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�-Catenin signaling plays an important role in the development of many organisms and has a key part in
driving the malignant transformation of epithelial cells comprising a variety of cancers. �-Catenin can activate
gene expression through its association with transcription factors of the lymphoid enhancer factor 1 (LEF-
1)/T-cell factor (TCF) family. We designed a screen in human cells to identify novel genes that activate a
�-catenin–LEF/TCF-responsive promoter and isolated the high-mobility group box transcription factor, UBF2.
UBF1 and UBF2 are splice variants of a common precursor RNA. Although UBF1 has been shown to activate
RNA polymerase I-regulated genes, the function of UBF2 has remained obscure. Here, we show for the first
time that both UBF1 and UBF2 activate RNA polymerase II-regulated promoters. UBF2 associates with LEF-1,
as shown by coimmunoprecipitation experiments, and potentiates transcriptional activation stimulated by
LEF-1/�-catenin from a synthetic promoter with multimerized LEF/TCF binding sites and a natural cyclin D1
promoter with consensus LEF/TCF binding sites. Downregulation of endogenous UBF expression using an
RNA interference approach reduces transcriptional activation of a �-catenin–LEF/TCF-responsive promoter
by means of overexpressed �-catenin, further implicating UBF as a transcriptional enhancer of the �-catenin
pathway.

The Wnt/Wingless signaling pathway plays a key role in
development, cellular differentiation, and oncogenesis and
uses similar signaling components to drive these diverse bio-
logical processes (59). A pivotal regulator of the pathway is the
�-catenin protein, whose stability and subcellular localization
determine whether the pathway is active (83). The �-catenin
protein has been localized to three subcellular compartments,
including (i) the plasma membrane, complexed with E-cad-
herin and �-catenin to promote cell adhesion; (ii) the cyto-
plasm, as part of a multiprotein complex including glycogen
synthase kinase (GSK) 3�, adenomatous polyposis coli tumor
suppressor (APC), axin, and protein phosphatase 2A, which
regulates �-catenin phosphorylation and ubiquitin-mediated
degradation; and (iii) the nucleus, where direct binding to
lymphoid enhancer factor (LEF)/T-cell factor (TCF) transcrip-
tion factors activates downstream target genes (49, 84).

In nontransformed cells and in the absence of growth factor
signals, �-catenin levels are tightly regulated by phosphoryla-
tion events that bring about its ubiquitin-mediated degradation
(1). The �-catenin degradation process can be inhibited by
growth factor signaling or by mutations in �-catenin and APC
that have been later on detected in a variety of tumors (9, 51,
58, 60).

In either case, stabilized �-catenin complexes with LEF/TCF
proteins and activates transcription from a variety of genes,

including those for cyclin D1, c-Myc, and matrix metallopro-
teinase 7 (7, 10, 20, 25, 28, 48, 70, 76). Constitutive activation
of �-catenin signaling and downstream target genes is thought
to potentiate malignant processes, such as enhanced cell pro-
liferation, inhibition of apoptosis, stimulation of cell motility,
and tumor formation (3, 51, 56, 82).

The vertebrate LEF-1 and TCF (TCF-1, TCF-3, and TCF-4)
proteins belong to the high-mobility group (HMG) family of
transcription factors (64). These transcription factors serve as
contexts repressors in some and as transcriptional activators in
others. For example, LEF/TCF proteins associate with the
Groucho family proteins to repress Wnt/�-catenin target
genes, whereas in association with �-catenin they can serve as
activators of the same genes (7, 14, 34, 42, 48, 65).

Since members of the �-catenin pathway and its effector
genes likely represent important targets for therapeutic inter-
vention in cancers, we established a functional screen in human
cells to identify novel genes that activate the �-catenin path-
way. We first constructed a stable reporter cell line containing
a LEF/TCF-responsive green fluorescent protein (GFP) re-
porter gene, along with a LEF-1 expression vector to enhance
the detection of active cDNAs. These cells were used to screen
a cDNA library derived from human tumor RNA, and the
�-catenin signaling events were detected by sorting GFP-pos-
itive cells. After several rounds of enrichment for active cDNA
clones, the HMG box transcription factor, UBF2, was isolated.
Mammalian cells contain two UBF isoforms with molecular
masses of 97 and 94 kDa, which are generated by alternative
splicing of a common RNA precursor (8, 33, 53). The 97-kDa
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isoform is referred to as UBF1, and the 94-kDa isoform, which
contains a 37-amino-acid deletion in HMG box 2, is referred to
as UBF2. The UBF1 transcription factor is a component of the
RNA polymerase I preinitiation complex and activates rRNA
genes by recruiting human SL1 (hSL1) (murine TIF-1B [mTIF-
IB]) to the UCE and CORE promoter elements (8, 30, 38).
Like UBF1, UBF2 interacts with SLI; however, it activates
rRNA genes very poorly (39, 41).

Here, we show by using overexpressed proteins that UBF2
coimmunoprecipitates with LEF-1 and potentiates the �-cate-
nin/LEF-1 signal from a synthetic promoter with multimerized
LEF/TCF binding sites and a natural cyclin D1 promoter with
consensus LEF/TCF binding sites. UBF1 showed a similar
ability to activate transcription. Endogenous UBF mRNA was
targeted for degradation by a retroviral vector expressing a
short hairpin RNA (shRNA). In the presence of the UBF-
targeted shRNA, reporter gene expression induced by acti-
vated �-catenin was diminished. As shown by immunofluores-
cence staining, UBF2 colocalized with LEF-1 in the nuclei of
cells, a site for mRNA synthesis by RNA polymerase II. Our
results show that UBF1 and UBF2 are potentiators of the
�-catenin signal transduction pathway and can direct RNA
polymerase II transcription.

MATERIALS AND METHODS

Vectors. The mammalian expression vector, pCGN (74), was used to express
cDNAs encoding wild-type (wt) �-catenin, �N89 �-catenin, Wnt-1, LEF-1,
TCF-4, wt UBF1, wt UBF2, fusion (fu) UBF2, and C-terminal deletion (cd)
UBF2 proteins in transfected cells. pCGN vector utilizes a cytomegalovirus
promoter and allows the synthesis of proteins with an amino-terminal influenza
virus hemagglutinin (HA) epitope tag. For expression of the cDNA library, the
pCGN vector was modified by removing the thymidine kinase leader with initi-
ating methionine and the HA epitope tag, allowing translation from AUGs
internal to the cDNA. In addition, a new polylinker containing EcoRI, XbaI,
KpnI, SmaI, XhoI, and BamHI sites was added. The cDNA library was cloned
into this modified vector using the EcoRI-XhoI restriction sites. The cDNA
library was prepared from a mixture of RNAs obtained from human breast,
colon, and prostate tumor tissues. The library was size selected, and the 1.6- to
3.0-kb fraction used for the screen contained 5 � 104 independent inserts. The
reporter plasmids consisted of six tandem copies of the wt or mutant LEF/TCF
binding site, similar to the sequences in the pTOPFLASH and pFOPFLASH
plasmids (40), inserted upstream of a minimal interleukin 2 (IL-2) promoter
driving luciferase or enhanced GFP expression (62). The 6�TCF binding sites
were transferred to the pLH-Z12-I-PL retroviral vector (62), which contained
the hygromycin resistance gene for stable integration and selection in the
HT1080 cells. The cyclin D1 reporter (a gift from Frank McCormick) consisted
of the cyclin D1 promoter region from �134 to �962 driving luciferase expres-
sion and a mutant derivative with a mutation in the primary LEF/TCF site at
position �75 (76). The pMSCVhygro vector (Clontech) was used for retroviral
delivery of shRNA. The human U6 promoter was cloned into pMSCVhygro
using the BglII and HpaI restriction sites to generate MSCV-U6. A small
polylinker region was inserted into the HpaI site to generate additional cloning
sites, including BamHI, NotI, and MluI. The shRNA against UBF was cloned
into the BamHI and MluI restriction sites of MSCV-U6 as a double-stranded
oligonucleotide. The sequence of the top strand was 5�-GATC
CGTACATTGACAGAATTGATCTTCAAGAGAGATCAATTCTGTCAAT
GTACTTTTTGGAAA-3�.

Transfections. HT1080 cells were grown in Dulbecco modified Eagle’s me-
dium supplemented with 10% fetal bovine serum and 1% nonessential amino
acids. COS7 cells were grown in Dulbecco modified Eagle’s medium supple-
mented with 10% fetal bovine serum. All transfections were performed using
FuGENE6 (Boehringer). With the GFP reporter gene, fluorescence-activated
cell sorting (FACS) was used to measure the mean GFP fluorescence of all cells
(Fig. 1B and D, 2A, and 3; see also Fig. 10A) or the number of GFP-positive cells
(see Fig. 5A). Luciferase activity was measured with the dual-luciferase reporter
assay system (Promega) (see Fig. 5C, 6, and 9A). To control for the transfection

efficiency of the luciferase reporter gene, 10 ng of pRL-TK Renilla luciferase
expression vector (Promega) was cotransfected with each sample. All experi-
ments were performed in duplicate or triplicate. The HT1080, REP, and REP-
LEF cells were seeded on 12-well plates and transfected at 30% confluence using
0.5 �g of each reporter plasmid, 0.25 �g of each expression vector, or 0.05 �g of
each expression vector for cooperation experiments. The total amount of DNA
was adjusted to 1.5 �g with pUC119. For the coimmunoprecipitation experiment,
COS7 cells were seeded on 10-cm2 plates and transfected at 50% confluence
using 10 �g of each expression vector plus 10 �g of pUC119 DNA. For the RNA
interference (RNAi) experiment, REP-LEF cells were seeded on six-well plates
and transfected at 30% confluence using 0.5 �g of �-catenin expression plasmid
and 2.5 �g of MSCV-U6 or MSCV-U6–UBF.

Establishment and implementation of the functional screen. The REP stable
reporter cell line was constructed by transfecting the retrovirus vector, consisting
of the 6�TCF– IL-2–GFP reporter gene and the hygromycin resistance gene,
into HT1080 cells, followed by Zeocin selection of transfected clones. The
REP-LEF stable cell line was constructed by cotransfecting pCGN-LEF-1 and
pBABE-NEO into REP cells, followed by G418 and Zeocin selection of trans-
fected cell clones. For both cell types, transfected clones that exhibited low basal
reporter gene expression and optimal induced expression when evaluated by
transfection of test vectors expressing LEF-1 or �-catenin were selected. For the
functional screen, 5 � 105 REP-LEF cells were transfected with a cocktail
containing 2.5 �g of a cDNA library and 2.5 �g of pCR-Blunt carrier DNA
(Invitrogen). After 72 h, FACS was used to isolate the population of GFP-
expressing cells, which were cultured for 2 to 3 days, followed by Hirt extraction
to isolate plasmid DNA (32). The Hirt extract was transformed into DH5�
bacterial cells to isolate DNA for subsequent rounds. Approximately 104 bacte-
rial colonies were recovered at each round, and plasmids were isolated and
retransfected into REP-LEF cells either as batch pools or by sibling selection,
starting with pools of plasmid DNA obtained from five colonies. For batch
analysis at rounds 1 and 2 of selection, the ratio of cDNA library to carrier DNA
was 1:1, and for rounds 3 and 4, the ratio of cDNA library to carrier DNA was
1:50.

Nuclear extracts, immunoprecipitations, and Western immunoblot analysis.
For the Western immunoblots in Fig. 2B (also see Fig. 10A) and the coimmu-
noprecipitation and Western immunoblots (see Fig. 7), cells were harvested and
resuspended in 200 �l of hypotonic buffer consisting of 20 mM HEPES (pH 7.9),
20 mM NaF, 1 mM Na3VO4, 1 mM Na4P2O7, 0.125 �M okadaic acid, 1 mM
EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 1 �g
each of leupeptin, aprotinin, and pepstatin/ml (67). The cells were incubated on
ice for 15 min and lysed by five passages through a 25-gauge needle. The nuclei
were collected by centrifugation and resuspended in 100 �l of the buffer de-
scribed above containing 420 mM NaCl and 10% glycerol (high-salt buffer) for
the extraction of nuclear proteins. For immunoprecipitations, the nuclear ex-
tracts were precleared in a reaction mixture containing 50 �l of nuclear extract,
350 �l of hypotonic buffer, and 50 �l of protein A-Sepharose. Following cen-
trifugation to remove the protein A-Sepharose, 5 �l of an antibody directed
against LEF-1 (mouse monoclonal; Oncogene Research Products) or against
�-catenin (mouse monoclonal; Transduction Laboratories) was added to the
reaction mixture, and the mixture was incubated overnight at 4°C. The immune
complexes were recovered by the addition of 50 �l of protein A-Sepharose and
washed five times in hypotonic buffer containing 57 mM NaCl and 0.1% NP-40.
After the final wash, 2� sodium dodecyl sulfate sample buffer was added, and the
beads were heated to 90°C for 5 min and analyzed by NuPAGE (Invitrogen).
Western immunoblots were incubated in phosphate-buffered saline (PBS) con-
taining 5% nonfat dry milk. The HA (monoclonal antibody; Covance) and LEF-1
(mouse monoclonal; Exalpha [Fig. 2B]) antibodies were diluted 1:1,000, followed
by detection with goat anti-mouse immunoglobulin G-horseradish peroxidase
conjugate (Bio-Rad Laboratories) and chemiluminescence (Amersham). For
Western immunoblot analysis of total protein, transfected cells were harvested
and resuspended in 100 �l of high-salt buffer with 0.5% NP-40. The cells were
incubated on ice for 15 min, and the DNA was sheared by five passages through
a 25-gauge needle. Sodium dodecyl sulfate sample buffer was added, followed by
heating to 90°C for 5 min.

Immunofluorescence. REP cells were seeded on coverslips in 12-well plates
and transfected at 40% confluence with 0.25 �g of each test plasmid adjusted to
1.5 �g of total DNA with pUC119 DNA. The cells were fixed with 3.7% form-
aldehyde in PBS for 20 min and then permeabilized for 20 min with 0.1% Triton
X-100 in PBS. All antibodies were diluted 1:100 in PBS, including antisera
directed against the HA tag (monoclonal antibody; Covance), against LEF-1
(mouse monoclonal; Oncogene Research Products), and against �-catenin
(mouse monoclonal; Transduction Laboratories), followed by detection with
rhodamine (tetramethyl rhodamine isocyanate)-conjugated or fluorescein (fluo-
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rescein isothiocyanate)-conjugated anti-mouse immunoglobulin G (Jackson Im-
munoResearch Laboratories). Images were obtained by fluorescence microscopy
(Zeiss).

RESULTS

Strategy for a functional screen in human cells. A functional
screen was established in human cells to identify regulators of
the �-catenin signaling pathway using promoter-reporter gene
activation as a readout for �-catenin–TCF/LEF-dependent sig-
nal transduction. The overall scheme for the genetic screen is
depicted in Fig. 1A and is summarized as follows. A consensus
LEF/TCF response element was multimerized six times
(6�TCF) and inserted upstream of an IL-2 minimal promoter
to drive expression of a GFP reporter gene (40, 62). A reporter
cell line (REP cells) was established by stable integration of the
promoter-reporter gene into the HT1080 human fibrosarcoma
cell line. To sensitize the transcriptional response to �-catenin,
a LEF-1 expression plasmid was also stably integrated into the
REP cells (REP-LEF cells). A plasmid-based cDNA library
was transfected into REP-LEF cells, and FACS was used to
isolate GFP-positive cells. Pools of cDNA clones were isolated
from GFP-expressing cells and reintroduced into REP-LEF
cells. Following several rounds of enrichment, individual plas-
mids were isolated for the ability to activate the reporter gene.

Establishment and testing of a �-catenin–LEF/TCF-respon-
sive reporter cell line. It was previously reported that the
�-catenin–LEF/TCF-responsive reporter, pTOPFLASH, has
low basal activity when transfected into a B-cell line lacking
LEF/TCF proteins and that exogenous �-catenin and TCF-4
cooperate to induce the reporter gene (40). We observed sim-
ilar results with HT1080 cells. The reporter construct exhibited
very low basal activity when transfected into HT1080 cells in
conjunction with a control vector (Fig. 1B, lane 1). Positive
control genes encoding wt or activated mutant �-catenin
(�N89 �-catenin), LEF-1, TCF-4, or Wnt-1 led to a small
induction of GFP reporter activity when expressed individually
(Fig. 1B, bars 2 to 6). However, wt �-catenin, �N89 �-catenin,
or Wnt-1 in combination with either LEF-1 or TCF-4 led to
significant induction of the reporter, as expected (Fig. 1B, bars

7 to 14) (40). Interestingly, LEF-1 yielded more cooperative
activity than TCF-4 when combined with �-catenin and Wnt-1
(Fig. 1B, compare bars 7 to 10 with bars 11 to 14). �N89
�-catenin was more active than the wt �-catenin in combina-
tion with LEF-1 (Fig. 1B, compare bars 8 and 9) (52). To verify
that transcriptional activation was dependent on the LEF/TCF
binding sites, a reporter gene with six mutant LEF/TCF bind-
ing sites was constructed, similar to pFOPFLASH (40). The
positive control genes could no longer activate the mutant
reporter, indicating that the �-catenin–LEF/TCF response el-
ement was necessary for the transcriptional response (Fig. 1B,
bars 7a to 10a). These data demonstrate by transient transfec-
tion that the reporter gene was strongly and specifically acti-
vated by either �-catenin or Wnt-1 when combined with a
LEF-1 or TCF-4 expression plasmid. The LEF-1 expression
plasmid provided more cooperative activity than TCF-4, and
�N89 �-catenin was more active than either wt �-catenin or
Wnt-1.

To confirm protein expression, extracts were prepared from
each transfection and analyzed by Western immunoblotting
using antibodies directed against the HA epitope tag located at
the amino terminus of each protein. Figure 1C shows that all of
the test proteins were expressed. The cooperation experiments
used one-fifth the amounts of LEF-1 and TCF-4 expression
plasmids (lanes 8 to 10, 12 to 14, and 8a to 10a), and conse-
quently, those lanes reflect lower protein levels.

To generate a reporter cell line for the functional screen, the
wt 6�TCF reporter construct was transfected into HT1080
cells, and stable clones were selected by utilizing the Zeocin
resistance gene linked to the reporter gene. A single clonal
isolate with low basal GFP expression and strong induction in
the presence of �-catenin and LEF-1 expression plasmids
(REP cells) was chosen. While absolute levels of GFP induc-
tion were lower in the stable reporter cell line than in the
transient transfections, �-catenin and Wnt-1 expression plas-
mids in combination with LEF-1 or TCF-4 again significantly
induced the reporter activity (Fig. 1D, lanes 7 to 14). None of
the individual genes elicited significant GFP induction in the
REP cells, with the exception of LEF-1 (Fig. 1D, lanes 1 to 6).

FIG. 1. (A) Overview of strategy and process for a mammalian functional screen. Six tandem copies of a LEF/TCF response element (6�
CCTTTGATC) were positioned upstream of an IL-2 minimal promoter to drive expression of the reporter GFP gene. The reporter construct was
transfected into HT1080 human fibrosarcoma cells, and a stable cell line (REP) was selected. The REP cell lines were further modified by
transfection with an expression vector encoding LEF-1 followed by selection of a stable cell line (REP-LEF). The reporter gene is inactive in REP
and REP-LEF cells. The REP-LEF cells were used to screen a plasmid-based cDNA library prepared from human tumor cells, GFP-expressing
cells were selected by FACS. (B) Reporter gene evaluation by transient transfection with test plasmids. HT1080 cells were cotransfected with the
wt reporter gene (wt 6�TCF–IL-2–GFP) (bars 1 to 14) or a reporter gene with mutations in the LEF/TCF binding site (mu 6�TCF–IL-2–GFP)
(bars 7a to 10a) and either an empty expression vector (Control Vector) (bars 1, 7, 11, and 7a) or an expression vector encoding �-catenin (wt
�-catenin) (bars 2, 8, 12, and 8a), an activated mutant form of �-catenin (�N89�-catenin) (bars 3, 9, 13, and 9a), Wnt-1 (bars 4, 10, 14, and 10a),
LEF-1 (bar 5), or TCF-4 (bar 6). Bars 1 to 6, cells transfected with the indicated individual expression vectors; bars 7 to 10 and 7a to 10a, cells
transfected with the indicated expression vectors along with a LEF-1 expression vector; bars 11 to 14, cells transfected with the indicated expression
vectors along with a TCF-4 expression vector. Forty-eight hours after transfection, the fluorescence level of GFP-expressing cells was determined
by FACS. The error bars indicate standard deviations. (C) Confirmation of protein expression. Protein extracts were prepared from the transfected
cells evaluated in panel B and analyzed by Western immunoblotting with an antibody directed against the HA epitope tag encoded at the amino
terminus of each protein. LEF-1 comigrates with a background band. (D) Evaluation of the REP cell line, containing a stable integration of the
reporter gene, with test vectors. REP cells were transfected with either an empty expression vector (Control Vector) (bars 1, 7, and 11) or
expression vectors encoding wt �-catenin (bars 2, 8, and 12), an activated mutant form of �-catenin (�N89 �-catenin) (bars 3, 9, and 13), Wnt-1
(bars 4, 10, and 14), LEF-1 (bar 5), or TCF-4 (bar 6). Bars 1 to 6, cells transfected with the indicated individual expression vectors; bars 7 to 10,
cells transfected with the indicated expression vectors along with a LEF-1 expression vector; bars 11 to 14, cells transfected with the indicated
expression vectors along with a TCF-4 expression vector. Forty-eight hours after transfection, the fluorescence level of GFP-expressing cells was
determined by FACS.
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Similar to results obtained with the transient-reporter assay,
the LEF-1 gene provided significantly more cooperative activ-
ity than TCF-4, and �N89 �-catenin was more active than
either wt �-catenin or Wnt-1 (Fig, 1D, compare bars 7 to 10
with bars 11 to 14). These results demonstrate that the inte-
grated reporter maintains a pattern of activation similar to that
of the transiently transfected reporter, albeit with reduced
levels of activity.

Stable integration of a LEF-1 expression plasmid in REP
cells to implement a functional screen. Since overexpression of
either �-catenin or Wnt-1 protein alone could only weakly
activate the reporter gene in REP cells, it appeared that the
endogenous level of LEF/TCF in HT1080 cells was limiting for

transcriptional activation. To perform a functional screen us-
ing a cDNA library, it was necessary to establish a system in
which a single transfected cDNA plasmid could induce re-
porter gene activity. In order to sensitize the reporter cell
system to a single, overexpressed gene that could stimulate
�-catenin–LEF/TCF-dependent transcription, a pCGN-LEF-1
expression plasmid was transfected and stably integrated into
the REP cell line by cotransfection with a neomycin resistance
gene. Single transfected cell clones were evaluated to identify
one with low basal GFP reporter activity and strong induction
upon transfection of a �-catenin plasmid. Figure 2A shows that
the cell line chosen for the functional screen, called REP-LEF,
exhibited a 15-fold induction of reporter activity by �N89
�-catenin (bar 3), 4-fold induction by wt �-catenin (bar 2), and
6-fold induction by Wnt-1 (bar 4). Transfection of a LEF-1
expression plasmid did not further induce the reporter gene
(bar 5). These results showed that the REP-LEF cell line,
containing both the reporter gene and overexpressed LEF-1
protein, enabled a single gene to induce the reporter that was
essential for library screening.

Our data suggested that LEF/TCF protein levels in REP
cells were insufficient to support �-catenin-mediated activation
of the reporter gene, and this was confirmed upon stable inte-
gration of a LEF-1 expression plasmid (REP-LEF cells), which
enabled transcriptional activity. To directly compare LEF-1
protein levels in the REP and REP-LEF cell lines, protein
extracts were prepared from REP, REP-LEF, and COS7 cells
(used for coimmunoprecipitation experiments) and analyzed
by Western immunoblotting using antibodies directed against
LEF-1. For comparison, the same extracts were analyzed by
Western immunoblotting with an antibody directed against the
HA epitope tag located at the amino terminus of the overex-
pressed LEF-1 protein. Figure 2B shows that the LEF-1 pro-
tein was readily detectable in REP-LEF cells using the HA
antibody (lane 2) and, as expected, was not detectable in REP
cells (lane 1) or COS7 cells (lane 3). Western immunoblotting
of the same extracts using antibodies against LEF-1 also
showed expression of LEF-1 protein in REP-LEF cells (lane
5), but none was detectable in REP cells (lane 4) and COS7
cells (lane 6). These data demonstrate that LEF-1 protein was
overexpressed in REP-LEF cells and that endogenous LEF-1
was either absent or undetectable with the LEF-1 antibody.

Selection of genes from a tumor cDNA library using the
REP-LEF reporter cell system. Our protocol for selecting and
enriching cDNA clones that activate the REP-LEF reporter
cell line is outlined in Fig. 3, top panel. A cDNA library was
prepared using pooled human tumor tissues from breast, co-
lon, and prostate. The library was transfected into REP-LEF
cells, and GFP-expressing cells were isolated by FACS. The
GFP-positive cells were expanded for several days, and plas-
mid DNA was isolated by a Hirt extraction protocol (32). The
recovered plasmids were transformed into Escherichia coli by
electroporation, 	104 bacterial colonies were pooled, and
plasmid DNA was prepared. The plasmid DNA was again
transfected into REP-LEF cells, and the procedure was re-
peated several times to enrich for active cDNA clones. The
middle and bottom panels show GFP expression in pools of
REP-LEF cells after each round of transfection. There was a
progressive increase in fluorescence intensity from rounds 1 to
4, and the signal in round 4 was comparable to that obtained by

FIG. 2. Stable integration of a LEF-1 expression plasmid in REP
cells to generate REP-LEF cells for a functional screen. (A) Evalua-
tion of the REP-LEF cell line, containing a stable integration of the
reporter gene as well as an expression vector encoding LEF-1, with test
vectors. REP-LEF cells were transfected with either an empty expres-
sion vector (Control Vector) (bar 1) or expression vectors encoding wt
�-catenin (bar 2), an activated mutant form of �-catenin (�N89 �-cate-
nin) (bar 3), Wnt-1 (bar 4), or LEF-1 (bar 5). Forty-eight hours after
transfection, the fluorescence level of GFP-expressing cells was deter-
mined by FACS. The error bars indicate standard deviations. (B) Con-
firmation of LEF-1 protein expression in REP-LEF cells. High-salt
nuclear extracts were prepared from REP (lanes 1 and 4), REP-LEF
(lanes 2 and 5), and COS7 (lane 3 and 6) cells and analyzed by Western
immunoblotting with an antibody directed against the HA epitope tag
encoded at the amino terminus of LEF-1 (lanes 1 to 3) or with an
antibody directed against LEF-1 (lanes 4 to 6). Markers on the left are
in kilodaltons.

3940 GRUENEBERG ET AL. MOL. CELL. BIOL.



transfecting a wt �-catenin expression plasmid. Even though
the fluorescence intensity was the greatest by round 4, active
plasmids were identified in the second round by sibling selec-
tion. The enriched cDNA populations from rounds 2 to 4 were
subjected to sibling selection in which pools of five plasmids
were tested for activation of the REP-LEF reporter cell line,
followed by testing of individual plasmids from the positive
pools. If the cDNA clones were able to activate the REP-LEF
reporter cell line on a single-gene basis, then they were se-
quenced.

Isolation of a gene encoding UBF2 as a ribosomal fusion
protein. All 24 positive clones selected in the screen yielded
the same cDNA, encoding a fusion protein comprised of the
transcription factor UBF2 and a small sequence derived from
the ribosomal protein L31 gene (Fig. 4, fu UBF2). No cDNA
clones encoding wt UBF2 were selected. Nucleotide sequenc-
ing of the fu UBF2 clones revealed that the encoded UBF2
protein was missing its carboxyl-terminal 16 amino acids, which
were replaced by 41 novel amino acids derived from out-of-
frame translation of the ribosomal protein L31 sequences (Fig.
4, bottom). UBF2 belongs to a family of transcription factors
that contain multiple DNA-binding domains homologous to
HMG proteins 1 and 2 (2, 33, 38, 47). The UBF gene is
differentially spliced, giving rise to two protein isoforms re-
ferred to as UBF1 and UBF2, the form with HMG box 2
deleted (Fig. 4, top) (8, 33, 44, 53). The UBF1 transcription
factor activates rRNA genes, whereas UBF2 is essentially in-
active. Here, we show that fu UBF2 activates an mRNA pro-
moter corresponding to the LEF/TCF reporter gene.

UBF1 and UBF2 activate integrated and transient reporter
genes in REP-LEF cells. As defined by the functional screen,
the fu UBF2 expression plasmid activates the integrated re-
porter two- to threefold in REP-LEF cells (Fig. 5A). Since the
fu UBF2 cDNA was isolated many times from the screen with
no evidence of the wt proteins, it was important to establish
whether reporter activation by fu UBF2 required the novel 41
amino acids or if the truncated UBF2 protein was sufficient.
Therefore, we tested full-length UBF2 (wt UBF2) and a UBF2
carboxyl-terminal truncation missing the last 16 amino acids
(cd UBF2) for the ability to activate transcription. Both wt
UBF2 and cd UBF2 activated the REP-LEF reporter by ap-
proximately threefold and were slightly more active than fu
UBF2 (Fig. 5A, compare bars 4 to 6), indicating that neither
the novel 41 carboxyl-terminal amino acids nor truncation of
the UBF2 protein contributed to the transcriptional activity of
fu UBF2. The UBF1 and UBF2 isoforms have very different
functions. A role for UBF1 in RNA polymerase I transcription
has been clearly defined, whereas UBF2 is not active in this
context (39, 41). To evaluate the role of UBF1 in RNA poly-
merase II transcription, UBF1 was cloned from a human pla-
centa cDNA library and tested for its ability to activate the
REP-LEF cell line. Figure 5A demonstrates that an expression
plasmid producing wt UBF1 also activated the reporter gene
(bar 3). The various UBF proteins were expressed at similar
levels, as determined by Western immunoblot analysis using an
antibody directed against the HA tag at the amino terminus of
each protein (Fig. 5B).

To further test the abilities of the UBF1 and UBF2 proteins
to activate transcription and to determine whether activation
was dependent on LEF/TCF enhancer elements, we employed

FIG. 3. Selection of genes from a tumor cDNA library using the
REP-LEF reporter system. (Top) Outline of protocol for the func-
tional screen with REP-LEF cells. (Middle) GFP-positive REP-LEF
cell cultures after initial transfection with the cDNA library (round 1)
or after each subsequent round of transfection and enrichment
(rounds 2 to 4). The cells were visualized with a fluorescence micro-
scope 48 h after transfection with pools of cDNA expression vectors.
(Bottom) FACS analysis of transfected REP-LEF cells after initial
transfection (round 1) and after each subsequent round of transfection
and enrichment (rounds 2 to 4). The mean GFP fluorescence intensity
was measured by FACS in pools of cells 48 h after transfection. For
comparison, REP-LEF cells were also transfected with a control vector
or expression vectors encoding wt �-catenin or �N89 �-catenin.
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a sensitive and quantitative luciferase reporter assay. Two ad-
ditional reporters were constructed that contain either wt or
mutant 6�TCF sites inserted upstream of the minimal IL-2
promoter to drive luciferase reporter gene expression. Tran-
sient transfections were performed in REP-LEF cells to take
advantage of the additional LEF-1 protein. Similar to results
with the GFP reporter, wt UBF1, wt UBF2, cd UBF2, and fu
UBF2 were all capable of significantly inducing the wt lucif-
erase reporter (Fig. 5C, bars 5, 7, 9, and 11) compared to the
negative control (bar 1). These results show that all of the UBF
proteins can activate transient and integrated �-catenin– LEF/
TCF-dependent reporter genes.

Mutation of the LEF/TCF enhancer elements completely
abolished all reporter activity induced by the different UBF
proteins, with the exception of wt UBF1, which showed some
residual activity on the mutant reporter (Fig. 5C, bars 4, 6, 8,
10, and 12). These results show that, like �-catenin, UBF
requires a functional LEF/TCF binding site for transcriptional
activation.

UBF2 requires LEF-1 or �-catenin for transcriptional acti-
vation. As described above, UBF2 activates a LEF/TCF re-
sponse element in LEF-1-overexpressing cells. However, these
results do not distinguish between UBF2 binding alone to
activate transcription and UBF2 interacting with LEF-1 and/or
�-catenin to activate transcription. To distinguish between
these possibilities, a luciferase reporter assay was performed in
REP cells without exogenous LEF-1 protein by cotransfecting
the wt 6�TCF– IL-2–LUCIFERASE reporter gene and ex-
pression plasmids producing LEF-1, control Src-SH3 domain,
wt �-catenin, wt UBF2, Wnt-1, and TCF-4 proteins, alone or in
combination. Figure 6 shows that together, UBF2 and LEF-1
expression plasmids strongly cooperated to activate the re-
porter gene (bar 7) compared to the individual plasmids (bars
1 and 4). A similar cooperative effect was observed between
UBF2 and �-catenin (bar 8). As expected, the positive control
of wt �-catenin plus LEF-1 showed a dramatic cooperative
induction (bar 6), whereas the negative control showed no

activity (bar 5). To test if UBF2 cooperates with other mem-
bers of the Wnt signaling pathway, we assayed for cooperative
interactions between UBF2 and either Wnt-1 or TCF-4. UBF2
did not cooperate with Wnt-1 (bar 9) or TCF-4 (bar 10) under
the same conditions in which it cooperates with LEF-1 or
�-catenin. Our results suggest that UBF has a novel function in
�-catenin signaling, which is to potentiate a transcriptional
response through cooperative interactions among the UBF,
LEF-1, and �-catenin proteins.

UBF2 associates with LEF-1 by coimmunoprecipitation.
Since UBF2 was able to cooperate with both �-catenin and
LEF-1 to stimulate transcription, we next examined whether
the UBF2 protein was also found in physical association with
either the �-catenin or LEF-1 protein. To detect an interaction
between UBF2 and LEF-1, a coimmunoprecipitation experi-
ment was performed by overexpressing the UBF and LEF-1
proteins in COS7 cells. We were unable to detect interactions
between endogenous proteins, since the levels of endogenous
UBF and LEF-1 proteins were too low to be detected with
available antibodies. COS7 cells were cotransfected with an
expression vector encoding LEF-1 plus either of the following
HA-containing expression vectors, encoding wt �-catenin, wt
UBF2, fu UBF2, cd UBF2, or the negative control proteins
Mad4 and Src-SH3. Nuclear extracts were immunoprecipitated
with an antibody directed against LEF-1 followed by Western
immunoblot analysis with an antibody directed against the HA
epitope tag at the amino termini of �-catenin, UBF2 deriva-
tives, and control proteins. Figure 7A shows that, as expected,
LEF-1 coimmunoprecipitated with �-catenin (lane 1) but not
with the HA-tagged control proteins (lanes 5 and 6). In addi-
tion, LEF-1 coimmunoprecipitated with both the wt UBF2 and
cd UBF2 proteins (lanes 2 and 4). Interestingly, the fu UBF2/
LEF-1 coimmunoprecipitation was weak and was observed
only on longer exposures (lane 3). Western immunoblotting of
the total protein extracts (Fig. 7A, bottom) showed that all
UBF proteins were similarly expressed, suggesting that the
weak coimmunoprecipitation of fu UBF2 was probably not due

FIG. 4. Enrichment and selection of a cDNA encoding a UBF2 fusion protein. (Top) Comparison of amino acid sequences from HMG box
2 of UBF1 and UBF2 isoforms. UBF1 and UBF2 are derived from the same gene by differential splicing; UBF2 contains a 37-amino-acid deletion
in HMG box 2. The dashes represent missing amino acids. (Bottom) Amino acid sequence of the carboxyl terminus of fu UBF2, selected in the
screen, compared to the carboxyl-terminal sequence of wt UBF1 and wt UBF2. fu UBF2 encodes a fusion between the UBF2 protein, with a
carboxyl-terminal truncation of 16 amino acids, and 41 novel carboxyl-terminal amino acids (underlined) derived from out-of-frame translation of
ribosomal protein L31. cd UBF2 was constructed to represent the truncated UBF2 protein without the 41-amino-acid carboxyl-terminal extension.
The wt UBF1 and wt UBF2 clones were isolated from a human placenta cDNA library.
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to reduced protein levels. Overall, our results suggest that
UBF2 interacts with LEF-1 in the nuclei of cells that overex-
press both proteins.

Next, we determined whether UBF2 could also be coimmu-

noprecipitated with �-catenin. COS7 cells were cotransfected
with an expression vector encoding wt �-catenin plus either of
the following HA-containing expression vectors, encoding
LEF-1, wt UBF2, fu UBF2, cd UBF2, or the negative control
Raf. Nuclear extracts were immunoprecipitated with an anti-
body directed against �-catenin, followed by Western immu-
noblot analysis with an antibody against the HA epitope tag at
the amino terminus of LEF-1, UBF2 derivatives, or Raf.
Again, LEF-1 coimmunoprecipitated with �-catenin, but the
control protein did not (Fig. 7B, lanes 4 and 5). No fu UBF2 or
cd UBF2, and only a trace amount of wt UBF2, was detectable
in association with �-catenin (lanes 1 to 3). A Western immu-
noblot of protein extracts (Fig. 7B, bottom) demonstrated that
all recombinant proteins were expressed at similar levels in the
transfected cells. These data suggest that UBF2 protein asso-
ciates with a LEF-1/�-catenin complex in the nuclei of express-
ing cells. Since �-catenin and LEF-1 form a complex and since
these proteins are also endogenous to COS7 cells, the data do
not absolutely distinguish whether UBF2 binds directly to
LEF-1, �-catenin, or both proteins. However, when expressed
by transfection, UBF2 was readily detected in complex with
LEF-1, whereas the complex between UBF2 and �-catenin was
barely detectable, suggesting that UBF2 binds to LEF-1 rather
than to �-catenin.

FIG. 5. Activities of UBF proteins in the REP-LEF reporter cell
line. (A) REP-LEF cells were transfected with a control vector or ex-
pression vectors encoding wt �-catenin, wt UBF1, wt UBF2, cd UBF2,
or fu UBF2, and GFP induction was analyzed by FACS 48 h after
transfection. The error bars indicate standard deviations. (B) Protein
extracts were prepared from the cells evaluated in panel A and ana-
lyzed by Western immunoblotting with an antibody directed against
the HA epitope tag encoded at the amino terminus of each protein.
(C) REP-LEF cells were cotransfected with either a wt luciferase
reporter gene (6�TCF–IL-2–LUCIFERASE) or a similar reporter
gene with mutated LEF/TCF binding sites (mu) and expression vectors
encoding yellow fluorescent protein (control), wt �-catenin, wt UBF1,
wtUBF2, cdUBF2, or fuUBF2. The transfections were performed in
triplicate, and 48 h after transfection, the induced luciferase activity
was measured and normalized to the Renilla activity expressed from a
cotransfected internal control vector. The data are presented as n-fold
induction, where activated transcription is divided by the basal tran-
scription from the control expression plasmid.

FIG. 6. UBF2 cooperates with LEF-1 and �-catenin to potentiate a
transcriptional response. REP cells were cotransfected with the wt
6�TCF–IL-2–LUCIFERASE reporter gene along with individual ex-
pression plasmids encoding the test genes for LEF-1 (bar 1), control
Src-SH3 domain (bar 2), wt �-catenin (bar 3), and wt UBF2 (bar 4).
LEF-1 was also tested in combination with control Src-SH3 domain
(bar 5), wt �-catenin (bar 6), or wt UBF2 (bar 7), and wt UBF2 was
tested in combination with wt �-catenin (bar 8), Wnt-1 (bar 9), and
TCF-4 (bar 10). The transfections were performed in triplicate, and
48 h after transfection, the induced luciferase activity was measured and
normalized to the Renilla activity expressed from a cotransfected internal
control vector. The data are presented as n-fold induction where ac-
tivated transcription is divided by the basal transcription from the con-
trol expression plasmid. The error bars indicate standard deviations.
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UBF2 and LEF-1 colocalize in the nuclei of human cells.
UBF1 was previously reported as an RNA polymerase I tran-
scription factor that predominantly localizes in the nucleoli of
cells. Additional staining was also observed in the nucleus,
suggesting a distinct but unknown role for UBF (37, 38, 55).
The antiserum used in those studies could not distinguish be-
tween the UBF1 and UBF2 isoforms. To determine the sub-
cellular localization of UBF2, an expression vector encoding
HA-tagged wt UBF2 was transfected into HT1080 cells in the
absence or presence of a LEF-1 expression plasmid, and indi-
rect immunofluorescence microscopy was used to locate the
proteins. The results shown in Fig. 8 indicate that the subcel-
lular localization of overexpressed UBF2 was both nuclear and
nucleolar (tx wt UBF2-HA), whereas overexpressed LEF-1
was nuclear without detectable nucleolar staining (tx LEF-1).
The coexpression of wt UBF2 and LEF-1 revealed nuclear
colocalization (tx LEF-1�wt UBF2-HA). The staining pat-
terns observed for UBF2 and LEF-1 were specific for those
proteins and were not observed in cells transfected with a
control vector (tx Control Vector) or a vector producing an-
other epitope-tagged protein (tx SH3 domain-HA). These data
indicate that UBF2 and LEF-1 are present in the nuclei of
cells, a prerequisite for transactivation of mRNA promoters by
RNA polymerase II.

UBF potentiates LEF-1/�-catenin-dependent activation of a
cyclin D1 promoter-reporter gene. Cyclin D1 is a well-defined
cellular target gene for �-catenin transcriptional activation,
and sequences within the promoter related to LEF/TCF bind-
ing sites are responsive to �-catenin-dependent transcriptional
activation (70, 76). To determine whether the UBF proteins
could activate a known �-catenin target gene, we tested a
reporter construct consisting of the cyclin D1 promoter from
sequences �134 to �962, driving expression of a luciferase
reporter gene (76). A strong consensus LEF/TCF binding site
was located at position �75, surrounded by several weaker
consensus sites. The reporter gene was cotransfected into ei-
ther REP or REP-LEF cells along with expression plasmids
that produce wt �-catenin, wt UBF1, or wt UBF2 (Fig. 9A).
Consistent with previous reports, �-catenin activated the cyclin
D1 promoter (bar 10) (70, 76), and this activity was enhanced
in the presence of exogenous LEF-1 (compare bars 2 and 10).
The wt UBF1 protein activated the cyclin D1 promoter to
levels similar to those obtained with wt �-catenin (compare
bars 10 and 11), and again, activation was greater in the pres-
ence of exogenous LEF-1 (bar 3). Conversely, the wt UBF2
protein activated the cyclin D1 promoter in the presence, but
not in the absence, of exogenous LEF-1 (compare bars 4 and
12). The overall levels of reporter activation by �-catenin,

FIG. 7. Coimmunoprecipitation of UBF proteins with LEF-1. (A) COS7 cells were cotransfected with an expression vector encoding LEF-1 and
expression vectors encoding either wt �-catenin as a positive control (lanes 1), wt UBF2 (lanes 2), fu UBF2 (lanes 3), cd UBF2 (lanes 4), Mad4
as a negative control (lanes 5), or Src-SH3 domain as an additional negative control (lanes 6). HA-tagged LEF-1 (lanes 7) was transfected alone
as a positive control for LEF-1 expression and HA epitope tag detection. Extracts from transfected cells were immunoprecipitated with an antibody
directed against LEF-1, and immunoprecipitates (IP) (top), along with aliquots of total cell extract (Total) (bottom), were analyzed by Western
immunoblotting with an antibody against the HA epitope tag encoded at the amino terminus of each protein. The top asterisk indicates the position
of the coimmunoprecipitated proteins, the middle asterisk indicates the HA-tagged LEF-1 protein, and the bottom asterisk indicates the
HA-tagged Src-SHC domain. (B) COS7 cells were cotransfected with an expression vector encoding �-catenin and expression vectors encoding
either wt UBF2 (lanes 1), cd UBF2 (lanes 2), fu UBF2 (lanes 3), LEF-1 as a positive control (lanes 4), or Raf as a negative control (lanes 5).
Extracts from transfected cells were immunoprecipitated with an antibody directed against �-catenin, and immunoprecipitates (top), along with
aliquots of total cell extract (bottom), were analyzed by Western immunoblotting with an antibody against the HA epitope tag encoded at the
amino terminus of each protein. M, markers.
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UBF1, and UBF2 were lower in REP cells than in REP-LEF
cells, suggesting that LEF-1 overexpression is required for full
transcriptional activation (compare bars 2, 3, and 4 with 10, 11,
and 12). The ability of �-catenin and wt UBF2 to stimulate
reporter expression was abolished upon mutation of the �75
LEF/TCF consensus site in the cyclin D1 promoter; however,
some residual activity remained with wt UBF1 (bars 6 to 8).
Each transfection was analyzed by Western immunoblotting
using antibodies directed against the HA epitope tag located at
the amino terminus of each protein (Fig. 9B). These results
show that, like �-catenin, the UBF proteins require LEF-1
protein and its binding site to fully activate the cyclin D1
promoter-reporter gene.

Downregulation of endogenous UBF expression by RNAi
reduces �-catenin-mediated activation of a LEF/TCF reporter
gene. Thus far, we have established cooperative interactions

between UBF, LEF-1, and �-catenin in experiments where
each protein was overexpressed. To evaluate the role of en-
dogenous UBF proteins in �-catenin–LEF/TCF-mediated
transcriptional activation, RNAi technology was employed to
knock down endogenous UBF expression, followed by a re-
porter gene assay with activated �-catenin to monitor the ef-
fects. We have used a previously described retroviral vector
(MCSV-U6) to deliver double-stranded inhibitory RNA
(shRNA) to cells to induce an RNAi effect (13, 21, 23, 57, 73).
The shRNA targeted the amino termini of both UBF1 and
UBF2. To examine whether the shRNA could reduce expres-
sion of UBF1 and UBF2 in REP-LEF cells and downregulate
�-catenin induction of the LEF/TCF-responsive promoter,
REP-LEF cells were cotransfected with an expression plasmid
encoding �N89-activated �-catenin in combination with either
an MSCV-U6 empty vector or an MSCV-U6–UBF gene-spe-

FIG. 8. UBF2 and LEF-1 colocalize in the nuclei of human cells. HT1080 cells were transfected (tx) with either an empty expression vector or
individual vectors encoding LEF-1, HA-tagged Src-SH3 domain, HA-tagged wt UBF2 protein, or a combination of expression vectors encoding
LEF-1 plus HA-tagged wt UBF2. The Src-SH3 domain- and wt UBF2-expressing cells were stained with a polyclonal antibody directed against the
HA tag, followed by a green fluorescent secondary antibody. Cells transfected with the empty control vector and the expression vector encoding
LEF-1 were stained with a monoclonal antibody directed against LEF-1, followed by a red fluorescent secondary antibody.
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cific insert. Two days after transfection, the expression of the
integrated GFP reporter gene was measured. Figure 10A
shows that the ability of �N89 �-catenin to activate the inte-
grated GFP reporter was reduced by 	25% in the presence of
MSCV-U6–UBF (bar 3) compared to the MSCV-U6 control
(bar 2). Interestingly, MSCV-U6–UBF had no effect on a Wnt-
1-induced signal (data not shown), consistent with the data in
Fig. 6. Since it was difficult to detect endogenous UBF proteins
in REP-LEF cells with available antibodies, we evaluated the
ability of the shRNA to downregulate overexpressed HA-
tagged UBF protein in REP-LEF cells. REP-LEF cells were

cotransfected with expression vectors producing HA-tagged
UBF2 protein and the UBF-specific shRNA, and extracts were
prepared and analyzed by Western immunoblotting using an-
tibodies directed against the HA epitope tag located at the
amino terminus of UBF2. Figure 10B shows that HA-UBF2
protein levels were readily detectable in transfected cells (lane
2), and the levels were diminished upon coexpression of the
MSCV-U6–UBF vector (lane 4) but not the control vector
(lane 3). UBF1 protein levels were also downregulated by
MSCV-U6–UBF (data not shown). These results suggest that
endogenous UBF contributes to activated �-catenin-depen-
dent transcription in REP-LEF cells.

DISCUSSION

We established a functional screen in mammalian cells to
identify genes that activate �-catenin signaling and isolated the
HMG domain transcription factor, UBF2. We have demon-
strated for the first time that UBF transcription factors can
mediate the RNA polymerase II transcriptional activation of
promoters by cooperative interactions with LEF-1 and �-cate-
nin. To perform the functional screen, a GFP reporter con-
struct consisting of multimerized LEF/TCF binding sites was
integrated into a highly transfectable human cell line, HT1080.
As expected, transient expression of the positive control genes
encoding wt and �N89 �-catenin, Wnt-1, or LEF-1 each acti-
vated the reporter gene when tested individually, and combi-
nations of �-catenin plus LEF-1 or TCF-4 induced significantly
more expression. Upon stable integration of the reporter con-
struct into HT1080 cells, the individual positive control genes
weakly induced reporter gene activity; however, induction was
significantly increased by combinations of �-catenin plus
LEF-1 and, to a lesser extent, TCF-4. These findings are the
likely result of the reduced copy numbers of the reporter
gene in stable transfectants compared to the high copy num-
bers generated in transient transfections. Furthermore, while
HT1080 cells express endogenous �-catenin and LEF/TCF
proteins, the levels of these proteins, particularly LEF/TCF,
are probably limiting for cooperative interactions. To establish
a functional screen in which individual genes rather than gene
combinations could significantly activate the LEF/TCF re-
porter, a vector encoding LEF-1 was also integrated into the
stable reporter cell line. This modified reporter cell system
enabled individual genes, such as those for �-catenin or Wnt-1,
to activate the reporter construct, and a cDNA library was then
screened to select for new genes that were capable of activating
reporter expression.

Many genes were enriched during the rescue and retrans-
fection protocol employed for the functional screen; however,
most of these genes did not activate the integrated or tran-
siently expressed reporter gene when transfected individually.
Surprisingly, �-catenin was not isolated from the screen, al-
though we were able to detect the presence of �-catenin se-
quences by PCR in the cDNA library used for the screen.
However, the �-catenin cDNA may have been incomplete
and/or unable to activate the reporter gene. On the other hand,
we were able to repeatedly isolate a �-catenin expression vec-
tor from the screen when it was spiked into the cDNA library.
As described here, the HMG box transcription factor, UBF2,
was enriched from the screen and was able to activate both the

FIG. 9. UBF1 and UBF2 proteins activate a cyclin D1 promoter-
reporter gene by cooperative interactions with LEF-1 protein. (A)
REP-LEF cells were cotransfected with either a promoter-luciferase
reporter construct consisting of the wt cyclin D1 promoter, including a
LEF/TCF binding site (bars 1 to 4), or a similar reporter gene with a
mutation in the LEF/TCF binding site (mu) (bars 5 to 8), along with
individual expression vectors encoding a control yellow fluorescent
protein gene (bars 1 and 5), wt �-catenin (bars 2 and 6), wt UBF1 (bars
3 and 7), or wt UBF2 (bars 4 and 8). The wt cyclin D1 reporter was also
cotransfected into the REP cell line, along with the same test vectors
(bars 9 to 12). The transfections were performed in triplicate, and the
induced luciferase activity was measured and normalized to the Renilla
activity from a constitutive expression vector cotransfected as an in-
ternal control. The final numbers represent n-fold induction, where
activated transcription is divided by the basal transcription from the
control expression plasmid. The error bars indicate standard devia-
tions. (B) Protein extracts were prepared from the cells evaluated in
panel A and analyzed by Western immunoblotting with an antibody
directed against the HA epitope tag encoded at the amino terminus of
each protein.
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integrated and the transiently transfected reporter genes upon
individual transfection. The HMG domains of the UBF and
LEF/TCF proteins show sequence homology and are referred
to as architectural proteins due to their abilities to bend DNA
and bring together promoter elements with bound proteins to
create higher-order protein-DNA structures (5, 19, 25, 27, 35,

41, 43, 61). Here, we detected an interaction between two
HMG domain proteins, LEF-1 and UBF, by coimmunopre-
cipitation. Based on the experiments presented here, it is likely
that UBF specifically associates with LEF-1 rather than �-cate-
nin. This conclusion is inferred from the readily detectable
coimmunoprecipitation of LEF-1 with UBF when both pro-
teins are expressed by transfection. In similar experiments,
very little or no UBF protein could be detected in complex with
�-catenin; the small amount of UBF observed in the �-catenin
immunoprecipitate could be due to the endogenous LEF/TCF
protein in complex with the overexpressed �-catenin protein.

Coexpression of LEF-1 and UBF proteins leads to the syn-
ergistic activation of transient and integrated reporter genes
carrying �-catenin–LEF/TCF target sequences. The shRNA
experiments allowed us to further validate UBF as a transcrip-
tional enhancer of the �-catenin pathway. Upon depletion of
endogenous UBF from the reporter cells, the ability of �-cate-
nin to activate transcription was decreased. Data from others
have shown that UBF binds DNA as a dimer, whereas LEF-1
binds as a monomer (24, 46). An intriguing possibility is that
UBF and LEF-1 form a heterodimer which functions in con-
cert with �-catenin to potentiate signaling. LEF/TCF proteins
are context-dependent transcriptional activators or repressors
functioning in conjunction with other nuclear factors (7, 12, 14,
15, 16, 26, 34, 42, 45, 65, 66). LEF/TCF proteins in complex
with the corepressor protein Groucho (and related TLE pro-
teins), CtBP, or HBP1 can repress Wnt/�-catenin target genes
(11, 14, 65, 68). One mechanism by which �-catenin can acti-
vate its target genes is by displacing negative regulators from
LEF/TCF while recruiting additional costimulators, such as
p300/CBP or Pontin52 (4, 29). Several corepressor proteins
belong to the HMG box family of transcription factors, includ-
ing the LEF/TCF-interacting protein HBP1 and the �-catenin-
interacting proteins XSox17A/B and Xsox3 (65, 85). There-
fore, it is not surprising that other HMG box proteins, such as
UBF1 and UBF2, regulate �-catenin–LEF/TCF complexes.
UBF could potentiate LEF-1 transcriptional activation by
competing with Groucho proteins or other negative regulators
for binding to LEF/TCF, thus abrogating repression and link-
ing �-catenin-activated transcription to the basal transcription
machinery.

UBF function is regulated by phosphorylation in a cell cycle-
dependent manner, and UBF phosphorylation plays a role in
modulating recruitment of SL1 to the rRNA promoter, which
influences its transcriptional activity (31, 53, 72, 77, 79, 80, 81).
The kinases that phosphorylate UBF during cell cycle progres-
sion include cyclin (D1, A, and E)-dependent kinases (79, 80),
and these could enhance the ability of UBF to potentiate
�-catenin–LEF/TCF signaling. Also of interest are the casein
kinase II (CKII) phosphorylation consensus sites within the 95
carboxyl-terminal amino acids of UBF (31, 54, 81). The CKII-
mediated phosphorylation of UBF contributes to, but is not
sufficient for, transcriptional activation, suggesting that there
may be other kinases modifying the carboxyl terminus. It has
been reported that phosphorylation by CKII can create sub-
strate recognition sites for GSK-3�, a negative regulator of the
�-catenin signaling pathway (22, 54, 63). The data presented
here show that a UBF protein with a carboxyl-terminal dele-
tion of 16 amino acids, including several serine phosphoryla-
tion sites, is still able to facilitate LEF/�-catenin signaling to

FIG. 10. Downregulation of endogenous UBF by shRNA reduces
the ability of �N89 �-catenin to activate a LEF/TCF-responsive re-
porter. (A) REP-LEF cells were cotransfected with an expression
vector encoding �N89 �-catenin along with either MSCV-U6 empty
vector (bar 2) or MSCV-U6-UBF (bar 3). Forty-eight hours after trans-
fection, the fluorescence level of GFP-expressing cells was determined
by FACS. Untx, untransfected. (B) REP-LEF cells were cotransfected
with an expression vector encoding HA-UBF2, along with either MSCV-
U6 empty vector (lane 3) or MSCV-U6–UBF (lane 4). High-salt nu-
clear extracts were prepared from the transfected cells and analyzed by
Western immunoblotting with an antibody directed against the HA
epitope tag encoded at the amino terminus of UBF2. �, absent.
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the same extent as wt UBF2; however, our data do not rule out
the possibility that UBF phosphorylation plays a role in regu-
lating �-catenin-responsive genes. Additional experiments will
determine if a UBF deletion mutant that lacks all 95 carboxyl-
terminal amino acids along with the potential phosphorylation
sites exhibits changes in transcriptional activity and whether wt
UBF protein function can be modulated by GSK-3�.

Previous data showed that cooperative interactions between
UBF1 and all four subunits of hSL1/mTIF-1B (TBP and
TAF48, -63, and -110) can mediate RNA polymerase I tran-
scriptional activation of an rRNA promoter, but not RNA
polymerase II transcriptional activation of an mRNA promoter
(6, 17, 18, 41). The mechanism of differential activation is
under debate, but there is evidence demonstrating that UBF2
binding to the rRNA promoter is weak compared to that of
UBF1, which correlates with its inactivity (41). We show that
both UBF1 and UBF2 activate mRNA promoters; however,
the 37-amino-acid difference between them may contribute
to differential promoter activation, depending on the context.
Interestingly, the UBF1-TBP-TAF complexes assembled at
rRNA promoters are reminiscent of the TBP-TAF complexes
assembled at mRNA promoters, but it appears that the specific
combination of proteins governs the promoter class and RNA
polymerase selectivity (78). We speculate that LEF-1/UBF in-
teractions may contribute to the promoter selectivity of the
TBP-TAF complexes, allowing transcriptional activation at
mRNA promoters. However, it remains unclear whether LEF-
1 can potentiate transcriptional responses from rRNA promot-
ers. Our immunofluorescence experiments argue against an
rRNA connection, given that LEF-1 localizes to the nucleus
without obvious nucleolar staining (Fig. 8) (66).

From the functional screen, we isolated a mutant form of
UBF2 missing the carboxyl-terminal 16 amino acids, with no
evidence of wt UBF2. The RNA used to construct the cDNA
library was derived from RNA purified from a pool of human
tumors, but we were unable to determine whether the se-
quences encoding mutant UBF2 were present in the original
RNA preparation or arose from cloning errors. It will be in-
teresting to determine whether human cancers contain a mu-
tated UBF gene and whether alterations in UBF could lead to
changes associated with cellular transformation.

Here, we provide new evidence that UBF transcription fac-
tors can activate polymerase II-mediated transcription and
serve as a positive effector in the Wnt/�-catenin signaling path-
way through cooperation with LEF-1 and �-catenin. Constitu-
tive activation of �-catenin signaling, through mutation or al-
terations in expression of various pathway components, is
important in the genesis of a variety of human tumors (50, 69,
71, 75). A recent study showed that UBF was overexpressed in
human hepatocellular carcinoma compared to its expression in
normal liver tissue and that UBF overexpression led to in-
creased colony formation along with increased sensitivity to
the chemotherapeutic cisplatin (36). Thus, interactions be-
tween UBF and �-catenin signaling may potentiate cellular
processes involved in malignant transformation.
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