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Abstract
Lymphoid Enhancer Binding Factor (Lef) 1 is a transcriptional effector of the Wnt/Lrp5/β-catenin
signaling cascade, which regulates osteoblast differentiation, bone density and skeletal strength. In
this study, we describe the expression and function of an alternative Lef1 isoform in osseous cells.
Lef1ΔN is a naturally occurring isoform driven by a promoter (p2) within the intron between
exons 3 and 4 of Lef1. Lef1ΔN is induced during late osteoblast differentiation. This is converse to
the expression pattern of the full-length Lef1 protein, which as we previously showed, decreases
during differentiation. Agonists of osteoblast maturation differentially affected Lef1ΔN
expression. BMP2 stimulated Lef1ΔN expression, whereas Wnt3a blocked basal and BMP2-
induced expression of Lef1ΔN transcripts during osteoblast differentiation. We determined that the
Lef1ΔN p2 promoter is active in osteoblasts and Runx2 regulates its activity. Stable
overexpression of Lef1ΔN in differentiating osteoblasts induced the expression of osteoblast
differentiation genes, osteocalcin and type 1 collagen. Taken together, our results suggest Lef1ΔN
is a crucial regulator of terminal differentiation in osseous cells.
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Introduction
The canonical Wnt pathway dictates osteoblast specification from osteo/chondroprogenitors,
stimulates osteoblast proliferation, regulates synthesis of matrix proteins, enhances
osteoblast and osteocyte survival, and transmits mechanical loading signals to bone lining
cells (reviewed in (Bonewald and Johnson, 2008; Khosla et al., 2008)). Canonical Wnt
signaling is initiated when Wnts bind to receptor complexes consisting of Lrp5/6 and
Frizzled proteins. This stabilizes β–catenin and induces its translocation to the nucleus
where it displaces corepressors from Tcf7 and Lef1 transcription factors, leading to the
activation of genes involved in cell proliferation, including cyclin D and c-myc (Westendorf
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et al., 2004). If unchecked or rampant, the Wnt pathway is often dangerous and oncogenic
because of this pro-proliferative effect (Polakis, 2007).

Lef1 is one of four transcription factors (the others are Tcf7 (a.k.a. Tcf1), Tcf7L1 (a.k.a.
Tcf3) and Tcf7L2 (a.k.a. Tcf4)) that bind β–catenin and regulate gene expression (Arce et
al., 2006; Hoppler and Kavanagh, 2007). First discovered in lymphocytes, Lef1 binds one of
the most common motifs in human promoters, CTTTGT (Xie et al., 2005), and is a context-
dependent regulator of gene expression. When Lef1 interacts with DNA, it induces a sharp
130° bend in the double helix and alters the DNA binding of other transcription factors to
regulate gene transcription (Carlsson et al., 1993; Giese et al., 1991; Giese and Grosschedl,
1993; Giese et al., 1995; Giese et al., 1997; Love et al., 1995; van de Wetering and Clevers,
1992). In the absence of nuclear β–catenin, Lef1 interacts weakly with chromatin (Tutter et
al., 2001) and associates with transcriptional co-repressors (e.g. CtBP, TLE and histone
deacetylases) (Billin et al., 2000; Brannon et al., 1999; Brantjes et al., 2001; Levanon et al.,
1998). Nuclear β–catenin displaces these co-repressors and recruits co-activators (e.g. p300,
Bcl9, and Pygopus) to facilitate chromatin binding and gene expression (Behrens et al.,
1996; Billin et al., 2000; Daniels and Weis, 2005; Hecht et al., 2000; Hsu et al., 1998; Huber
et al., 1996; Kramps et al., 2002; Miyagishi et al., 2000; Sun et al., 2000; Tutter et al., 2001).
Interestingly, in some contexts Wnt signaling and β–catenin facilitate Lef1/Tcf7-mediated
repression through poorly defined mechanisms (Baker et al., 1999; Cadigan et al., 1998;
Cadigan et al., 2002; Jamora et al., 2003; Kahler and Westendorf, 2003; Payre et al., 1999;
Piepenburg et al., 2000; Willert et al., 2002; Yang et al., 2000).

Lef1 and Tcf7 proteins share many molecular and biochemical characteristics; however,
functional diversity exists between Tcf7/Lef factors during development (Arce et al., 2006;
Brugmann et al., 2007; Hoppler and Kavanagh, 2007; Schroeder et al., 2004). In skeletal
structures of mouse embryos (E14.5), Lef1 is detectable in tail prevertebrae, osteogenic cells
of the hipbone, and the mesenchymal cells around the cochlea. By comparison, Tcf7
(previously referred to as Tcf1) is found in the pre-cartilagenous cells of the palate, maxilla,
mandible, nasal and basioccipital bones, the thoracic pre-vertebrae and ribs at E14.5
(Oosterwegel et al., 1993). Knockout mice also reveal specific functions for Lef1 and Tcf7.
Lef1-deficient mice are smaller than normal littermates, display multiple defects in tissues
formed by epithelial and mesenchymal interactions (e.g. they lack teeth, body hair and
whiskers), and die within two weeks of birth (Oosterwegel et al., 1993). A recent report
examining the role of the Lef1 in the regulation of bone mass found that Lef1+/− female mice
had decreased trabecular bone mass due to reduced osteoblast activity (Noh et al., 2009).
Tcf7-deficient animals are viable, but they lack early thymocyte progenitors (Verbeek et al.,
1995) and have low bone mass caused by decreased OPG expression and increased
osteoclastogenesis (Glass et al., 2005). This bone loss is enhanced when Tcf7-null mice are
crossed with β–catenin-deficient mice (Glass et al., 2005). Animals lacking both Lef1 and
Tcf7 most resemble Wnt3a−/− mice (Galceran et al., 1999). Thus, Lef1 and Tcf7 act in
concert during development to mediate canonical Wnt3a signaling.

In adults, the expression of the Lef1/Tcf7 transcription factors is generally restricted to
mitotically active cells in renewable tissues. Examples of such tissues include lymphoid
follicles, skin, hair follicles, colon, intestine, testis and human tumors (Mayer et al., 1997;
Porfiri et al., 1997). Bone is also a renewable tissue, and accordingly, Lef1/Tcf7 activity is
increased in areas of bone remodeling and regeneration, and in proliferating osteogenic cells
(de Jong et al., 2002; Hadjiargyrou et al., 2002; Kahler and Westendorf, 2003; Kato et al.,
2002; Qi et al., 2003). Lef1/Tcf7 expression is usually downregulated as cells stop
proliferating and is lost in terminally differentiated cells (Hadjiargyrou et al., 2002; Kato et
al., 2002; Kratochwil et al., 1996; Mariadason et al., 2001; Oosterwegel et al., 1993;
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Shibamoto et al., 2004; Travis et al., 1991; Zhou et al., 1995) including osteoblasts (Kahler
et al., 2006).

Each of the four Lef1/Tcf7 genes generate functional diversity by encoding multiple
isoforms through differential promoter usage and alternative splicing (Hovanes et al., 2001;
Hovanes et al., 2000; Van de Wetering et al., 1996). Isoforms lacking the N-terminal high
affinity β–catenin binding domain sometimes act as competitive inhibitors of full-length
Lef1/Tcf7 proteins (Arce et al., 2006; Hoppler and Kavanagh, 2007). Lef1ΔN lacks the first
113 amino acids found in Lef1. Its 2.3 kb transcript is driven by a promoter (p2) within the
intron between exons 3 and 4 (Arce et al., 2006; Hovanes et al., 2001). Differential
expression of the full-length and shorter ΔN transcripts is now extensively documented in
lymphocytes, myeloid cells, tumors, skin and the intestine (Merrill et al., 2001; Niemann et
al., 2002; Skokowa et al., 2006; Takeda et al., 2006; Wang et al., 2005). In this report, we
demonstrate that Lef1ΔN is induced in osteoblasts during the terminal differentiation
process and accelerates the expression of genes involved in osteoblast differentiation when
introduced into pre-osteoblasts.

Materials and Methods
Cell lines, primary calvarial osteoblast isolation, and osteoblast differentiation

C2C12 cell lines were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing
10% fetal bovine serum (FBS), 200 mM L-glutamine, 50 U/ml penicillin, and 50 mg/ml
streptomycin. C3H10T1/2, MC3T3-E1, ROS 17/2.8, and primary osteoblast cells were
cultured in Minimal Essential Medium (MEM) containing the supplements listed above.
Primary calvarial osteoblasts were isolated from C57Bl/6 mice as previously described
(Schroeder et al., 2005). To induce osteogenic differentiation, cells were cultured in α-MEM
supplemented with 10% FBS, 50 μg/ml ascorbic acid and 10 mM β-glycerolphosphate after
reaching confluency. Where indicated, media were supplemented with 300 ng/ml BMP2
(Sofamor Danek) and 67 ng/ml Wnt3a (R&D Biosystems). Media were replaced every three
days. Transient transfections were performed in 12 well plates with Lipofectamine
(Invitrogen) according to the manufacturer's instructions.

RNA Isolation, Northern Blotting and Reverse Transcriptase-PCR
RNA was harvested from cells using Trizol Regent (Invitrogen). RNA (northern) blotting
was performed as described by Kahler et al (Kahler et al., 2006). Quantitative RT-PCR was
performed using the QuantiTech SYBR Green RT-PCR kit (Qiagen) and reactions were run
on an iCycler (BioRad). RNA (10 ng) was used in a 20 μl reaction with QuantiTech SYBR
Green RT mastermix, QuantiTech RT mix, and 0.5 pmol/μl of each of the primers for mouse
Lef1 (Primer Pair #1), forward: GAT CCC CTT CAA GGA CGA AG, reverse: GGC TTG
TCT GAC CAC CTC AT; mouse Lef1 + Lef1ΔN (Primer Pair #2), forward: TCA CTG
TCA GGC GAC ACT TC, reverse: TGA GGC TTC ACG TGC ATT AG; mouse alkaline
phosphatase, forward: TGT TGA CAA GGC AGA CAA GC, reverse: CAG GAC CGT
TGC CGT ATA GT; mouse osteocalcin, forward: AAG CAG GAG GGC AAT AAG GT,
reverse: TTT GTA GGC GGT CTT CAA GC; mouse actin, forward: AAG GAA GGC TGG
AAA AGA GC, reverse: GCT ACA GCT TCA CCA CCA CA. Data were normalized to
mouse actin levels. The reverse transcriptase reaction to convert the RNA to cDNA was
performed at 50°C for 30 minutes. Initial denaturation was made at 95°C for 15 minutes
followed by 40 cycles of three-step PCR: 95°C denaturation for 1 minute, 57°C (59.1°C for
Lef1 primers) annealing for 1 minute, and 72°C elongation for 1 minute. The Lef1 primer
pairs were used for differential quantitative RT-PCR. The efficiencies of Lef1 primer pairs 1
and 2 were determined by amplifying serial dilutions of Lef1 plasmid DNA. The efficiency
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(E) of each primer pair was taken into account when calculating the relative amounts of
cDNA amplified through the equation, E−ΔΔCt (Pfaffl, 2001).

Electrophoretic Mobility Shift Assays (EMSA) and Chromatin Immunoprecipitation (ChIP)
EMSA were performed with a double stranded probe with a 24 bp sequence from p2 that
surrounds and includes the Runx2 binding element as previously described (Kahler and
Westendorf, 2003). ChIP analyses for Runx2 binding were performed on lysates from
ROS17/2.8 cells as previously described (Schroeder et al., 2004) using antibodies against
Runx2 (Santa Cruz, M-70) or normal rabbit IgG (Santa Cruz). PCR was performed using the
following primers: 5' GGC CTT GCA TGT TAA CAC CT and 5' GGC TCA ACA GCA
AAC CAG AT.

For histone and RNA polymerase II ChIP analyses, lysates were collected from
differentiated MC3T3 cells as previously described (Lambert and Nordeen, 2003), except
the cultures were treated with collagenase type 2 (Worthington; 1 mg/ml)/BSA (Sigma
Aldrich; 1 mg/ml) at 37°C for 1 hour (to remove extracellular collagen that accumulates in
osteoblast cultures) before adding 1% formaldehyde to crosslink intracellular proteins and
DNA. Fractions of the lysate (20%) from a 10 cm plate were incubated with antibodies (2
μg) recognizing histone H3 (Upstate, 05-928), phosphorylated RNA polymerase II
(GeneTex, GTX44758) or normal rabbit IgG (Santa Cruz). After reversing the crosslinks,
DNA was purified and analyzed for enrichment of the Lef1 p2 promoter with real-time PCR
(see above). Primers used to amplify the Lef1 P2 promoter were the “proximal” primer set:
5' TGCTGTTAAAGCCATTGAGG 3' and 5' AGACAGCCCAGACTTTACGC 3', and with
the “distal” primer set: 5' GTCCTCTCAGGAGCCCTACC 3' and 5'
GTATGTGGGGAAGTCTTGCAT 3'. Nonspecific background was eliminated in data by
subtracting the relative amount of product detected in the control IgG immunoprecipitates
from that detected in the H3 and RNA polymerase II immunoprecipitates.

Promoter/Reporter Plasmids
The Lef1 p2 promoter (−447–+35) was amplified from Balb/c mouse genomic DNA using
gene specific oligonucleotides (primer sequences available upon request) and PCR. PCR
products were cloned into the TOPO vector (Invitrogen) and then subcloned into the pGL2
plasmid (Promega) using HindIII restriction sites. The Lef1 promoter 1 (p1) was obtained
from Dr. Marian Waterman. The murine osteocalcin gene (mOG) 2-luciferase plasmid
(Montecino et al., 1996) was obtained from Dr. Jane Lian. The proximal Runx2 site within
mOG2 was replaced with a GAL4 site, UAS (CGGAGTACTGT CCTCCG), with
overlapping PCR.

Transcription Assays
Cells were transfected with Lipofectamine (Invitrogen) in 12-well plates with the indicated
amounts of luciferase reporter plasmids and 50 ng pRL-null. pCMV-Runx2 expression
plasmids (300 ng unless otherwise specified) were added as indicated. pcDNA3.1 was added
to transfections to maintain a uniform amount of total DNA per transfection. Luciferase
activity was measured 24 or 48 hours after transfection using the dual-luciferase assay
system (Promega). Each transfection was performed in triplicate, and normalized to Renilla-
luciferase activity.

Retroviral Subcloning and Transduction
To produce retroviruses, 293T cells were co-transfected with 5 μg of pMSCV-puro-Lef1-
Flag or pMSCV-puro-Lef1ΔN-Flag and 5 μg of pCL2 using calcium phosphate
precipitation. Virus-containing supernatants were collected after 48 and 72 hours, filtered,
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and added to C2C12 cells in the presence of 8 μg/ml polybrene. The transduction was
repeated 8 hours and 24 hours later. Transduced cells were selected with 5 μg/ml puromycin
for a minimum of 3 days.

Immunoblotting
Cells were treated with proteasome inhibitor MG132 (Sigma; 10 μM) for 4 hours prior to
lysis. Cells were washed twice with PBS. Whole cell lysates were collected by incubating
cells with modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% NP40, 0.25% NaDOC, protease inhibitors). Nuclear lysates were obtained from
indicated cells by scraping the cells off the plate in 1 ml of PBS, centrifuging at 2000 rpm
for 5 minutes, suspending the pellet in 100 μl Iso-Hi Buffer (10 mM Tris-HCl, pH 7.8, 140
mM NaCl, 1.5 mM MgCl2, 0.5% NP-40, protease inhibitors), incubating on ice for 5
minutes, centrifuging at 5000 rpm for 5 minutes at 4°C, and suspending the pellet in
modified RIPA buffer. Lysates were sonicated and insoluble material was removed by
centrifugation. Equal amounts of protein lysates were resolved by SDS-12% PAGE. Proteins
were transferred to PVDF membrane (Immobilon-P, Millipore). Membranes were blotted
with the indicated antibody diluted 1:1000 in 3% non-fat dried milk in TBST (TBS + 0.04%
Tween-20). The antibodies used are: anti-Lef1 (Cell Signaling, C18A7) and anti-Lamin B
(Santa Cruz).

Results
Osteoblasts Express Multiple Lef1 mRNA Transcripts

Lef1 mRNA expression levels were analyzed during MC3T3 osteoblast maturation by
northern blotting. A 3.6 kb transcript was induced during the differentiation time course
(Figure 1A). This transcript encodes a full-length isoform of Lef1 containing the high-
affinity β–catenin binding domain at the N-terminus and the DNA binding domain at the C-
terminus (Hovanes et al., 2000). A 2.3 kb transcript was also detected MC3T3 cells after six
days of differentiation. This transcript appeared before the osteocalcin transcript (Figure 1A)
and was only detected with a probe directed to the 3' region of the Lef1 gene (Figure 1B),
whereas a probe recognizing the 5' region of Lef1 detected only the full-length 3.6 kb
transcript (Figure 1B). These results indicate that maturing osteoblasts produce an
alternative Lef1 transcript that resembles one previously described in T lymphocytes
(Hovanes et al., 2001).

Based on the results of Hovanes and colleagues (Hovanes et al., 2001), we hypothesized that
the 2.3 kb transcript encodes a truncated protein that lacks the N-terminal β–catenin binding
domain, but retains the DNA binding domain (Figure 2A). To test this and verify the
northern blotting analysis, we developed a differential PCR approach, similar to ones
described by others (Wang et al., 2005; Willinger et al., 2006), to examine the relative
amount of the shorter transcript in cells. Two primers pairs were synthesized (Figure 2A)
and their relative efficiencies in amplifying Lef1 cDNA were calculated. Primer pair 1
amplifies sequences only in the 3.6 kb transcript, whereas primer pair 2 amplifies both the
3.6 and 2.3 kb mRNAs. The difference between the two products is the amount of the
shorter transcript in the cells. Using this differential PCR approach, results similar to those
obtained by northern blotting were obtained (Figure 2B). Thus, the longer transcript, Lef1
(recognized by primer pair 1), did not change significantly during the first 7 days of
differentiation. However, the amount of product recognized by primer pair 2 increased more
than 20 fold by day 7. No changes were observed at days 2 (Figure 2B) or 5 (data not
shown). We derived the amount of the transcript only recognized by primer pair 2 by
subtracting primer pair 1 products from primer pair 2 amplicons and called this Lef1ΔN
transcript.
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We verified the induction of Lef1ΔN in mouse primary calvarial cells. As in MC3T3 cells,
Lef1ΔN transcripts (Figure 2C) were detected prior to the time when osteocalcin transcripts
(Figure 2D) were detectable in these cultures (days 28 and 34, respectively). Due to the
longer differentiation period required for primary osteoblasts, Lef1ΔN levels peaked at 28
days, while osteocalcin levels continued to rise during days 28 to 34.

BMP2 and Wnt3a Differentially Affect Lef1ΔN Expression
BMP2 and Wnt3a are agonists of osteoblast proliferation. BMP2 binds receptor complexes
and activates numerous signaling pathways to regulate osteoblast gene expression,
proliferation and differentiation (Katagiri et al., 1990; Katagiri et al., 1994; Wang et al.,
1990; Yamaguchi et al., 1991). Wnt3a initiates canonical Wnt signaling by binding to
receptor complexes consisting of Lrp5/6 and Frizzled on the cell surface, which results in
nuclear translocation of β-catenin and activation of Lef1/Tcf transcription factors (Bhanot et
al., 1996; Billin et al., 2000; Cadigan et al., 1998; Hecht et al., 2000; Shtutman et al., 1999;
Sun et al., 2000; Wehrli et al., 2000; Yang-Snyder et al., 1996). Using differential
quantitative PCR to evaluate Lef1ΔN transcript levels, we found that BMP2 is a very potent
inducer of Lef1ΔN expression during osteoblast differentiation (Figure 3A). Thus, while
Lef1ΔN was induced 35-fold by osteogenic medium lacking exogenous BMP2 (open boxes),
it was stimulated 5×105 fold by BMP2 (closed boxes). Conversely, Wnt3a repressed basal
and BMP2-induced Lef1ΔN expression (circles, Figure 3A). Alkaline phosphatase (AP) and
osteocalcin transcripts were measured to monitor the differentiation process. AP, a relatively
early marker of osteoblast differentiation, was induced by BMP2, while Wnt3a repressed
basal and BMP2-induced alkaline phosphatase expression (Figure 3B). Basal expression of
osteocalcin, a late osteoblast differentiation marker, was also upregulated by BMP2 and
repressed by Wnt3a (Figure 3C). However, Wnt3a was unable to repress BMP2-induced
expression of osteocalcin (Figure 3C). These results are consistent with other reports
showing that Wnt3a blocks early osteogenesis of mesenchymal progenitor cells (Boland et
al., 2004). To confirm the induction of Lef1ΔN during osteoblast differentiation,
immunoblotting was preformed on lysates collected during osteoblast differentiation in the
presence of BMP2. Consistent with the increase of Lef1ΔN transcript levels, Lef1ΔN protein
levels increased during osteoblast differentiation in the presence of BMP2 (Figure 3D).

The Lef1ΔN Promoter, p2, is Active in Osteoblasts
The temporal and inducible expression of Lef1ΔN indicates that it is important for late
osteoblast differentiation. To understand how expression of Lef1ΔN is regulated, we
examined the murine Lef1ΔN promoter, referred to as p2. In human cells, the transcriptional
start site is ten base pairs 5' of exon 4, and translation begins with a methionine in the
middle of exon 4 (Hovanes et al., 2001). To determine whether p2 is active in murine
osteoblasts, we used chromatin immunoprecipitation (ChIP) to evaluate levels of histone 3
(H3) and phosphorylated RNA polymerase II at distal and proximal regions of the p2
promoter (Figure 4A). We first examined the levels of post-translationally modified H3 at
the promoter. Surprisingly, levels of both acetylated (an activation mark) and methylated (a
repressive mark) H3 were reduced (data not shown). Thus, we hypothesized that
nucleosomes in this region were being disassembled. We tested this possibility by
investigating total H3 levels. During the first 1 to 2 days of osteoblast differentiation, the
amount of total H3 present at the distal and proximal regions of the p2 promoter decreased
and remained low throughout the first 5 days of osteoblast differentiation (Figures 4B &
4D). This loss of total H3 suggests nucleosome disassembly and is expected to correspond
with increased accessibility for transcriptional machinery. To determine if the promoter was
being actively transcribed, we monitored the recruitment of phosphorylated RNA
polymerase II to the p2 promoter in differentiating osteoblasts. From day 0 to day 2 of
osteoblast differentiation, phosphorylated RNA polymerase II levels at the promoter
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decreased. However, between days 2–5 of differentiation, levels of phosphorylated RNA
polymerase II steadily increased suggesting that the Lef1ΔN p2 promoter was becoming
active at both the distal and proximal regions (Figure 4C & 4E). Our observations that total
H3 levels were low and that phosphorylated RNA polymerase II levels were increasing at
distal and proximal regions of p2 during the first 5 days of osteoblast differentiation
correspond with our findings that Lef1ΔN message becomes detectable at days 6 to 7 of
osteoblast differentiation (Figure 1A & 2B) and indicate that the Lef1 p2 promoter is
activated in differentiating osteoblasts.

Runx2 Regulates p2 Activity
To understand how Lef1 p2 is regulated in osteoblasts, we scanned the sequence for
transcription factor binding sites common in osteoblast promoters. Runx2 is an essential
transcription factor for osteoblast development and regulates the expression of numerous
osteoblast genes. We identified a potential Runx2 binding element in the p2 promoter at
position −215 (Figure 5A). Runx2 bound a double-stranded probe containing this sequence
of the promoter in electrophoretic mobility shift assays (Figure 5B, lane 2). Formation of the
labeled DNA-Runx2 complex was specifically competed with an unlabeled double-stranded
oligonucleotide containing a wildtype Runx2 binding element, but not by an unlabeled
oligonucleotide containing a mutant Runx2 binding site (Figure 5B, lanes 3 and 4).
Moreover, the complex was supershifted by a Runx2 antibody (Figure 5B, lane 5).
Chromatin immunoprecipitation assays in ROS17/2.8 osseous cells demonstrated that
Runx2 bound the Lef1 p2 promoter in vivo (Figure 5C). To determine the effects of Runx2
on the promoter, we amplified the p2 promoter (−447–+35) and placed it in a vector
containing a luciferase reporter gene. This p2 reporter was as active as the Lef1 p1 promoter
in C3H10T1/2 cells when subcloned in the forward (F) but not reverse (R) orientation
(Figure 5D). Runx2 activated the reporter in a concentration-dependent fashion (Figure 5E);
however, Runx2 did not activate a mutant p2 construct lacking a functional Runx2 binding
site (Figure 5F). To determine whether Runx2 is required for Lef1 p2 activity, we
differentiated primary calvarial cells from wildtype and Runx2−/− mice in osteoblast
differentiation medium and evaluated Lef1ΔN transcript levels by differential qPCR. As
previously shown (Figure 2C), Lef1ΔN rose in wildtype primary osteoblasts during late
osteoblast differentiation (days 28 and 34). In contrast, Lef1ΔN levels did not change in the
Runx2-deficient cells (Figure 5G). These data demonstrate that Runx2 binds the Lef1 p2
promoter and positively regulates its expression.

Overexpression of Lef1ΔN Induces Expression of Late Osteoblast Differentiation Genes
Given that the Lef1 p2 promoter is active in maturing osteoblasts and regulated by Runx2,
we sought to understand the role of Lef1ΔN in osteoblast differentiation. To this end, we
stably overexpressed Lef1ΔN in C2C12 myo-osteoblast progenitor cells using retroviral
transduction and induced the cells to undergo osteoblast differentiation by culturing them in
osteogenic medium containing BMP2. We verified exogenous Lef1ΔN protein and transcript
expression by immunoblotting (Figure 6A) and differential qPCR (data not shown),
respectively. To elucidate the role of Lef1ΔN in osteoblast differentiation, we evaluated the
effects of Lef1ΔN overexpression on markers of osteoblast differentiation. Exogenous
Lef1ΔN augmented the expression of osteocalcin and type 1 collagen in cells cultured in
osteogenic medium (Figure 6B and 6C). Thus, overexpression of Lef1ΔN in myo-osteoblast
progenitor cells accelerated the expression of genes involved in osteoblast differentiation.

Lef1, but not Lef1ΔN, inhibits Runx2 activation of the osteocalcin promoter
We previously demonstrated that the full length isoform of Lef1 blocks Runx2-dependent
activation of the osteocalcin promoter, which contains a Lef1 binding site just 4 base pairs
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away from the proximal Runx2 element (Kahler and Westendorf, 2003). To further
understand the role of Lef1ΔN in osteoblast differentiation, we evaluated whether Lef1ΔN
was also capable of blocking Runx2-dependent activation of the osteocalcin promoter. We
found that Lef1ΔN, which lacks the β-catenin binding domain, does not repress Runx2-
mediated osteocalcin expression, even though it retains a functional DNA binding domain
(Figure 6D). Lef1ΔC, which lacks the DNA binding domain, also did not repress Runx2 and
in fact activated the osteocalcin promoter (Figure 6D). To determine whether Lef1 could
sterically block the access of Runx2 to the neighboring sequence in the osteocalcin
promoter, we changed the proximal Runx2 site to a GAL4 binding site. VP16 strongly
activated this mutant promoter (Figure 6E). Full-length Lef1 repressed VP16-driven
activation of the osteocalcin promoter, but neither Lef1ΔN nor Lef1ΔC repressed VP16
activation (Figure 6E). These data suggest that full-length Lef1 can sterically block assess of
transcription factors, specifically Runx2, to adjacent regions on the osteocalcin promoter and
that the N-terminus of Lef1 is necessary for this repression.

Discussion
The Human Genome Project revealed that phenotypic variability is the result of genome
complexity and versatility that creates many alternative gene products, rather than the
presence of more genes (Tress et al., 2007). In this report, we show that an alternative Lef1
transcript appears during osteoblast maturation just prior to osteocalcin gene expression.
This transcript is induced by BMP2 and Runx2, but is suppressed by Wnt3a. To the best of
our knowledge, this is the first time that alternate Lef1 transcripts have been described in
osseous cells. Lef1 was identified as a differentially regulated gene in several osteoblast
microarray studies (James et al., 2006; Vaes et al., 2002), but it is not known which
transcript(s) was affected because probes on microarray chips are heavily weighted to 3'
regions of genes, which would detect both transcripts.

The four Lef1/Tcf7 genes encode multiple isoforms through differential promoter usage and
alternative splicing (Hovanes et al., 2001; Hovanes et al., 2000; Van de Wetering et al.,
1996). Lef1ΔN lacks the first 113 amino acids found in Lef1. Its 2.3 kb transcript is driven
by a promoter (p2) within the intron between exons 3 and 4 (Hovanes et al., 2001; Li et al.,
2006). Differential expression of the full-length Lef1 and short Lef1ΔN transcripts is well
documented in lymphocytes, myeloid cells, tumors, skin and the intestine (Merrill et al.,
2001; Niemann et al., 2002; Skokowa et al., 2006; Takeda et al., 2006; Wang et al., 2005).
In T cells, both Lef1 isoforms are high in resting cells, but the short transcript is
downregulated upon activation and proliferation (Willinger et al., 2006). In murine
epidermal stem cells, Lef1ΔN suppresses hair cell differentiation, but stimulates sebocyte
differentiation, epidermal cysts and skin tumors (Merrill et al., 2001; Niemann et al., 2002);
moreover, point mutations in the N-terminus of Lef1 that prevent beta-catenin binding are
found in human sebaceous tumors (Takeda et al., 2006). Interestingly, Lef1ΔN is sufficient
to rescue the differentiation block induced by Lef1-deficiency in granulocytes (Skokowa et
al., 2006). Thus, Lef1ΔN acts as an inhibitor of proliferative signals emanating from the
canonical Wnt pathway in some cells, but it promotes the differentiation of other cells and is
sufficient to rescue Lef1 functions in certain tissues. In this report, we demonstrate that
Lef1ΔN is induced in osteoblasts during the terminal differentiation process and can increase
the expression of osteoblast genes (Figure 6).

We previously reported that the full length isoform of Lef1 blocks Runx2-dependent
activation of the osteocalcin promoter (Kahler and Westendorf, 2003). Here, we demonstrate
that Lef1ΔN, unlike the full-length isoform of Lef1, does not to repress Runx2-mediated
activation of the osteocalcin promoter. Correspondingly, Lef1ΔN exogenously expressed in
differentiating osteoblasts induces the expression of osteocalcin. We also previously showed
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that Lef1 protein levels decrease during osteoblast differentiation (Kahler et al., 2006), but
the current results indicate mRNA levels encoding the full length protein do not change and
might increase during osteoblast maturation. These data and those within Kahler et al.
(Kahler et al., 2006) support the notion that Lef1 levels are regulated posttranscriptionally.
The discordance between Lef1 mRNA and protein levels was previously observed in
differentiating cells at the hair follicle bases (DasGupta and Fuchs, 1999; Jimenez et al.,
2005). The mechanisms regulating Lef1 protein levels in osteoblasts are unclear. However,
Nrarp (Notch-regulated ankyrin repeat protein) has been shown to block Lef1 ubiquitination
and stabilize Lef1 protein (Ishitani et al., 2005). We have found that Nrarp is expressed in
osteoblasts (unpublished data). Taken together, these data suggest that Lef1 isoforms have
distinguishable activities during osteoblast maturation, particularly with regards to
regulation of the osteocalcin gene, and their regulation is complex.

BMP2 induced expression of Lef1ΔN, as well as alkaline phosphatase and osteocalcin, two
markers of osteoblast differentiation. Interestingly, Wnt3a suppressed basal and BMP2-
induced Lef1ΔN and alkaline phosphatase expression. These data are consistent with a
previous study demonstrating that Wnt3a blocks early osteogenesis of mesenchymal
progenitor cells (Boland et al., 2004). The inability of Wnt3a to suppress BMP2-induced
osteocalcin expression indicates that Wnt3a might not suppress late osteoblast
differentiation genes as potently as those expressed earlier.

Regulation of the Lef1ΔN promoter (p2) closely paralleled the observed timeframe of
Lef1ΔN mRNA expression. Thus, the Lef1ΔN transcript (Figures 1 & 2) and protein (Figure
3D) become detectable at days 6 to 7 of osteoblast differentiation, while total histone H3
levels decreased and phosphorylated RNA polymerase II levels increased at distal and
proximal regions of the Lef1 p2 promoter within the first 5 days of osteoblast differentiation.
The short delay between detection of p2 activity and detection of Lef1ΔN transcript suggests
that cofactors required for Lef1ΔN expression must be recruited. We identified a Runx2
binding element in p2 and demonstrated that Runx2 positively regulates the expression of
Lef1ΔN. Others have demonstrated that Lef/Tcf binding sites exist within p2; however,
overexpressed β-catenin and Tcf only weakly activated p2 due to a repressor element within
the promoter (Li et al., 2006). A database search for putative transcription factor binding
sites within the p2 promoter revealed that cofactors such as AP-1, c-myc, CREB, and Sp1
may be recruited to the p2 promoter to regulate transcription of Lef1ΔN.

In summary, we describe the expression pattern and function of an alternative Lef1 isoform
in osteoblasts. Lef1ΔN transcription and translation increases during osteoblast maturation
and is induced by Runx2 and BMP2. Lef1ΔN overexpression increases osteocalcin
expression, a measure of osteoblast maturation. This contrasts the effect of full-length Lef1,
which represses Runx2-dependent osteocalcin expression. We conclude that Lef1ΔN is an
induced regulator of osteoblast maturation.
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Figure 1. Northern Blot analysis for Lef1 transcripts in differentiating MC3T3 osteoblasts
A. Northern blot analysis of MC3T3 cells differentiated in ascorbic acid and β-
glycerolphosphate for 0 to 15 days. Blots were incubated with probes recognizing the 3'
region of the Lef1 gene, osteocalcin (Ocn) or cyclophilin (Cyp). The 3.6 and 2.3 kb bands
are indicated by closed and open arrows, respectively. B. Northern blot analysis of MC3T3
cells that had been differentiated for 9 days. Blots were incubated with probes recognizing
the 5' or 3' regions of the Lef1 gene as indicated.
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Figure 2. Detection of short Lef1ΔN transcripts by PCR in osteoblasts
A. Schematic of the relative location of primer pairs for differential PCR. B. Results of
differential quantitative RT-PCR assays. Primer pair 1 exclusively detects full-length Lef1,
whereas primer pair 2 amplifies both full-length Lef1 and Lef1ΔN. To calculate the relative
amount of Lef1ΔN present, yield of primer pair 1 product is subtracted from yield of primer
pair 2 product. C–D. RNA was isolated from mouse primary calvarial cells after the
indicated number of days in culture. Lef1ΔN was measured using differential quantitative
real-time PCR (C), while osteocalcin was quantitated using standard gene-specific
quantitative RT-PCR (D). Data were normalized to actin products. As in MC3T3 cells,
Lef1ΔN transcripts appear immediately prior to osteocalcin transcripts.
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Figure 3. BMP2 and Wnt3a Affect Lef1ΔN Transcript Expression
A–C. MC3T3 cells were differentiated in osteogenic media for 12 days in the presence of
BMP2, Wnt3a, Wnt3a and BMP2, or endogenous cytokines. RNA was collected at regular
intervals for quantitative PCR. All data were normalized to murine actin. Lef1ΔN transcript
levels were determined by differential quantitative real-time PCR as described in Figure 2.
D. MC3T3 cells were differentiated in osteogenic media containing BMP2 for 6 days.
Nuclear protein lysates were collected at the indicated days, separated by SDS-PAGE
electrophoresis, transferred to Immobilon-P membrane, probed with anti-Lef1, and reprobed
with anti-Lamin B.
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Figure 4. Identification of Active Elements in the Murine p2 Promoter
A. Schematic of the relative location of distal and proximal primers used for chromatin
immunoprecipitation. B–E. Lysates were collected from differentiated MC3T3 cells,
intracellular proteins and DNA were crosslinked and incubated with antibodies recognizing
Histone H3, phosphorylated RNA polymerase II, or IgG. After reversing the crosslinks,
DNA was purified and used for qPCR with the indicated primer pairs. Nonspecific
background was eliminated in data by subtracting the relative amount of product detected in
the control IgG immunoprecipitates from that detected in the H3 and RNA polymerase II
immunoprecipitates.
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Figure 5. Runx2 Regulates the Lef1 p2 Promoter
A. Schematic of the 5' portion of murine Lef1. Wildtype (wt) and a mutant (mt) p2 promoter
wherein the Runx2 site is eliminated were cloned into the pGL2 luciferase plasmid and used
in D–E. Transcriptional and translational start sites are indicated by the thin and thick
arrows, respectively. B–C. Runx2 binds a consensus-binding element in the Lef1 p2
promoter as determined by EMSA (B) and chromatin immunoprecipitation (C). D. The p2
promoter (−447-+35) is active in C3H10T1/2 cells when placed in the forward (F) but not
reverse (R) orientation. E. Runx2 activates the p2 promoter in a concentration-dependent
manner in C3H10T1/2 cells. F. Mutating the Runx2 binding element prevents Runx2-
dependent activation of the p2 promoter. G. Primary osteoblasts derived from wildtype
(WT) and Runx2−/− mice were differentiated in osteogenic media for 34 days. RNA was
collected for quantitative PCR. All data were normalized to murine actin. Lef1ΔN transcript
levels were determined by differential quantitative real-time PCR as described in Figure 2.
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Figure 6. Overexpression of Lef1ΔN in C2C12 Cells
A−C. C2C12 cells were transduced with retrovirus containing supernatants derived from
293T cells transfected with MSCV-Lef1ΔN or empty MSCV vector. Lef1ΔN and empty
vector (EV) cells were differentiated in osteogenic medium in the presence of BMP2. A.
Protein lysates were collected after the indicated days in culture, separated by SDS-PAGE
electrophoresis, transferred to Immobilon-P membrane, probed with anti-Lef1, and reprobed
with anti-Lamin B. B−C. RNA was collected at regular intervals for quantitative PCR. All
data were normalized to murine actin. D−E. Schematics of the osteocalcin promoters show
the location of Runx2 (R), Lef1 (L), and GAL4 (G) binding elements. C2C12 cells were
transfected with luciferase reporter plasmids driven by osteocalcin promoters, Runx2 (D) or
VP16 (E), and pcDNA3.1 (control), Lef1, Lef1ΔC, or Lef1ΔN as indicated. The proximal
Runx2 binding element in the osteocalcin promoter was mutated to a GAL4 binding site (E).
Luciferase activity was measured 48 hours after transfection.
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