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a b s t r a c t
The Wnt signaling pathway is involved in many differentiation events during embryonic development and
can lead to tumor formation after aberrant activation of its components. β-catenin, a cytoplasmic
component, plays a major role in the transduction of canonical Wnt signaling. The aim of this study was to
identify novel genes that are regulated by active β-catenin/TCF signaling in hepatocellular carcinomaderived Huh7 cells with high (transfected) and low β-catenin/TCF activities. High TCF activity Huh7 cells led
to earlier and larger tumor formation when xenografted into nude mice. SAGE (Serial Analysis of Gene
Expression), genome-wide microarray and in silico promoter analysis were performed in parallel, to compare
gene expression between low and high β-catenin/TCF activity clones, and also those that had been rescued
from the xenograft tumors. SAGE and genome-wide microarray data were compared and contrasted. BRI3
and HSF2 were identiﬁed as novel targets of Wnt/β-catenin signaling after combined analysis and conﬁrming
experiments including qRT-PCR, ChIP, luciferase assay and lithium treatment.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction
The Wnt/Wingless signaling pathway is known to be important in
several biological processes such as development [1], carcinogenesis
[2–4] and stem cell growth [1,5,6]. In mammals, 12 distinct Wnt
families exist which induce at least 3 different pathways: Wnt/βcatenin/TCF pathway, Wnt/Ca2+ pathway and Wnt/planar cell
polarity (PCP) pathway [1,7,8]. The Wnt/β-catenin pathway is the
most established one among these pathways. β-catenin is a key
regulator of the Wnt/β-catenin signaling pathway, deregulation of
which was established in several tumors such as colorectal [9], liver
[10], and breast [11]. It is normally phosphorylated by CK1a and
GSK3β and targeted for degradation via the ubiquitin–proteasome
pathway with APC and axin acting as scaffold factors. Being able to
degrade β-catenin in the ‘off’ state of the pathway is vital for the cell to
remain in its wild-type phenotype, as loss-of-function mutations in
the components of the destruction complex or mutations of β-catenin,
which renders it degradation-resistant, lead to various types of
cancers [4]. Considerable amount of data indicates that these
deregulations lead to β-catenin hyperactivation that mimics active
Wnt/β-catenin pathway. This may result in aberrant activation of cell
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cycle mechanisms which is the major mark of tumor initiation.
Tumor-correlation of the Wnt pathway renders the characterization
of further Wnt targets all the more important. There are many targets
already identiﬁed in different contexts such as colon and liver cancers
[12–14]. However, Wnt/β-catenin signaling seems to act through
different mechanisms in colorectal and liver cancers. In colorectal
cancer, the major mechanism is APC inactivation dependent, where
either APC or β-catenin is mutated in 90% of the cases. Nevertheless, in
hepatocellular carcinomas (HCCs), although nuclear β-catenin accumulation is observed in 33–67% of the cases, APC or β-catenin
mutations are present in only 20–30% [15]. It has already been shown
that expression of canonical Wnt targets such as MMP7 and cyclinD1
does not change during β-catenin accumulation in hepatocarcinogenesis [16]. Further characterization of the Wnt pathway and its targets
in liver cancer will provide insight into diagnostic and therapeutic
processes of liver cancers as well as further general knowledge about
the Wnt pathway.
The human hepatocellular carcinoma cell line Huh7 on which most
of this study was performed, is well-differentiated and has an inactive
Wnt/β-catenin pathway with no accumulation of endogenous β-catenin
in the nucleus [17]. We show in this study that Huh7 cells transfected
with mutant β-catenin (S33Y), lead more rapidly to larger tumors in
nude mice when compared to cells transfected with a control plasmid.
We then pursue a genome-wide comparative screening approach by
using SAGE and microarray techniques in order to identify Wnt/β-
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catenin targets in hyperactive β-catenin expressing Huh7 cells. In order
to evaluate the results, we used in silico promoter analysis as a guide.
Finally, we identiﬁed BRI3 and HSF2 as novel targets of Wnt/β-catenin
signaling in the liver by expression analysis, ChIP analysis, luciferase
based promoter assays and lithium treatment.
2. Materials and methods

1883 tag mappings were obtained among 5190 tags, when
consensus tag mapping was used and tags that match to multiple
genes were excluded. For tags that match to the same gene, average
count was considered. 1726 unambiguous SAGE tag to gene mappings
remained after this ﬁltering. Of these 1726 genes, 1476 were also
present in microarray data. This common set of genes was used while
comparing microarray and SAGE values.

2.1. Cell lines
2.5. In silico analysis of promoter regions
Cells were cultured in DMEM containing non-essential amino acids
(1% v/v), penicillin–streptomycin (100 U/ml) and 10% FBS unless stated
otherwise. Huh7-S33Y and Huh7-Vec: Huh7 cells were transfected with
pCI-Neo-mutant β-catenin (S33Y) expression plasmid, (kindly provided
by Dr. B. Vogelstein) or with pCI-Neo vector (Promega) respectively by
using the calcium phosphate/DNA-precipitation method. Transfected
cells were cultivated in the presence of G-418 geneticin sulfate (500–
800 μg/ml; Gibco) for selection, the resistant polyclonal pool was
expanded and maintained in culture in the presence of 200 μg/ml G-418.
Post-tumor cells PT-Huh7-S33Y and PT-Huh7-Vec were rescued from
two tumors at last time point as described below and expanded in
culture up to 9 passages before RNA analysis.
2.2. Xenograft experiments
Huh7-S33Y and Huh7-Vec cells at passage 5 were cultivated in
DMEM without any antibiotics for 48 h before in vivo studies. For
tumor formation assay, cells were trypsinized, washed in PBS, counted
and prepared in 250 μl PBS for injections. Cells were injected
subcutaneously and bilaterally (control on one side) into CD-1 nude
mice (Charles River). Tumors at the injection sites were collected at
different days post-injection to calculate tumor volume and weight,
some parts were minced and recultured to obtain post-tumor cell
culture samples and the rest was snap-frozen in liquid nitrogen. These
experiments were approved by the Bilkent University Animal Ethics
Committee.

When forming the union set of genes to be used in promoter
analysis for up-regulated genes, we selected the signiﬁcantly upregulated genes in SAGE (p value b 0.05 and Huh7-S33Y tags N Huh7Vec) and excluded the ones which showed down-regulation
tendency in microarray data (Huh7-S33Y signals b Huh7-Vec).
Afterwards, we chose genes from microarray data for which Huh7S33Y/Huh7-Vec ratio is higher than 2 and excluded the ones which
were down-regulated according to SAGE (Huh7-S33Y b Huh7-Vec).
Finally, we considered the union of these two sets, to ﬁnd the ﬁnal
union set of up-regulated genes. We applied the same set of rules
with opposite thresholds while forming the union set of downregulated genes.
We used a two-sided Z test in order to assess the signiﬁcance of the
difference of means of the control group and the test group. As the
control group, we used the promoters of the genes which are not
altered upon hyperactive β-catenin over-expression; by using microarray data (Huh7-S33Y/Huh7-Vec: 1 ± 0.03). We extracted the
promoters from Homo Sapiens Promoter Database of Cold Spring
Harbor Laboratory (CSHLmpd) [21]. We used the best promoter
option while choosing the promoter type and analyzed 5000 bases
up- and downstream of the transcriptional start site (TSS).
BRI3 promoter (CSHLmpd promoter id: 119455) and HSF2
promoter (CSHLmpd promoter id: 35771) were extracted from
CSHLmpd.

2.3. RNA isolation, serial analysis of gene expression and microarrays

2.6. Promoter plasmids

Total RNA was isolated from transfected cells using the guanidine
isothiocyanate method. We performed SAGE experiments with
Invitrogen's I-SAGE kit (Invitrogen, San Diego, CA, USA) according to
the manufacturer's instructions and EMBO's SAGE manual (2005,
EMBO congress on SAGE), using 25 μg of total RNA for each sample.
The kit manual was followed until preparation of 100 bp ditags. After
this step, some minor modiﬁcations were made as described in the
EMBO's SAGE manual. Sequencing was performed using an Amersham 96 capillary automatic DNA sequencer.
Microarray experiments were performed in triplicates with 10 μg
of total RNA for each sample (except for 2 post-tumor samples which
were 5 μg). Affymetrix U133 2.0 Plus arrays and kits were used to
prepare the labeled oligonucleotides, and an Affymetrix washing and
scanning station was used to process the samples. Data analysis was
done with Microsoft Excel and the GenePattern software of MIT [18].

5′-upstream fragments of HSF2 (Heat shock transcription factor 2)
and BRI3 (Brain protein I3) genes were ampliﬁed from human
genomic DNA (isolated from peripheral blood) using the primers
listed in Supplementary Table 11 and veriﬁed by sequencing. The PCR
fragments were cloned into ﬁreﬂy luciferase reporter vector pGL3Basic (Promega) NheI and HindIII sites which were designed into the
forward and the reverse primers, respectively. pRL-TK (Promega), a
Renilla luciferase internal control vector, was used for normalization
of ﬁreﬂy luciferase signals.

2.4. In silico analysis of SAGE and genome-wide microarray data
When comparing SAGE and microarray data, we considered the
consensus assignments of SAGE Genie best gene mappings [19] and
SAGE Map [20] tag mapping algorithms (referred to as consensus tag
mapping) for SAGE tags. Unigene ID values of Affymetrix probe sets
were used for microarray probe mappings. Microarray data for a
certain probe set was used, when there is at least 1 present call
beyond 6 samples (triplicates of 2 samples). Robust microarray
analysis (RMA) macro of GenePattern software was used when
merging and normalizing microarray data for 6 samples.

2.7. Luciferase assays
For co-transfection experiments, HEK293T cells or Huh7 cells were
transfected with 100 ng ﬁreﬂy luciferase reporter plasmid and 10 ng
of pRL-TK Renilla luciferase internal control plasmid and promoter
activities were stimulated by co-transfecting pcDNA3 or pcDNA3S33Y-β-catenin or pcDNA3-dnTCF4 or combinations of these plasmids, 350 ng each. Lipofectamine 2000 reagent (Invitrogen) was used
for the transfections and the manufacturer's protocol was followed.
Cells were harvested 36 h post-transfection. For Wnt3a-conditioned
medium experiments, HEK293T cells were exposed to either L-cell or
L-Wnt3a cell-derived conditioned medium for 36 h post-transfection
of the reporter plasmids [6]. Cells were then harvested into 100 μL 1×
Passive Lysis Buffer (Promega). Luciferase activities were measured
using Dual Glo™ Luciferase Assay System (Promega), as per procedure
provided by the manufacturer.
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2.8. Lithium treatment

3. Results

Huh7 cells were treated with lithium chloride or sodium chloride
(25 mM). Cells were harvested at indicated time points by adding
350 μL of RLT lysis buffer of RNeasy® Mini Kit (Qiagen) and total RNA
was isolated using the RNeasy® Mini Kit (Qiagen) according to the
manufacturer's protocol. Quantitative reverse transcriptase mediated
PCR (qRT-PCR) reactions were carried out using Fast-start sybGreen
kit (Roche, cat# 03003230001), and Roche Lightcycler 1.5. For
western blot analysis, the above procedure was repeated, but the
cells were harvested at indicated time points by adding 700 μL of 1×
Triton-HEPES Lysis Buffer [1% Triton X-100, 25 mM HEPES, pH 7.4,
15 mM MgSO4, 4 mM EGTA, 1 mM DTT]. The lysates were sheared
through a 23 ga syringe 5 times and analyzed by Bradford assay for
total protein levels. Equal protein amounts (100 μg) were resolved on
10% SDS-PAGE and analyzed by western blotting using monoclonal
anti-β-catenin antibody 9E10 and anti-β-actin polyclonal antibody.
Densitometry analysis was done by ImageJ software.

3.1. TCF activation by over-expression of β-catenin leads to larger
tumors in nude mice

2.9. ChIP assays
ChIP procedure for Huh7 and #18 glioblastoma cells was
performed using the Epigentek ChIP kit (catalog # P-2002). 500,000
Huh7 or #18 cells were used for immunoprecipitation. Sonication was
performed to shear genomic DNA (Sonics & Materials, Inc. Model NO:
VC 50T). 4 pulses of 12 s with an output power of 40 produced desired
fragmentation for Huh7 cells, which was veriﬁed by DNA gel
electrophoresis (data not shown). Other than sonication, manufacturarer's instructions were followed. 3 μg of mouse monoclonal antiβ-catenin antibody (Santa Cruz, catalogue number SC-7963) was used
with 1 μg of anti-RNA polymerase II and mouse normal IgG antibody
from the kit as controls. PCR was performed from puriﬁed DNA
fragments by using Fermentas Taq polymerase, starting with an initial
denaturation at 94 °C for 5 min, followed by 48 cycles of 30 s at 94 °C,
1 min at 55 °C, 1 min at 72 °C and ﬁnally 5 min of 72 °C.
ChIP by using mouse liver tissues were performed as previously
described [22]. Antibodies used for immunoprecipitation were
β-catenin antibody (Invitrogen, mAb #44207M) and caspase 8 antibody
(Cell Signaling Technologies: Caspase-8 (1C12) Mouse mAb #9746).
PCR was performed from puriﬁed DNA fragments by using Fermentas
Taq polymerase, starting with an initial denaturation at 92 °C for 5 min,
followed by 48 cycles of 30 s at 92 °C, 1 min at 55 °C, 2 min at 70 °C and
ﬁnally 5 min of 72 °C.

Higher activation of Wnt/β-catenin/TCF signaling in Huh7 cells was
obtained by expression of a β-catenin mutant (S33Y) that is hyperactive
as it avoids degradation and accumulates sufﬁciently to enter the nucleus.
Its activity was tested using a TCF-luciferase reporter assay. Hyperactive
β-catenin-transfected cells (Huh7-S33Y) displayed more than 10-fold
higher TCF activity, when compared to control cells transfected with
vector (Huh7-Vec) (Fig. 1A). Upon bilateral subcutaneous injection into
immunodeﬁcient nude mice, the (polyclonal) Huh7-S33Y cell line
initiated tumors earlier and led to larger tumors when compared to
control (Fig. 1B). At the 13th day of tumor size measurement, Huh7-S33Y
formed tumors in 80% of the mice, whereas the ﬁrst measurable tumors
in controls appeared in only 2 of 10 mice after 28 days. After 60 days, the
median tumor size was 6.4 fold more in Huh7-S33Y initiated tumors
when compared to Huh7-Vec initiated tumors.
3.2. SAGE and genome-wide microarray analysis of differential
expression between high and low TCF activity Huh7 cells
In order to identify new members of the Wnt pathway and study
differences between Huh7-S33Y and Huh7-Vec cells possibly affecting

2.10. Analysis of publicly available data
Data from mitocheck project was used to assess siRNA mediated
knockdown effect on HeLa cells (see www.mitocheck.org and ref
[23]). Microarray data was downloaded from gene expression
omnibus (GEO) database of NCBI. Updated probeset deﬁnitions [24]
mapping to REFSEQ cDNAs were used while applying RMA macro of
apt-probeset-summarize tool (among Affy power tools) to microarray
data. Relative gene expression in ﬁgures (Figs. 8A and 9A) was
calculated as the percentile of the gene expression in ranked data. In
Figs. 8B and 9B, gene expression is the direct output of RMA.
NM_015379 for BRI3 and NM_004506 for HSF2 are being illustrated in
Figs. 8A, B and 9A, B.

2.11. Statistical analysis
t-tests were performed by using Microsoft™ Excel's (Microsoft
Ofﬁce 2002 SP3) t-test function. Equal variances were assumed for all
tests. For the analysis of mice xenograft experiments, paired t-test was
used.

Fig. 1. TCF over-activation by stable over-expression of β-catenin leads to larger
and earlier onset tumors in nude mice. A, There is more TCF binding in hyperactive
β-catenin expressing Huh7 cells (S33Y/OT), when compared to mutant TCF binding
site containing controls (S33Y/OF) and empty vector controls (pCI/OF and pCI/OT).
Error bars: SD. B, Huh7-pCI-S33Y xenografts (Huh7-S33Y) appear earlier and grow
faster than Huh7-pCI-Neo xenografts (Huh7-Vec). Error bars: SE. For (A) and (B) ‘*’
indicates p b 0.05; ‘***’ indicates p b 0.001.
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Fig. 2. Veriﬁcation and expansion of SAGE and microarray results by using Q-RT-PCR and RT-PCR. A, Quantitative Real Time PCR data, results were normalized using the geometric average
of TF and TPI expression levels because their expression level is very similar in Huh7-Vec and Huh7-S33Y samples according to both SAGE and microarray data. HSF2-α and HSF2-β levels
were normalized by geometric mean of s18 and GAPDH expression. Error bars represent SD. Lack of error bars means SDb 0.001 B, RT-PCR data for several example genes.

tumorigenic capacity, we performed global gene expression analysis
using both SAGE and genome-wide microarray analysis on the same
RNA isolations.

Up-regulation tendency is deﬁned as p b 0.2 and Huh7-S33Y/Huh7-Vec N 1 for SAGE;
Huh7-S33Y/Huh7-Vec N 1.15 for microarray.
b
Down-regulation tendency is deﬁned as p b 0.2 and Huh7-S33Y/Huh7-Vec b 1 for
SAGE; Huh7-S33Y/Huh7-Vec b 0.87 for microarray.
c
No-change tendency is deﬁned as not being in positive or negative tendency.
d
Up-regulated according to SAGE and down-regulated according to microarray or
vice-versa.
e
The ratio of intersection over the total number of genes in consideration: (genes
commonly changed in microarray and SAGE)/[(genes analyzed in microarray) + (genes
analyzed in SAGE) − (genes commonly changed in microarray and SAGE)].

In the SAGE experiment, 42,126 and 41,898 tags from hyperactive
β-catenin-transfected (Huh7-S33Y) and empty vector transfected
control were counted respectively. 431 tags were differentially
expressed (p value b 0.05) which unambiguously correspond to 126
down-regulated and 33 up-regulated genes. In the microarray
experiments, 96 genes (126 probes) were up-regulated and 121 genes
(152 probes) were down-regulated more than 2 fold (p valueb 0.05)
when median intensity values were considered among triplicate
microarray analysis, each from a separate cDNA synthesis. We also
performed real-time (qRT-PCR) and RT-PCR for some of the differentially expressed genes and showed that there is an acceptable level of
concordance between SAGE, microarray and RT-PCR based methods
(Fig. 2).
We compared the results of SAGE and microarray data, by using a
tendency analysis which compares the common detection of upregulation, down-regulation or no-change tendencies. For tendency
analysis, there were 1476 genes which were comparable between
microarray and SAGE data (see Section 2 Materials and methods).
With the default set of thresholds, the agreement in up- or downregulation detection is very low (8% and 16% respectively) but the
inverse tendency ratio is lower (3.93%) (Table 1). For 52% of the

Table 2
Number of TCF binding elements (TBEs) in the promoters of up-regulated genes in
Huh7-S33Y relative to Huh7-vec when the longer motif – TCFlong – ‘RWWCAAWGG’ is
considered.

Table 3
Number of TCF binding elements (TBEs) in the promoters of down-regulated genes in
Huh7-S33Y relative to Huh7-vec when the longer motif – TCFlong – ‘RWWCAAWGG’ is
considered.

Table 1
SAGE and microarray comparison by using tendency analysis.

Microarray
SAGE
SAGE and
microarray
% commone

Up-regulation
tendencya

Down-regulation
tendencyb

No-change
tendencyc

Total

Inverse
tendencyd

219
89
23

302
377
95

955
1010
665

1476
1476
783

NA
NA
58

8.07

16.27

51.15

53.05

3.93

a

Gene region

Control; n = 203
T*

M*

V*

Up-regulated in
S33Y n = 87
T

‘−5000 to 0’
146 0.72 0.71
78
‘−1000 to 0’
22 0.11 0.11
18
‘− 5000 to −4000’
34 0.17 0.18
21
‘−4000 to −3000’
32 0.16 0.15
20
‘− 3000 to −2000’
29 0.14 0.14
9
‘− 2000 to −1500’
16 0.08 0.07
6
‘− 1500 to −1000’
12 0.06 0.06
4
‘−1000 to −500’
12 0.06 0.06
5
‘−500 to 0’
10 0.05 0.05
13
20
‘−500 to 500’
19 0.09 0.08
‘−1000 to 1000’
44 0.22 0.21
32
‘0 to 500’
9 0.04 0.04
7
‘0 to 1000’
22 0.11 0.10
14
‘0 to 5000’
153 0.75 0.75
59
‘− 5000 to 5000’
299 1.47 1.46 137

Two-sided Z test

M

V

SE*

Z value* p value

0.90
0.21
0.24
0.23
0.10
0.07
0.05
0.06
0.15
0.23
0.37
0.08
0.16
0.68
1.57

0.87
0.21
0.28
0.20
0.12
0.09
0.04
0.05
0.17
0.22
0.35
0.07
0.14
0.68
1.53

0.09
0.04
0.05
0.04
0.04
0.03
0.03
0.03
0.02
0.03
0.05
0.02
0.03
0.09
0.13

1.96
2.82
1.63
1.73
−0.97
−0.34
− 0.52
− 0.06
4.32
4.36
3.08
1.64
1.58
− 0.82
0.79

0.03
0.00
0.05
0.04
0.18
0.38
0.31
0.50
0.00
0.00
0.00
0.05
0.07
0.21
0.24

*T = Total number of motifs. M = average number of motifs. V = variance of
distribution of motif counts. SE = Standard Error of mean. Positive Z value indicates
more, negative Z value indicates less TBE in test group.

Gene region

Control; n = 203
T

M

V

T

M

V

SE

Z value

p value

‘− 5000 to 0’
‘− 1000 to 0’
‘−5000 to −4000’
‘− 4000 to −3000’
‘− 3000 to −2000’
‘− 2000 to −1500’
‘−1500 to −1000’
‘− 1000 to −500’
‘− 500 to 0’
‘− 500 to 500’
‘−1000 to 1000’
‘0 to 500’
‘0 to 1000’
‘0 to 5000’
‘− 5000 to 5000’

146
22
34
32
29
16
12
12
10
19
44
9
22
153
299

0.72
0.11
0.17
0.16
0.14
0.08
0.06
0.06
0.05
0.09
0.22
0.04
0.11
0.75
1.47

0.71
0.11
0.18
0.15
0.14
0.07
0.06
0.06
0.05
0.08
0.21
0.04
0.10
0.75
1.46

113
14
20
24
21
14
18
9
4
9
23
5
9
107
220

0.71
0.09
0.13
0.15
0.13
0.09
0.11
0.06
0.03
0.06
0.14
0.03
0.06
0.67
1.38

0.68
0.08
0.13
0.13
0.13
0.10
0.12
0.05
0.02
0.07
0.15
0.03
0.05
0.70
1.56

0.07
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.02
0.04
0.02
0.03
0.07
0.10

−0.19
− 0.81
− 1.27
− 0.25
− 0.39
0.41
2.86
− 0.15
−1.42
−1.62
− 2.02
− 0.80
− 2.12
− 1.24
− 1.02

0.46
0.21
0.12
0.42
0.38
0.34
0.00
0.46
0.08
0.05
0.02
0.21
0.02
0.12
0.16

Down-regulated
in S33Y n = 160

Two-sided Z test

*T = Total number of motifs. M = average number of motifs. V = variance of
distribution of motif counts. SE = Standard Error of mean. Positive Z value indicates
more, negative Z value indicates less TBE in test group.
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comparable genes, methods point to same tendency (either upregulation, down-regulation or no-change tendency). For the remaining 43% of the genes, one method points to negative tendency and the
other method points to no-change tendency, or vice-versa. In other
words, for approximately 95% of the genes the methods give noninverse results. In summary, according to our data, SAGE and
microarray do not give contradictory results but variably reveal
differential expression for different genes, and it is best to perform
them in parallel.
We also did tendency analysis in different abundance classes of
genes. The agreement ratios did not change very much, when 3
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different sets of abundance subsets were compared. However, the
commonality percentage is mildly decreased in the cases of low
abundance and middle abundance classes when compared to the high
abundance class (Supplementary Tables 2–4). Microarray is more
sensitive than 40,000 counts of SAGE tags, as SAGE detected 7.8 fold
less genes than microarray, particularly due to the tag mapping
problems. For SAGE 1727 tags unambiguously map to one gene, for
microarray there are 13,497 genes detected. However, in terms of
sensing differential expression, the two methods perform more
similarly (approximately same ratio in down-regulated genes while
microarray sensed 3 fold more up-regulated genes).

Fig. 3. BRI3 is a target of Wnt/β-catenin/TCF signaling in the liver context. A, Scheme of BRI3 promoter region; 1F stands for forward primer with the unique id 1. 2R is the reverse
primer with id 2. Same nomenclature is valid for primers 3F and 4R. As illustrated in the Fig., 1F and 2R primers were used to amplify the region to be used in luciferase reporter
assays. 3F and 4R are used to amplify captured genomic DNA by ChIP experiments. B, Luciferase reporter assays: autocrine stimulation of Huh7 cells by Wnt3a leads to up-regulation
of BRI3 promoter (Wnt3a) when compared to empty vector control (Vector). Both vector and Wnt3a plasmids were co-transfected with BRI3 promoter reporter vector (pGL3-BRI3).
C, Luciferase reporter assays: BRI3 promoter activation by hyperactive β-catenin is inhibited by addition of dominant negative TCF4 (dnTCF4) in Huh7 cells. D, Left: ChIP
analysis, β-catenin binds to BRI3 promoter in Huh7 and Hep3B cells as revealed by ChIP analysis performed with anti-β-catenin antibody, anti-RNA polymerase antibody or
normal mouse IgG. Right: ChIP analysis, β-catenin binds to BRI3 promoter in mouse liver revealed by ChIP analysis performed with β-catenin antibody or anti-caspase
8 antibody. The bands indicate genomic DNA product of BRI3 promoter. E, Lithium treatment: BRI3 mRNA level is increased upon increased β-catenin levels (veriﬁed by
Western Blot in the left panel) due to lithium treatment of Huh7 cells. RNA levels were normalized by using beta-actin (ACTB) RNA levels. Densitometry of the bands in the
Western Blot shows β-catenin/β-actin levels relative to 0th hour. Error bars: SD, (*p value b 0.05; **p value b 0.01). Each graph is representative of at least two independent
experiments.
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Within the differentially expressed genes, several genes which seem
to be novel in the context of the Wnt pathway were identiﬁed, in
addition to the already known Wnt targets in liver. For instance,
Glutamate-ammonia ligase (glutamine synthetase) (GLUL), a known
target gene, is 2 fold up-regulated in Huh7-S33Y compared to Huh7-Vec
in accordance with previous observations [25]. On the other hand,
epidermal growth factor expression did not change (Huh7-S33Y/Huh7Vec = 0.97 ± 0.17; from 10 different probes) although proposed as a
novel liver Wnt target [26]. In agreement with earlier work [16], Wnt/βcatenin targets in Huh7 cells appear to be largely different from targets
in colon carcinoma [14], in spite of some similarities such as DKK1
(microarray data; Huh7-S33Y/Huh7-Vec:2,12) and c-Myc (Fig. 2).
As Huh7 cells have been shown to have a side population which is
more tumorigenic and more stem cell-like [27,28], we also rescued
the tumor-forming cells (post-tumor cell lines PT-Huh7-S33Y and
PT-Huh7-Vec) and reanalyzed their transcriptome proﬁle by using
microarrays to check if any substantial changes could be identiﬁed
related to in vivo subpopulation selection and compared our results to
those of Haraguchi et al. [28] who analyzed gene expression proﬁles of
Huh7 side population (i.e. stem) cells. Intersection analysis of the genes
up-regulated in Huh7 stem cells and post-tumor cells revealed some
genes commonly over-expressed in both cases (Supplementary Tables 5
and 6). When functional ontology distributions of these genes were
analyzed, it was seen that, 8 out of 14 were plasma membrane proteins,
7 out of 14 had roles in cell communication and 4 had trans-membrane
transporter activity. All of these (partially overlapping) properties might
be related to cancer stem cell characteristics such as invasion, metastasis
and high drug export ability.

were analyzed in further detail. Among these genes, we showed that
BRI3 (Entrez Gene ID: 25798) and HSF2 (Entrez Gene ID: 3298) are
novel targets of Wnt/β-catenin/TCF signaling. The selection of HSF2
and BRI3 among other candidates was based on their fold change in
Huh7-S33Y/Huh7-Vec and the presence of TCF binding element in

3.3. In silico promoter analysis
To increase the stringency in our search for Wnt pathway-related
genes within our microarray and SAGE data, promoter regions of the
detected genes were analyzed in terms of TCF binding element (TBE)
content similar to a previous approach by Schwartz et al. [29] (Tables 2
and 3). In summary, TBEs were counted in promoters of genes that are
over or under-expressed upon stable β-catenin over-expression and
compared to promoters in a no-change gene pool. We expanded the
previous approach by performing a two-sided Z test and considering
two different TCF binding motifs, short TCF binding motif (TCFshort:
‘WWCAAWG’) and long TCF binding motif (TCFlong: ‘RWWCAAWGG’).
In order to evaluate the biological signiﬁcance of this statistical
analysis, we ﬁrst used the promoters of already known targets [14].
We saw that there are more TBEs in the ‘− 1500 to −1000’ region
(p value = 0.12), in known target's promoters, regardless of the TCF
binding motif we used (Supplementary Tables 7 and 8).
We then deﬁned a union set of genes by merging microarray and
SAGE data on which we performed the analysis (see Section 2 Materials
and methods). There are different numbers and distribution patterns of
TCF binding elements (TBEs) in promoters of the genes that are affected
upon hyperactive beta-catenin over-expression in Huh7 cells; when
compared to a no-change pool. We observed the most signiﬁcant
differences in ‘− 1000 to Transcription Start Site (TSS)’ and ‘− 1500
to −1000’ regions (Tables 2 and 3). For up-regulated targets, abundance
of TBEs in promoter regions has been shown before [29]. However, our
analysis hints at a particular pattern for down-regulated targets where
there are signiﬁcantly less TBEs in ‘TSS to +1000’ and there are
signiﬁcantly more TBEs between ‘−1500 to −1000’ (Supplementary
Fig. 1) and Table 3. Supporting this general statistical analysis, there is no
TCFlong in ‘TSS to +1000’ in any of 15 down-regulated genes with TCFlong
in ‘−1500 to −1000’.
3.4. Novel Wnt/β-catenin/TCF targets; BRI3 and HSF2
After making a combined study of SAGE, microarray, PCR and in
silico promoter data (Supplementary Table 9); some candidate genes

Fig. 4. BRI3 is a target of Wnt/β-catenin/TCF signaling in some of the non-liver contexts. A,
Luciferase reporter assays: BRI3 promoter is 2.48 fold more active in 293T cells which are
exposed to conditioned medium from Wnt3a secreting cells when compared to nonsecreting exposed controls (BRI3). This difference is signiﬁcant, when compared to the
non-signiﬁcant variation in pGL3-Basic (Control). It should be noted that basal promoter
activation of BRI3 is ∼20 fold less than that of HSF2 (Fig. 6A) in 293T cells, which points to
an overall repression of BRI3 expression in these cells. In this experiment, the presence of
the BRI3 promoter in the construct might repress the leaky activity observed in the
promoterless empty vector. Upon Wnt3a induction, the BRI3 promoter is activated and the
expression levels from the BRI3 construct approximate the leaky expression of the control
vector. B, Lithium treatment: BRI3 mRNA level is increased upon increased β-catenin levels
(veriﬁed by Western Blot in the left panel) due to lithium treatment of U373-MG
cells. RNA levels were normalized by using beta-actin (ACTB) RNA levels. Error Bars:
SD, (*p value b 0.05). Each graph is representative of at least two independent
experiments.
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their promoters, as well as their potential importance as Wnt targets.
BRI3 scored the highest among other selected candidates (Supplementary Table 9) as being 3.0 fold up-regulated in Huh7-S33Y when
compared to Huh7-Vec (p value = 0.002). HSF2 has two isoforms, α
and β; α being the longer isoform which has 18 extra amino acids,
with no known domains. HSF2-α and HSF2-β are both up-regulated
2.1 (p value b 0.0001) and 1.3 (p value b 0.0001) fold in Huh7-S33Y
when compared to Huh7-Vec, respectively (Fig. 2). To analyze
targeting of BRI3 and HSF2 after tumor development in mice,
primary cell cultures rescued from the tumors that developed in
Huh7-S33Y and Huh7-Vec xenografts were analyzed (post-tumor
cell lines PT-Huh7-S33Y and PT-Huh7-Vec respectively). BRI3 mRNA
increased 2.53 fold in PT-Huh7-S33Y when compared to PT-Huh7-Vec
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(p value b 0.0001). HSF2-α and HSF2-β were up-regulated 1.7
(p value= 0.07) and 2.27 (p value= 0.002) fold respectively.
When a comprehensive liver cancer screen (104 liver tumor
tissues versus 76 non-tumor liver tissues) with genome-wide
microarray analysis by Chen et al. was reanalyzed, HSF2 expression
was found to be signiﬁcantly (1.34 fold, Student's t-test p value:
0.0003) up-regulated in liver cancers when compared to normal liver
tissues whereas expression of BRI3 was not detected with that
particular array design [30,31]. HSF2 was also up-regulated (1.38 fold,
Student's t-test p value: 0.0076) in HCC when compared to normal
liver in another large HCC panel (55 HCCs, 15 normal livers) [32],
whereas BRI3 was not detectable in that dataset. Previously published
Wnt/TCF/β-catenin targets were altered as follows in the latter panel

Fig. 5. HSF2 is a target of Wnt/β-catenin/TCF signaling in the liver context. A, Scheme of HSF2 promoter region; 1F stands for forward primer with the unique id 1. 2R is the reverse
primer with id 2. Same nomenclature is valid for primer 3F. 3F and 2R primers were used to amplify the region to be used in luciferase reporter assays. 1F and 2R are used to amplify
captured genomic DNA by ChIP experiments. B, Luciferase reporter assays: autocrine stimulation of Huh7 cells by Wnt3a leads to up-regulation of HSF2 promoter (Wnt3a) when
compared to empty vector control (Vector). Both vector and Wnt3a plasmids were co-transfected with HSF2 promoter reporter vector (pGL3-HSF2). C, Luciferase reporter assays:
HSF2 promoter is activated by hyperactive β-catenin in Huh7 cells which is inhibited by addition of dominant negative TCF4 (dnTCF4). D, Left: ChIP analysis: β-catenin binds to HSF2
promoter in Huh7 cells as revealed by ChIP analysis performed with anti-β-catenin antibody, anti-RNA polymerase antibody or normal mouse IgG. Right: ChIP analysis: β-catenin
binds to HSF2 promoter in mouse liver as revealed by ChIP analysis performed with β-catenin antibody or anti-caspase 8 antibody. The bands indicate genomic DNA product of HSF2
promoter. Error bars: SD, (*p value b 0.05; **p value b 0.01). Each graph is representative of at least two independent experiments.

1530

E. Kavak et al. / Cellular Signalling 22 (2010) 1523–1535

(fold stands for median expression in HCC/median expression in
normal livers and p value is from Student's t-test): EGFR (fold = 0.97,
p = 0.05), TBX3 (fold = −1.25, p −0.0076), SLC1A2 (fold = −0.91,
p = 0.0323), GLUL (fold = 1.01, p = 0.001), OAT (fold = 1.01, p = 0.91)
and LECT2 (fold = 1.05, p = 1.08e-06).
When we analyzed the −5000 to + 5000 regions of the
transcriptional start sites (TSS) of BRI3 and HSF2, we found that
BRI3 has 5 TCFshort and 2 TCFlong motifs between −3225th and 1122nd
positions relative to TSS. HSF2 has 17 TCFshort and 5 TCFlong motifs
between −4504th and 4695th positions relative to TSS (Supplementary Table 9 and Figs. 3A and 5A for BRI3 and HSF2, respectively).
Based on the data from preliminary analysis, we aimed at further
verifying the targeting of BRI3 and HSF2 by Wnt signaling mainly in
liver context by utilizing liver cancer cell line models and mouse liver
tissue. In addition to the main focus of liver context, we expanded our
analysis to glioblastoma cells for lithium treatment and ChIP
experiments and a human embryonic kidney cell line (293T) for
Wnt3a stimulation experiments (see below), cell lines where these
assays were well established. Our rationale by expanding the
experiments to different cell lines was simply to obtain some hints

about the possible general implications of our results. Further
experiments may describe a larger picture, however it is known
that the Wnt pathway involves different targets in different tissues
(such as colon vs. liver [16]), thus a universal pattern is not expected.
3.5. BRI3 and HSF2 promoters are regulated by the β-catenin/TCF4
complex
Luciferase reporter assay was used to test the effect of overexpression of S33Y-β-catenin and dominant negative TCF4 [33] on the
activity of BRI3 and HSF2 promoters in Huh7 cells. Over-expression of
S33Y-β-catenin resulted in signiﬁcant increase in promoter activities of
both genes and this effect was reduced by addition of dominant negative
TCF4 (Figs. 3C and 5C). We then tested promoter activities of BRI3 and
HSF2 upon autocrine Wnt3a stimulation of Huh7 cells by transient
transfection with a Wnt3a plasmid; which resulted in up-regulation of
promoter activities of both genes (Figs. 3B and 5B). We also tested
promoter activities of BRI3 and HSF2 upon stimulation with Wnt3a in
the 293T cell system described in [6]. This was achieved by exposing
293T cells to conditioned medium from L-cells or L-Wnt3a cells; and

Fig. 6. HSF2 is a target of Wnt/β-catenin/TCF signaling in some of the non-liver contexts. A, Luciferase reporter assays: HSF2 promoter is 1.25 fold more active in Wnt3a exposed 293T
cells when compared to non-exposed counterparts (HSF2). This difference is signiﬁcant, though mild, when compared to the non-signiﬁcant variation in pGL3-Basic (Control). B,
ChIP assays: β-catenin binds to HSF2 promoter in 18kj40 glioblastoma cells revealed by ChIP analysis performed with anti-β-catenin antibody, anti-RNA polymerase antibody or
normal mouse IgG. The band corresponds to the PCR product of the genomic DNA HSF2 promoter region captured with antibody. C, Lithium treatment: HSF2-α and HSF2-β mRNA
level is increased upon increased β-catenin levels (veriﬁed by Western Blot in the upper panel of Fig. 4B) due to lithium treatment of U373-MG glioblastoma cells. RNA levels were
normalized by using the geometric mean of beta-actin (ACTB) and GAPDH RNA levels. Error bars: SD, (**p value b 0.01; ***p value b 0.005).
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directly transfecting the 293T cell lines with the reporter constructs. As
expected, the promoter activities were up-regulated in the L-Wnt3a
exposed cells, with respect to L-cells (p b 0.05, Student's t-test) (Figs. 4A
and 6A for BRI3 and HSF2 respectively). Taken together, β-catenin and
TCF4 regulate BRI3 and HSF2 promoters, in vitro.
3.6. β-catenin interacts with BRI3 and HSF2 promoters
We used chromatin immunoprecipitation assay (ChIP) to obtain
direct evidence for the proposed interaction between the Wnt/βcatenin pathway and the control of BRI3 and HSF2 gene expression.
PCR analysis of the immunoprecipitated DNA showed that the anti-βcatenin and anti-RNA Polymerase II antibody, but not the normal
mouse IgG, pulled-down BRI3 and HSF2 promoter fragments in Huh7.
The promoters of BRI3 and HSF2 were also bound by anti-β-catenin
but not by anti-caspase-8 antibody in mouse normal liver tissue
(Figs. 3D and 5D). BRI3 promoter was also bound in another liver
cancer cell line Hep3B (Fig. 3D), whereas HSF2 was not (data not
shown). We also did ChIP analysis in early passage glioblastoma cells
(#18 in [34]) to test BRI3 and HSF2 targeting by β-catenin in another
cell context. HSF2 promoter was bound by β-catenin in #18
glioblastoma cells (Fig. 6B) whereas BRI3 promoter was not (data
not shown).
3.7. Inhibition of GSK3β by lithium leads to increased BRI3 and HSF2
mRNA levels
The key kinase of the Wnt pathway GSK3β that phosphorylates
β-catenin to initiate its degradation is known to be inhibited by
lithium. Cells exposed to lithium salts mimic the activated pathway
and as a result of increased β-catenin accumulation and nuclear
translocation, target gene expression is activated [35]. We treated
Huh7 cells with lithium chloride and sodium chloride over 72 h to
follow BRI3 and HSF2 mRNA levels concomitantly with accumulation of β-catenin protein levels. As it is known that GSK3β is
already somewhat inhibited in Huh7 cells [36], we also included
U373-MG cells (an established glioblastoma cell line) in this study.
BRI3 RNA levels were found to increase together with β-catenin
protein accumulation in lithium treated but not sodium treated
Huh7 and U373-MG cells (Figs. 3E and 4B), later than AXIN2 RNA
which was used as a positive control for lithium treatment, being
an established Wnt/TCF/β-catenin target [37] (Fig. 7). HSF2 alpha
and beta RNA levels increased together with β-catenin protein
accumulation in U373 cells (Fig. 6C) but did not signiﬁcantly
change in Huh7 cells (data not shown). Whether this might be due
to different GSK3β activities or some other lithium-related
sensitivity difference between the cell lines is unknown.
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Tau: 0.278, p value: 3.3e-7). Within this dataset expression of BRI3
correlates with PI (Fig. 8B, Spearman R: 0.56, p value: 4.2e-30) as
expected from positive correlation of astrocytoma grade and PI (data
not shown). Moreover, siRNA mediated knockdown of BRI3 inhibits
proliferation of HeLa cells (Fig. 8C).
HSF2 expression positively correlates with PI (Fig. 9A, Spearman R:
0.26, p value : 2e-39). In concordance with this observation, HSF2
knockout in HeLa cells decrease proliferation rate (Fig. 9C). Finally,
HSF2 expression increases with HCC occurrence and progression
(Fig. 9B, Kendall Tau: 0.51, p value: 2.5e-8).
4. Discussion
In this study it was shown that mutant β-catenin-transfected
TCF4-hyperactive Huh7 cells lead to earlier and larger tumors in nude
mice. SAGE, genome-wide microarray analysis and in silico promoter
analysis were used in parallel in order to reveal transcriptomic
changes and putative Wnt targets. BRI3 and HSF2 were shown to be
novel targets of Wnt/TCF/β-catenin signaling.
We compared SAGE and microarray data from identical total RNA
by using a tendency analysis approach. Other comparison methods
are available such as scaling two data structures into the same
dimension and comparing the values, or comparing the folds by using
direct values or logs [41]. However, in our opinion, the best method to
understand if these methods are giving similar results is to check the
tendency of the resulting differences, because neither of the methods
gives well correlated fold ratios in comparison to more exact methods
such as quantitative real-time PCR (Fig. 2 and Supplementary Table 1).
On the other hand, SAGE and microarray sense differential expression
of different genes. In terms of sensing presence of RNAs, microarray

3.8. BRI3 and HSF2 in proliferation and HCC staging
Canonical Wnt/TCF/β-catenin signaling induces cell cycle genes
which in turn lead to increased proliferation of the cell. In order to
understand physiological relevance of BRI3 and HSF2 targeting of Wnt
pathway, we reanalyzed publicly available gene expression data from
large cancer (expO project; GEO accession ID: GSE2109, HCC data
from GSE6764 [38], brain tumor data from GSE4290 [39]) and normal
tissue screens (GEO accession ID: GSE7307). In order to assess
proliferation rate of cells we used a previously established gene
expression based metric; Proliferation Index (PI, introduced in ref
[40]) which negatively correlates with doubling time of NCI60 cell
lines. Furthermore, we used a recent large siRNA screen on HeLa cells
[23] to assess the effect of BRI3 and HSF2 knockdown on proliferation.
When all normal and cancer tissues are considered, BRI3 expression
mildly correlates with PI (Spearman R: 0.08, p value: 1e-5). However in
a large brain dataset expression of BRI3 increases with occurrence of
astrocytoma and correlates with astrocytoma grade (Fig. 8A, Kendall

Fig. 7. AXIN2 is an immediate responder to lithium treatment of Huh7 and U373-MG
cells. A, Lithium treatment: AXIN2 mRNA level is increased after b=24 h upon increased
β-catenin levels (veriﬁed by Western Blot in the left panel of Fig. 3E) due to lithium
treatment of Huh7. RNA levels were normalized by using beta-actin (ACTB) RNA levels.
B, Lithium treatment: AXIN2 mRNA level is increased after b=24 h (veriﬁed by Western
Blot in the upper panel of Fig. 4B) due to lithium treatment of U373-MG glioblastoma
cells. RNA levels were normalized by using beta-actin (ACTB) RNA levels. Error bars: SD,
(**p value b 0.01; ***p value b 0.005).
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Fig. 8. BRI3 in proliferation. A, BRI3 (NM_015379) expression is higher in astrocytomas and positively correlates with tumor grade. B, BRI3 expression increases with increasing
proliferation rate in a large brain tumor dataset (accession ID: GSE4290, N = 341). C, Knocking out BRI3 by siRNA decreases proliferation rate (darker dots together with the best ﬁt
line) of HeLa cells when compared to a pool of negative control siRNAs (lighter line with the error bars). The analysis and the image are adapted from www.mitocheck.org. The graph
is produced from experiment with LT0090_33-081 and is representative of 2 out of 3 different experiments by using siRNA with ID MCO_0022595. In box plots boxes represent interquartile range. Whiskers span 1.5 times inter-quartile range.

sensed more genes when compared to SAGE, mainly originating from
the tag mapping problem, deﬁnition of thresholds and the limiting
total tag counts in SAGE. It should also be noted that, SAGE vs.
microarray debate is quite outdated by the superior sensitivity and
speciﬁcity of new generation sequencing technologies in gene
expression measurement [42].
We also integrated in silico promoter analysis to our SAGEmicroarray merged expression data. This enabled us to narrow down
the target list rapidly. We did the same promoter analysis in several
different datasets other than the merged dataset stated in the Results
section. The results somewhat varied when using SAGE data or
microarray data alone, as expected from the overall differences
observed when comparing the two techniques. When the most

consistent results as represented by the union dataset are considered;
regardless of used motif (TCFshort or TCFlong) genes that are
differentially expressed have signiﬁcantly different TBE patterns
when compared to promoters of non-differentially expressed genes.
Identifying a putative pattern which is different for down-regulated
genes when compared to up-regulated genes was promising for
elucidating how a single stimulus (hyperactive β-catenin) can lead to
up- and down-regulation simultaneously (Supplementary Fig. 1).
In addition to comparing Huh7-S33Y vs. Huh7-Vec cell populations, we hypothesized that post-tumor cells might resemble Huh7
stem cell-like subpopulations and analyzed the counterparts of these
cells which were recultured from the mice xenografts upon tumor
formation (PT-Huh7-S33Y vs. PT-Huh7-Vec). Indeed, genes altered
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Fig. 9. HSF2 in proliferation and HCC progression. A, HSF2 (NM_004506) expression is gradually increasing during HCC initiation and progression. B, HSF2 expression increases with
increasing proliferation rate among a comprehensive set of cancer and normal samples (accession IDs: GSE2109 and a subset of GSE7307, total N = 2506). C, Knocking out HSF2 by
siRNA decreases proliferation rate (darker dots together with the best ﬁt line) of HeLa cells when compared to a pool of negative control siRNAs (lighter line with the error bars). The
analysis and the image are adapted from www.mitocheck.org. The graph is produced from experiment with ID LT0077_01-007 and is representative of 3 different experiments by
using siRNA with ID MCO_0019857. In box plots boxes represent inter-quartile range. Whiskers span 1.5 times inter-quartile range.

upon in vivo passage of Huh7 cells are more similar to those in the
stem cell-like side population of Huh7 cells than those altered upon
TCF hyperactivation (Supplementary Table 5). Concordant with the
stemness characteristics which will facilitate invasion and metastasis
of the tumor, several of the post-tumor-enhanced genes were plasma
membrane proteins which have roles in cell–cell communication.
Analysis of pre-tumor and post-tumor gene expression data in
combination with in silico promoter analysis and literature search

pointed out potential novel Wnt targets among which BRI3 and HSF2
were conﬁrmed through further experiments described above. For
functional conﬁrmation experiments, we primarily focused on liver
context and therefore work with Huh7, Hep3B and mouse liver.
However, working with additional cell lines synergized with the
ﬁndings performed in the liver context (for a summary, see
Supplementary Table 10). For instance, HSF2 is up-regulated upon
lithium treatment in the glioblastoma cell line U373-MG whereas it is
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not regulated in Huh7, which might be due to default GSK3β
inhibition in Huh7 [36]. Overall picture suggests that, both BRI3 and
HSF2 are targeted in liver contexts, glioblastoma cells and 293 cells
(see Supplementary Table 10). However, further veriﬁcation of BRI3
and HSF2 targeting in non-liver contexts is required. Finally, we point
to signiﬁcant correlations between the proliferation rate of cells with
the expression levels of BRI3 and HSF2, which suggests physiological
relevance for targeting BRI3 and HSF2.
BRI3 is predominantly expressed in brain [43]. Antisense RNA
knockdown of BRI3 was shown to promote resistance to TNF induced
cell death in the L929 cell line, which suggests a role for BRI3 as a
putative oncogene [44]. Therefore, identiﬁcation of BRI3 as a Wnt
target suggests further characterization of its involvement in human
cancer.
The heat shock factor protein family is highly conserved throughout evolution. This family confers a wide variety of functions, such as
dealing with stress response (HSF1, HSF2 and HSF3), corticogenesis
and spermatogenesis (HSF2), cell cycle regulation through c-Myb
binding (HSF3) and maintenance of sensory organs (HSF4) [45–47].
HSFs regulate heat shock protein (HSP) gene expression levels through
heat shock elements in the promoter regions of HSPs. Several of the
HSPs have been related to cancer. For instance, Hsp27 is a prognosis
marker for gastric, liver, prostate cancers and osteosarcomas, as well as
predicting therapy outcome in breast cancers and leukemia [48]. Hsf2
has shown to regulate and modulate gene expression levels of Hsp27
[49]. Therefore, Wnt signaling can regulate Hsp27 levels through
modulating HSF2 levels which suggests a new path for Wnt-cancer
relation. Another connection we noted is through PP2A. HSF2 regulates
PP2A function, a multiunit phosphatase, by binding on PR65 unit of the
enzyme complex [50]. Although whether PP2A inhibits or induces Wnt
pathway remains controversial, it is well known that it regulates Wnt
pathway through GSK3β and AXIN [4]. This may point to a feedback
mechanism between HSF2 and Wnt signaling through PP2A and might
be a starting point for further exploration of HSF2–Wnt connection.
To conclude, we showed that high TCF activity Huh7 cells lead to
earlier setup and larger tumors in nude mice and at least two genes
were identiﬁed as novel downstream targets of the Wnt/TCF/βcatenin signaling pathway. These ﬁndings, we hope, will help exploring Wnt signaling in cancer.
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