more with RIPA, and twice with 1� Tris-EDTA
(TE). One hundred microliters of 1.5� Talianidis elution buffer (70 mM Tris-
HCl, pH 8, 1 mM EDTA, 1.5% SDS, 300 mM NaCl) was added to precipitates
(and inputs) in 50 �l TE and samples were incubated at 65°C for 5 h. Samples
were treated with 10 �g of proteinase K for 30 min at 45°C, and DNA was
isolated using QIAquick columns (Qiagen) in 100 �l of water. Amounts of
immunoprecipitated DNA were analyzed by qPCR on a Bio-Rad MyIQ cycler
with Sensimix Plus SYBR green plus FITC mix (Quantace). Primer sequences
for ChIP are available on request. Signal was expressed as bound versus input by
the ��CT method. For endogenous ChIP, Mcf7 cells were fixed and harvested as
described above. One 15-cm dish was used per sample. Immunoprecipitation was
carried out overnight using 3 �g of antibody and 15 �l of protein G-agarose
(Pierce) with BSA and salmon sperm DNA, as described above. Antibody for
Klf4 is from Santa Cruz (sc-20691) and Pbx1 was from Abnova (H00005087-
M01). Immunoprecipitated fractions were washed and analyzed as described
above.

In silico site search. Mouse and human genomic databases were searched using
the Site Search program (59): http://www.sitesearch.mshri.on.ca/Genome/index
.html. We searched 2 kb upstream of the predicted start site of each gene, for the
combination of a Klf4 site (RRGGYSY [58]) with both Meis and Pbx consensus
sites (TGACA and CAATC) within 40 bp either side of the Klf4 site. This
combination had to be present in both mouse and human, and we then accepted
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only those in which the orientations were the same in both mouse and human.
We then ranked the hits by the total difference in spacing between the sites
between mouse and human.

RESULTS

Activation of the p15 promoter by Meis2d and Pbx1a. As
shown in Fig. 1A, the proximal 1 kb of the human p15 pro-
moter contains four close matches to the Meis/Tgif consensus

binding site. One of these (a 6/7 match) is present within the
SBR2 that contributes to p15 expression in response to TGF-�
signaling (56). We were therefore interested to know whether
the p15 gene is a target for direct activation by Meis2 and
repression by Tgif1, as has been proposed for the dopamine 1A
receptor gene (65). In the context of the 1-kb p15 reporter
construct, we observed little effect of Tgif1 overexpression or
knockdown in these cells (data not shown). TALE homeodo-

FIG. 1. The p15 promoter responds to Meis2d and Pbx1a. (A) The human p15 promoter is shown schematically, with the positions of potential
Meis/TGIF binding sites, and consensus Sp1 and Initiator elements indicated. The reporters used are shown schematically, together with the base
numbers relative to the transcriptional start site. The fold induction with Meis2d and Pbx1a together is shown for each reporter. For the four-copy
SBR2 reporter this number is bracketed, since addition of Pbx1a had no further effect over what was seen with Meis2d alone. (B) HepG2 cells
were transfected with two p15 reporters and assayed for luciferase activity in the presence of Meis2d and Pbx1a as indicated. Luciferase activity
was measured after 40 hours and is shown normalized to a Renilla transfection control, as mean � SD from duplicate transfections. (C) HepG2
cells were transfected with the shorter (�113/�78) p15 promoter reporter, a p21 promoter reporter, a thymidine kinase (TK) promoter reporter,
and an E-cadherin promoter reporter. Meis2d and Pbx1a were coexpressed as indicated. (D and E) HepG2 cells were transfected with siRNA
duplexes targeting either Meis2 or Pbx1 alone, in combination, or with a control pool of nontargeting siRNAs. mRNA was isolated after 60 hours
and analyzed by qRT-PCR for expression of the indicated genes. Relative expression is shown as the average � SD of triplicates. (F) HepG2 cells
were transfected with the indicated siRNA pools and after 60 hours were incubated with EdU for 1 hour. EdU incorporation was determined by
fluorescence microscopy and is presented as the percentage of cells incorporating EdU (average � SD of triplicates). Significance levels, as
determined by Student’s t test: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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mains, including members of the Meis and Prep family, often
bind to DNA together with other homeodomain proteins, in-
cluding Hox and Pbx proteins. We therefore tested whether
any response of the p15 promoter to Meis2d might be affected
by Pbx1a. Coexpression of Meis2d with a reporter in which
luciferase activity is driven by a 1-kb fragment of the p15
promoter resulted in around 3.5-fold activation, and coexpres-
sion of Pbx1a increased p15 activity to around 16-fold (Fig. 1A
and B). We next analyzed a series of p15 promoter deletions to
identify the region that responds to Meis2 and Pbx1 (Fig. 1A).
As shown in Fig. 1A and B (also data not shown), a region
containing only the 113 bases of the proximal promoter re-
sponded to Meis2 and Pbx1, suggesting that the four consensus
sites are dispensable for this activity. This analysis suggests that
the p15 promoter can be activated cooperatively by Meis2d
and Pbx1a and that this response depends on sequences be-
tween �113 and �15 relative to the transcriptional start site.
This region lacks a good match to a Meis or Pbx binding site
but contains two previously characterized Sp1 binding sites.

We next compared the effects of expression of Meis2d and
Pbx1a on transcriptional reporters containing promoter re-
gions from the p15 gene (two Sp1 sites), p21 (four Sp1 sites),
thymidine kinase (TK) (one Sp1 site), and E-cadherin (one
Sp1 site). As shown in Fig. 1C, the TK-luc and p21-luc report-
ers did not respond to Meis2d and Pbx1a, whereas the E-
cadherin reporter was activated around 7-fold with both
Meis2d and Pbx1a. We repeated these assays in the human
SK-HEP-1 cell line, which was derived from a patient with
adenocarcinoma, and again observed activation of the p15 and
E-cadherin reporters by Meis2d and Pbx1a (data not shown).
For the E-cadherin reporter, expression of either Meis2 or Pbx
alone activates less than 2-fold, but expression of both results
in around 15-fold activation. These data suggest that Meis2
and Pbx1 may activate expression of a subset of Sp1 site-
containing promoters.

Regulation of p15 expression and cell cycle progression and
Meis/Pbx. To test whether the regulation of p15 and E-cad-
herin genes by Meis2d and Pbx1a occurred at the endogenous
level, we knocked down Meis2 and Pbx1 and analyzed gene
expression by qRT-PCR. HepG2 cells were transfected with
siRNA oligonucleotides: a nonspecific pool as control or
siRNAs to Meis2, Pbx1, or both. Targeting Meis2 resulted in
around 60% reduction in Meis2 mRNA levels, and Pbx1
knockdown decreased its expression by up to 75% (Fig. 1D).
Analysis of p15 expression revealed a significant decrease
when Meis2 or Pbx1 was knocked down and a similar effect of
the double Meis2/Pbx1 knockdown. We also observed a signif-
icant decrease in E-cadherin expression with knockdown of
either Meis2 or Pbx1 or with knockdown of both together (Fig.
1D). We next analyzed expression of p21 and several other cell
cycle regulators in cells with Meis2 and Pbx1 knockdown. p21
expression was significantly reduced in the knockdown, but
only by about 40%. In contrast, we observed little effect on
expression of other cell cycle regulators, although expression
of cyclin A2 was somewhat increased (Fig. 1E). Since we ob-
served decreased expression of p15, as well as some reduction
in p21 expression, we next tested whether this affected cell
cycle progression. Following knockdown of Meis2, Pbx1, or
both together, cells were incubated with EdU to identify those
that were undergoing DNA synthesis. As shown in Fig. 1F,

there was a significant increase in the proportion of EdU-
positive cells when either Meis2 or Pbx1 was knocked down,
consistent with the idea that these cells were more rapidly
transiting G1 and entering S phase. Together, these results
suggest that Meis2 and Pbx1 can contribute to the activation of
the p15 and E-cadherin genes in HepG2 cells and that reduc-
ing Meis2 and Pbx1 levels promotes proliferation.

The Meis2 activation domain is required for activation of
p15. To test the requirements for activation of p15 and E-
cadherin expression by Meis2d and Pbx1a, we tested a panel of
Meis2d and Pbx1a mutants in HepG2 cells (Fig. 2A). We
tested two truncation mutants of Meis2d, which affect either
Pbx1 interaction or remove the transcriptional activation do-
main, and a mutant in which one of the DNA contact residues
is altered from arginine to methionine (R332M) (21). We also
tested a DNA binding point mutant form of Pbx1a (N286S)
and a deletion mutant that has reduced interaction with
Meis2d. We first verified the effects of these mutations on the
activity of the Pbx/Meis consensus site reporter. Interfering
with the interaction of Meis2d and Pbx1a with each other, or
with DNA binding, severely reduced transcriptional activity, as
did deletion of the Meis2d activation domain (Fig. 2B). Dis-
ruption of the interaction of Pbx1a with either DNA or Meis2d
reduced the activation of the p15 reporter by about half, and
preventing DNA binding by Meis2d effectively abolished acti-
vation by Meis2d and Pbx1a (Fig. 2C). A similar pattern was
seen with the E-cadherin reporter, although the effect of de-
leting the Meis2 interaction domain of Pbx1a was more dra-
matic with this reporter (Fig. 2D). Importantly, deletion of the
Meis2 activation domain abolished activation of either re-
porter by coexpressed Meis2d and Pbx1a, suggesting that the
Meis2d activation domain is essential for the observed effects
of Meis2d and Pbx1a on p15 and E-cadherin expression. Ad-
ditionally, these data suggest that DNA binding by both
Meis2d and Pbx1a is required for activation of p15 and E-
cadherin expression.

GC boxes contribute to Meis/Pbx activation of the p15 and
E-cadherin promoters. To test whether activation by Meis2d
and Pbx1a required the Sp1 sites in the p15 promoter, we
analyzed the activity of the �967/�78 and �113/�78 reporters
in HepG2 cells treated with mithramycin, which is used as a
relatively broad specificity inhibitor of transcription factor
binding to GC-rich elements, such as Sp1 sites. As shown in
Fig. 3A, the activation of both p15 reporters by Meis2d and
Pbx1a was significantly reduced in cells treated with mithra-
mycin. As with the p15 reporter constructs, we observed a
reduction in the activation of the E-cadherin reporter by
Meis2d/Pbx1a in the presence of mithramycin (Fig. 3A). In
contrast, the consensus Pbx/Meis site reporter, which is not GC
rich and is bound directly by Pbx1a and Meis2d, was unaffected
by mithramycin treatment. To test whether the Sp1 sites in
the p15 promoter could contribute to recruitment of Meis2, we
used a series of biotinylated DNA duplexes to isolate the
endogenous Sp1 and Meis2 proteins from COS1 cells. We
focused on the region of the p15 promoter which contains the
5�-most Sp1 site and the sequences with partial matches to
Meis and Pbx sites (Fig. 3D, oligonucleotide sequences). As
shown in Fig. 3B, both Sp1 and Meis2 bound specifically to the
p15 wild-type oligonucleotide but not to the unrelated DR5
retinoic acid response element. Similar results were seen with
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the binding of endogenous Pbx1 to this element. Importantly,
mutation of the Sp1 site (GC mutant) abolished binding of Sp1
as well as Meis2 and Pbx1 to the p15 sequence (Fig. 3B). To
further delineate the requirements for recruitment of Meis2 to
this site, we tested three other mutant forms of this element, in
which the closest matches to Pbx and Meis consensus binding
sites had been mutated. Sp1 clearly bound to all of the p15
elements tested except for the GC mutant (Fig. 3C). In con-
trast, we observed greatly reduced binding of Meis2 when
either the Sp1 site or the Sp1-proximal Meis-like site was
mutated (Fig. 3C, GC and M1 mutants). Mutation of a second
Meis-like site had no effect on Meis2 binding, whereas mutat-
ing the closest match to a Pbx consensus abolished recruitment
of Meis2 (p15mut P1). Together, these data suggest that en-
dogenously expressed Meis2 and Pbx1 can form a complex on
DNA at a suboptimal site, dependent on the adjacent GC-rich
sequence.

We next wanted to test whether Meis2 and Pbx1 were pres-
ent at the endogenous p15 locus. We expressed Flag-epitope-
tagged versions of each protein and performed ChIP with
anti-Flag agarose. We analyzed three regions of the p15 locus
(Fig. 3E), including the proximal promoter region, centered
around 56 bp upstream of the transcriptional start site, a sec-
ond region further upstream (at bp �1265 from the start) and
a region 9 kb 3� of the start. As shown in Fig. 3F, Meis2d was
found at the p15 proximal promoter but was not significantly
enriched either at sequences further upstream or at a far
downstream region. In contrast, Meis2e, which lacks the ho-
meodomain was not enriched at the p15 promoter. We next
performed similar experiments with low levels of transfected

Flag-Meis2d, with or without coexpression of T7-tagged Pbx1a.
As shown in Fig. 3G, coexpression of Pbx1a increased recruit-
ment of Meis2d to the p15 promoter, consistent with the for-
mation of a cocomplex on DNA. Together, these data suggest
that Meis2d and Pbx1a can be recruited to the proximal p15
promoter, dependent on the presence of an Sp1 binding site.

Pbx1a interacts with Klf4. Since the Sp1 sites in the p15
promoter appeared to be critical for the transcriptional re-
sponse to Meis2d and Pbx1a and for their binding to DNA, we
wondered whether Meis2d or Pbx1a might interact with Sp1.
COS1 cells were transfected with expression constructs encod-
ing T7 epitope-tagged Sp1 or Sp3, together with Flag-tagged
Meis2d, Meis2e, or Pbx1a. Protein complexes were collected
on anti-Flag agarose and analyzed for the presence of copre-
cipitating T7-Sp1 or T7-Sp3. Meis2d coprecipitated with both
Sp1 and Sp3, whereas the Meis2e splice variant did not (Fig.
4A). Additionally, we observed some interaction with Pbx1a.
To identify the region of Meis2 responsible for interaction with
Sp1, we tested a deletion mutant (containing amino acids 2 to
345) lacking the Meis2d transcriptional activation domain, and
Meis2d(R332M) that is unable to bind DNA. Amino acids 2 to
345 of Meis2 were still able to interact with Sp1 in this assay,
whereas the R332M point mutation completely abolished in-
teraction with Sp1, raising the possibility that Meis2d-Sp1 in-
teraction is dependent on DNA binding (data not shown). To
test whether the interaction of Meis2 with Sp1 was dependent
on DNA binding, we performed coimmunoprecipitation exper-
iments and incubated lysates with ethidium bromide prior to
precipitation with anti-Flag agarose. The inclusion of ethidium
bromide effectively reduced the Meis2d-Sp1 interaction (Fig.

FIG. 2. Requirements for activation by Meis2/Pbx1. (A) The proteins encoded by the Pbx1a and Meis2d expression constructs used in panels
B to D are shown schematically. The effects of the mutations or deletions on interaction with Meis2 or Pbx1 or on DNA binding are summarized,
and the presence of the activation domain (Tx AD) in the Meis2d constructs is indicated. (B to D) HepG2 cells were transfected with the Pbx/Meis
reporter (B), the p15 reporter (C), or the E-cadherin luciferase reporter (D), together with the indicated Pbx1a and Meis2d expression constructs.
Luciferase activity was measured after 40 h and is presented in arbitrary units, as the mean plus SD of duplicate transfections.
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4B). Thus, the apparent interaction of Meis2d with Sp1 is
mediated by binding to DNA.

Since the GC-rich Sp1 sites in the p15 promoter contribute
to the Meis2d/Pbx1a response and to binding to DNA, we
tested whether other members of the SP/KLF family could
interact with Meis2d or Pbx1a. We first tested for effects of
Klf4 on p15 expression and interaction with Meis2d and Pbx1a.
As shown in Fig. 4C, we observed interaction of both Meis2d
and Pbx1a with Klf4, although the interaction was more readily
detectable with Pbx1a. Importantly, this interaction was not
affected by inclusion of ethidium bromide. The interaction was

not affected by the introduction of a DNA binding point mu-
tation (N286S) into Pbx1a, further suggesting that it was not
entirely dependent on DNA binding (Fig. 4D). Additionally,
comparison of the interaction between Meis2d and Sp1 or Klf4
revealed that the Klf4 interaction was much more readily de-
tectable (data not shown). We also tested interaction with Klf3
and Klf5 but did not detect a clear interaction with either
Meis2d or Pbx1a (Fig. 4D and data not shown). As shown in
Fig. 4E, deletion of the Pbx1a homeodomain (construct
containing amino acids 2 to 233) had little effect on inter-
action with Klf4, whereas removal of the amino-terminal 90

FIG. 3. GC boxes contribute to Meis/Pbx activation of the p15 promoter. (A) HepG2 cells were transfected with the indicated p15 (�967/�78
and �113/�78), E-cadherin, or (P/M)2-TATA luciferase reporters with Meis2d or Meis2d and Pbx1a expression constructs as indicated.
Twenty-four hours after transfection, mithramycin was added and cells were assayed 24 h later. Results are shown normalized to a Renilla
transfection control as mean � SD from duplicate transfections. (B and C) COS1 cell lysates were used to test binding of endogenous Sp1 and
Meis2 or Pbx1 to biotinylated double-stranded oligonucleotides. Lysates were incubated with a control sequence (a DR5 retinoic acid response
element), the wild-type sequence from the p15 promoter (p15wt), or a mutant form which disrupts the GC box (p15mut: GC). Bound proteins were
analyzed for the presence of Sp1 and Meis2 (B, upper panel) or Sp1 and Pbx1 (C, lower panel). Expression in the lysate is also shown (Lys). Specific
bands are indicated with arrows. In panel C, a series of mutant oligonucleotides was used to test for binding of Sp1 and Meis2. (D) The sequences
of the oligonucleotides used in panels B and C are shown, together with the similarity to consensus Sp1, Meis, or Meis/Pbx sites. Colons indicate
unchanged sequence in the mutants; altered bases are shown. (E) The p15 locus is shown schematically, with positions (in base pairs) relative to
the start site shown above. The positions of the amplicons tested by ChIP are shown below. (F) Cells were transfected with the indicated Flag-Meis2
constructs and subjected to ChIP with anti-Flag-agarose or with anti-GluGlu-agarose as a control. (G) ChIP was performed as for panel F, with
Flag-Meis2d and T7-Pbx1a as indicated. Relative enrichment is shown (in arbitrary units, as the mean � SD from triplicates. ***, P � 0.001; *,
P � 0.05, as determined by Student’s t test.
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amino acids (�90) clearly reduced the interaction. Taken
together, these results suggest that Pbx1a and Klf4 interact
and that this interaction does not depend on DNA binding.

To test whether Klf4 could activate the p15 promoter, we
expressed increasing amounts of Klf4 with or without Meis2d
and Pbx1a. As shown in Fig. 4F, we observed a small but
significant increase in reporter activity with increasing Klf4 in
the presence of Meis2d and Pbx1a, whereas there was no effect
of Klf4 on basal activity. In contrast, coexpression of Sp1 or
Sp3 did not increase activity (data not shown). To test whether
Klf4 could bind to the endogenous p15 locus, we performed
ChIP experiments using Flag-tagged Klf4 or Sp1 and analyzed
recruitment to the p15 locus as before. We observed significant
enrichment of both Sp1 and Klf4 to the p15 proximal promoter

but not to other regions of the p15 locus, consistent with the
location of the known Sp1 sites (Fig. 4G). To test whether
endogenously expressed Klf4 could play a role in the activation
of p15, we transiently knocked down Klf4 in HepG2 cells and
tested expression of Klf4, p15 and E-cadherin by qRT-PCR.
Klf4 expression was reduced by about 80%, and we observed a
significant reduction in expression of the endogenous p15 and
E-cadherin genes on Klf4 knockdown (Fig. 4H). Taken to-
gether, these results suggest that Klf4 and a Meis2/Pbx1 com-
plex are recruited to the p15 proximal promoter to activate p15
expression.

Pbx1 and Klf4 are recruited to the p15 and E-cadherin
promoters. The E-cadherin gene has recently been shown to
bind endogenous Klf4 in breast cancer cell lines (67). We

FIG. 4. Meis2d and Pbx1 interact with Klf4. (A) COS1 cells were transfected with T7-tagged Sp1 or Sp3 and Flag- Meis2 and Pbx1a expression
constructs as indicated. Cells were lysed, and protein complexes collected on anti-Flag-agarose and analyzed by Western blotting for the presence
of coprecipitating T7-tagged Sp1 or Sp3. For panels A to E, specific coprecipitating bands are indicated with arrows and expression in the lysates
is shown below. (B) COS1 cells were transfected with T7-Sp1 and Flag-Meis2d as indicated. Lysates were subjected to Flag immunoprecipitation
in the presence or absence of ethidium bromide (as indicated), and coprecipitating Sp1 was identified by T7 Western blotting. (C and D) COS1
cells were transfected with T7 epitope-tagged Klf4 or Klf3 and Flag-tagged Meis2d and Pbx1a expression constructs as indicated. Cells were lysed,
and protein complexes were collected on anti-Flag-agarose and analyzed by Western blotting for the presence of coprecipitating T7-tagged
proteins. In panel C, ethidium bromide was added prior to immunoprecipitation, as indicated. (E) COS1 cells were transfected with T7
epitope-tagged Klf4 and Flag epitope-tagged mutations of Pbx1 as indicated. Lysates were then analyzed as for panel A. (F) HepG2 cells were
transfected with the indicated p15 promoter reporter and Meis2d and Pbx1a as indicated, together with increasing amounts (as shown in ng) of
a Klf4 expression plasmid. Luciferase activity assayed after 40 hours is shown normalized to a Renilla transfection control, as mean � SD from
triplicates. (G) Binding to the p15 locus of Flag-tagged Klf4 and Sp1 as indicated was analyzed by ChIP, as in Figure 3. (H) HepG2 cells were
transfected with siRNA duplexes targeting Klf4 or a control pool of nontargeting siRNAs. mRNA was isolated after 60 hours and analyzed by
qRT-PCR for expression of the indicated genes. Relative expression is shown as the average � SD of triplicates. Significance levels, as determined
by Student’s t test are as follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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therefore tested whether modulation of Klf4 and Meis2 or
Pbx1 levels affected p15 and E-cadherin expression in MCF7
cells. As shown in Fig. 5A, siRNA-mediated knockdown of
Pbx1 and Klf4 in these cells resulted in a clear reduction in
both mRNA and protein levels, although Meis2 knockdown in
MCF7 had little effect (data not shown). As with our previous
analysis in HepG2 cells, we also observed a significant reduc-
tion in p15 and E-cadherin mRNA levels as with knockdown of
either Pbx1 or Klf4 (Fig. 5B). We next tested whether Pbx1 and
Klf4 could be detected at the p15 and E-cadherin promoters in
MCF7 cells, but this time we analyzed binding of endogenous
proteins. Chromatin was precipitated with antibodies against
Pbx1 or Klf4, or with an IgG as a control, and the presence of
the E-cadherin promoter and the �56 region of the p15 pro-
moter analyzed by PCR. As shown in Fig. 5C, Klf4 clearly
bound to both the p15 and E-cadherin promoters, whereas
it was not detected at the p15 3� region. We also observed
binding of Pbx1 to both promoters, although this was some-
what harder to detect. Together, these data suggest that the
endogenous Klf4-Pbx1 complex can bind to both p15 and
E-cadherin promoters and that the cooperative regulation
of gene expression by Klf4-Pbx1 complexes can occur in
multiple cell types.

Identification of novel potential targets for Klf4-Meis/Pbx
activation. We next created two mutant forms of the p15 �967/
�78 luciferase reporter: the first contained mutations in both
of the GC boxes, and the second contained mutations in the
M1 Meis site and the Pbx-like site (Fig. 3D). Mutation of the
GC boxes resulted in an increase in basal activity and a de-
crease in the response to coexpressed Meis2d and Pbx1a (Fig.
6A and C). In contrast, the mutations which disrupt the Meis-
and Pbx-like sites (M/P mutant) had relatively little effect on
activity either with or without coexpressed Meis2d and Pbx1a
(Fig. 6A). To examine whether the E-cadherin promoter re-
sponded similarly, we made mutations in the GC box and an

adjacent Pbx-like site. As shown in Fig. 6B and C, the E-
cadherin reporter with a mutated GC box had lower basal
activity but a similar level of induction with Meis2 and Pbx1.
However, unlike the p15 promoter, mutation of the Pbx site
resulted in both lower activity and reduced induction by
Meis2 and Pbx1 (Fig. 6B and C). These data suggest that
there is a variable requirement for Meis and Pbx sites in the
p15 and E-cadherin promoters and that the sequence re-
quirements for cooperative activation by Meis/Pbx and Klf4
are quite variable, at least in terms of the Meis and Pbx
binding sequences.

To further test the possibility that Meis/Pbx and Klf4 coop-
eratively activate gene expression, we performed an in silico
search for genes with conserved binding sites for all three pro-
teins (http://www.sitesearch.mshri.on.ca/Genome/index.html)
(59). We were unable to search for degenerate Meis and Pbx
sites since this would provide no selectivity, so we used the
minimal 5-base consensus for each, combined with the sequence
RRGGYSY based on the Klf4 consensus. As outlined in Fig. 6D,
we restricted the search to the proximal 2 kb upstream of the
predicted transcriptional start site and searched for a Klf4 site
with both Meis and Pbx sites present within 40 bp. This search
yielded 484 hits with the combination of all three sites in the
upstream region of the same gene in both mouse and human.
To reduce this number, we first took only those hits in which
the sites were in the same order and same relative orientation
to each other in both species and ranked them by how similar
the spacing between the sites was in mouse and human. By this
ranking, the top 17 had exactly the same spacing between the
three sites in both species, and the top 35 had a total difference
of only 6 bp or less. Of these top 35, published reporters were
available for two of them. Pax3 has been shown to be regulated
by Meis and Pbx, and a luciferase construct containing the
potential Klf4-Meis/Pbx element was shown to respond to
Meis2 and Pbx1 expression (11). Although a luciferase re-

FIG. 5. Pbx1 and Klf4 regulate p15 and E-cadherin in MCF7 cells. (A and B) MCF7 cells were transfected with the indicated siRNA duplexes,
or a nontargeting control, and assayed by qRT-PCR and Western blotting for Klf4 and Pbx1 (A) and by qRT-PCR for p15 and E-cadherin (B).
mRNA was isolated after 60 h and analyzed by qRT-PCR for expression of the indicated genes. Relative expression is shown as the average �
SD of triplicates. Significance levels, as determined by Student’s t test, were as follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001. (C) ChIP was
performed on chromatin from MCF7 cells using control IgG or antibodies to Pbx1 or Klf4. ChIP fractions were analyzed by PCR using primer sets
to the E-cadherin promoter, the p15 proximal promoter (p15 �56), or as a negative control, a 3� region of p15 (p15 3�). PCR on input chromatin
is shown in the right lane.
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porter for Etv1 has been characterized, it had not been tested
with either Meis/Pbx or Klf4 (8). We obtained the reporters for
Pax3 and Etv1 and tested them for cooperative activation by
Klf4 and Meis/Pbx. The Pax3-luc reporter was clearly activated
by coexpression of Meis2d and Pbx1a, whereas expression did
not increase with Klf4 expression alone (Fig. 6E). Coexpres-
sion of all three proteins together resulted in a significant
increase in activity over that seen with Meis2d and Pbx1a. With
Etv1 we observed similar results, although Meis2d and Pbx1a
had less effect in the absence of Klf4 and the cooperative
activation by all three proteins was more pronounced (Fig. 6F).
Taken together, these data suggest that Meis2, Pbx1, and Klf4
can activate gene expression cooperatively and that Meis and
Pbx proteins may modulate the transcriptional activity of Klf4.

DISCUSSION

We demonstrate that Meis2d and Pbx1a functionally coop-
erate with Klf4 to activate gene expression. The recruitment of
Meis2d and Pbx1a allows transcriptional activation by the com-
plex, dependent on the Meis2d activation domain.

This work uncovers a mechanism by which Meis and Pbx
proteins can be preferentially recruited to a subset of target
genes via interaction with Klf4, resulting in the fine-tuning of
the Klf4 response. Klf4 is a multifunctional protein with both
transcriptional activation and repression domains. It therefore
is not surprising that interactions with other transcription fac-
tors may contribute to whether Klf4 activates or represses
transcription. We show that the Meis2d activation domain is

FIG. 6. Analysis of sequence requirements for activation by Meis2 and Pbx1. (A) HepG2 cells were transfected with the indicated p15 luciferase
reporters: p15 wild type (�967/�78) or reporters that had mutated GC boxes or Meis- and Pbx-like sites. Klf4, Pbx1a, and Meis2d were expressed
as indicated. Activity is shown in arbitrary units as mean � SD from duplicate transfections. (B) HepG2 cells were transfected as in panel A with
the indicated E-cadherin luciferase reporters: E-cadherin wild type (E-cad) or reporters that had a mutated GC box or Pbx-like site. (C) Fold
induction from panels A and B is shown for p15 and E-cadherin. (D) The outline of the site search protocol for Klf4-Meis/Pbx elements is shown
schematically, with the number of hits shown to the right. (E and F) HepG2 cells were transfected with luciferase reporters for the Pax3 (E) or
Etv1 (F) promoters. Meis2d, Pbx1a, and Klf4 were added as indicated. Activity is shown in arbitrary units as mean � SD from triplicate
transfections. Maximum fold activation by Meis/Pbx for each set of four conditions is shown above. Significance (by Student’s t test; P � 0.05) is
shown: #, comparison of Meis/Pbx to control; *, comparison of equal amounts of Meis/Pbx with or without Klf4. Amounts of expression plasmids
transfected in E and F: triangle symbols for Meis2d and Pbx1a represent 25, 50, and 100 ng per well, and for Klf4 plus and double-plus symbols
represent 2.5 and 5 ng per well, respectively.
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required for activation of the p15 gene in the context of a
Klf4-Meis/Pbx complex, suggesting that one way in which Klf4
can switch from repression to activation is via the recruitment
of a Meis2-containing homeodomain protein complex. For
other reporters tested, Klf4 reduced activity when expressed
alone but allowed greater activation by Meis/Pbx coexpression.
Thus, Klf4 bound to a promoter element could maintain the
gene in a relatively inactive state but allow greater activation
on expression of Meis and Pbx cofactors. We have identified a
number of candidate genes for this mode of regulation and
have begun to validate two of them functionally in cultured
cells. However, further work will be required to determine
which are genuine in vivo targets of a Klf4-Meis/Pbx complex.
Given the complex roles of Klf4 in tumorigenesis, it is possible
that differential interactions with additional factors including
Meis and Pbx proteins help determine whether Klf4 acts as a
tumor suppressor or an oncogene. In addition to a potential
role in tumorigenesis based on the regulation of p15 expres-
sion, a recent report supports our notion that E-cadherin is
targeted for activation by Klf4 in breast cancer cells and sug-
gests that Klf4 modulates epithelial-to-mesenchymal transition
(EMT) by this mechanism. Additionally, we show that Klf4
cooperates with Pbx to activate E-cadherin in MCF7 cells and
that both Klf4 and Pbx1 bind the E-cadherin promoter. We
suggest that Pbx, and possibly Meis, proteins may play a role in
modulating the ability of Klf4 to control EMT via the regula-
tion of E-cadherin. In addition to being expressed in breast
cancer cell lines, analysis of the Oncomine database (https:
//www.oncomine.org) suggests that Meis2, Pbx1, and Klf4 are
expressed in prostate cancers and Pbx1 expression has been
shown to be regulated by androgen signaling (67).

Both Pbx1a and Meis2d can interact with Klf4, although the
interaction of Pbx1a appears to be more readily detectable.
Thus, it is possible that Meis2 may interact with Klf4 primarily
via Pbx1, since these two homeodomain proteins dimerize.
Based on the conservation among Meis and Pbx family mem-
bers, we expect that other members of these families will func-
tion similarly. Pbx1 has been shown to bind DNA together with
MyoD, although in this case it appears that Pbx binds first and
recruits MyoD (2), and Pbx proteins are cofactors for more
than just other homeodomain proteins (31). We have not been
able to show that other Sp/KLF family members are able to
recruit Meis2 and Pbx1, although this is a relatively large family
of proteins and we have not tested all of them. However,
outside the conserved zinc finger domain, members of the
Sp/KLF family are quite divergent, consistent with the possi-
bility that Meis/Pbx interaction may be specific for Klf4. We
therefore suggest a model in which the Klf component of this
complex is limited to Klf4 but that Klf4 can likely recruit
multiple members of the Meis/Pbx family. Our data suggest
that the interaction of Pbx1 or Meis2 with Klf4 is not absolutely
dependent on DNA binding, but that cooperative activation of
gene expression requires DNA binding by all three proteins.
For p15, it appears that the GC box provides the major com-
ponent of complex binding, since mutations in the GC box
reduce Meis2 and Pbx1 binding. However, DNA binding re-
quirements at other promoters may be different. For example,
the E-cadherin has a Klf4 site and a degenerate Pbx site but
does not have an obvious Meis2 binding site. Based on the very
loose match to the Meis and Pbx sites found in the p15 pro-

moter, it is possible that binding of Meis2d to the E-cadherin
promoter may be to a very degenerate site. It is also possible
that at some promoters recruitment of Meis or Pbx proteins
may not require DNA binding at all. This is not unprece-
dented, as composite Hox-Pbx binding elements can be acti-
vated by a Meis2d mutant that is unable to bind to DNA (21).

Since the sequence requirements for binding of Meis2 and
Pbx1 to a composite Klf4 element appear to be relatively re-
laxed, the identification of potential response elements is dif-
ficult. Our bioinformatics approach relied on the presence of a
perfect match to the minimal 5-bp consensus for both Meis2
and Pbx, since any further relaxation of the sequence provides
too little selectivity. Most of the genes identified are not known
to be Meis/Pbx responsive, with the exception of Pax3 (11).
However, we show that a Pax3 reporter responded coopera-
tively to Meis2d/Pbx1a and Klf4, suggesting that the search for
composite elements was valid. Among the other top hits from
this search, we were able to show cooperative activation by
Meis2d/Pbx1a and Klf4 of a reporter containing the Etv1 pro-
moter, which was not previously known to respond to any of
the three proteins. This clearly supports the idea that there are
additional targets of activation by Klf4-Meis/Pbx complexes.

In summary, we propose a model in which Klf4 recruits a
complex of Meis and Pbx proteins to DNA, resulting in Meis2
transcriptional activation domain-dependent activation of a
subset of Klf4 target genes. This may represent a mechanism
by which expression of Meis/Pbx proteins can alter the Klf4
transcriptional program.
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