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BHLHE40 and BHLHE41 (BHLHE40/41) are basic helix-loop-helix type transcription factors that play key roles in multiple cell
behaviors. BHLHE40/41 were recently shown to be involved in an epithelial-to-mesenchymal transition (EMT). However, the
precise mechanism of EMT control by BHLHE40/41 remains unclear. In the present study, we demonstrated that BHLHE40/41
expression was controlled in a pathological stage-dependent manner in human endometrial cancer (HEC). Our in vitro assays
showed that BHLHE40/41 suppressed tumor cell invasion. BHLHE40/41 also suppressed the transcription of the EMT effectors
SNAII, SNAI2, and TWIST1. We identified the critical promoter regions of TWIST for its basal transcriptional activity. We elu-
cidated that the transcription factor SP1 was involved in the basal transcriptional activity of TWIST1 and that BHLHE40/41
competed with SP1 for DNA binding to regulate gene transcription. This study is the first to report the detailed functions of
BHLHE40 and BHLHEA41 in the suppression of EMT effectors in vitro. Our results suggest that BHLHE40/41 suppress tumor cell
invasion by inhibiting EMT in tumor cells. We propose that BHLHE40/41 are promising markers to predict the aggressiveness of
each HEC case and that molecular targeting strategies involving BHLHE40/41 and SP1 may effectively regulate HEC progression.

asic helix-loop-helix (bHLH) type transcription factors play
key roles in cell differentiation, proliferation, apoptosis, and me-
tabolism. BHLHE40 (basic helix-loop-helix family member e40
gene) and BHLHE41 are members of the Hairy/E(spl)/HES fam-
ily. BHLHE40 and BHLHE41 (BHLHE40/41) exhibit more than
90% similarity in the bHLH region and approximately 50% in total.

BHLHE40/41 have been shown to function as transcriptional
repressors by binding to the class B E-box. BHLHE40/41 interact
with TF2B, TBP, or TF2D or recruit a histone deacetylase at the
E-box site (1-5). On the other hand, BHLHE40/41 were previ-
ously reported to modulate the expression of some genes in an
E-box-independent manner. BHLHE40 has been shown to asso-
ciate with SP1 binding sites in the BIRC5 promoter to activate its
transcription (6) and with STAT3 to regulate the transcription of
STAT3-dependent target genes (7). BHLHE41 suppressed VEGF
transcription by interacting with HIF1A (8). BHLHE40 and
BHLHE41 were reported to associate with retinoid X receptor
(RXR), MYOD1, or CEBP in order to regulate the transcription of
their target genes (9-12).

In diverse types of cancer species, such as colon, oral, and liver
cancer or brain tumors, BHLHE40 expression levels were found to
be higher in tumors than in adjacent normal tissues (13-15). On
the other hand, in human endometrial cancer (HEC) and non-
small-cell lung cancer, no changes in BHLHE40 expression were
reported between cancer and normal tissues (16, 17). Regarding
expression profiles with the development of cancer, studies on
oral, lung, liver, and esophageal cancer showed that BHLHE40
expression inversely correlated with the tumor stage or differen-
tiation grade (18-21). These findings suggest that patients who
strongly expressed BHLHE40 had better prognoses (19). An in
vitro analysis also revealed the tumor-suppressive effects of
BHLHEA40. The overexpression of BHLHE40 in multiple cell types
has been shown to inhibit cell proliferation, migration, or inva-
sion and to induce cellular senescence (3, 4, 13, 18, 19,22). Among
the mechanisms involved, BHLHE40 was demonstrated to di-
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rectly inhibit CCNDI or IDI transcription (18, 20, 23). Fewer
studies have examined the expression of BHLHE41 in cancer. The
higher expression of BHLHE41 in HEC than in normal adjacent
endometrial tissue has been reported (17). Although some studies
have found a positive correlation between BHLHE41 expression
levels and tumor progression, others reported an inverse correla-
tion (24-26). In triple-negative breast cancer (TNBC), the stron-
ger expression of BHLHE41 correlated with better prognoses, in-
cluding metastasis-free survival (26). This study demonstrated
that BHLHE41 promoted the degradation of HIF1A and EPASI in
order to suppress TNBC metastasis by direct binding (26). In
breast cancer, BHLHE41 has also been shown to directly suppress
CCNDI transcription (27).

Epithelial-to-mesenchymal transition (EMT) is an essential
mechanism to explain the properties of tumors that allow them to
invade adjacent stromal tissue. In pancreatic cancer cells, the
transforming growth factor 1 (TGF@1)-induced expression of
BHLHE40 enhanced EMT, whereas that of BHLHE41 inhibited
EMT by directly suppressing SNAI2 expression (28, 29). TWISTI
transcription was very recently reported to be suppressed by
BHLHE41 through an E-box in the TWIST1 promoter (30). These
are the only studies to have described the influence of BHLHE40
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TABLE 1 Primers used for the qRT-PCR analysis

BHLHE40/41 Regulate TWISTT Transcription

Target Sequence

gene Accession no. Forward primer Reverse primer Amplicon (bp)
BHLHE40 NM_003670 5'-GACCGGATTAACGAGTGCAT-3’ 5'-TGCTTTCACATGCTTCAAGG-3' 123

BHLHE41 NM_030762 5'-GCATGAAACGAGACGACACC-3’ 5 -ATTTCAGATGTTCAGGCAGT-3’ 126

SNAII NM_005985 5'-AAGGCCTTCTCTAGGCCCT-3’ 5'-CGCAGGTTGGAGCGGTCAG-3' 113

SNAI2 NM_003068 5'-TTCGGACCCACACATTACCT-3’ 5'-GCAGTGAGGGCAAGAAAAAG-3’ 122

TWISTI NM_000474 5'-CAGCTACGCCTTCTCGGTCT-3' 5 -CTGTCCATTTTCTCCTTCTCTGGA-3' 138

ACTB NM_001101 5'-TTGCCGACAGGATGCAGAAG-3’ 5'-CAGCGAGGCCAGGATGGAGC-3’ 122

and BHLHE41 on EMT; therefore, further studies are needed in
order to obtain more detailed information. In addition to these
findings, several transcription factors, including SP1, have been
shown to regulate EMT effector genes (31-33).

In the present study, we examined the impact of BHLHE40/41
on EMT and cell invasion by HEC. BHLHE40 and BHLHE41 ex-
pression levels both correlated with the pathological stages of HEC
patients. BHLHE40/41 directly regulated the transcription of the
EMT effector gene TWIST1I by affecting its promoter regions. An
intimate analysis revealed that BHLHE40/41 regulated TWIST1
transcription by associating with an SP1 binding site in its pro-
moter. This regulation was independent of E-boxes. This is the
first study to have elucidated a novel mechanism by which
BHLHE40/41 influenced EMT in HEC. We propose that
BHLHE40/41 are promising markers for predicting the prognosis
of HEC, and our results may lead to a new strategy to control HEC
development.

MATERIALS AND METHODS

Cell culture and reagents. HEC-1, HEC-6, Ishikawa, HHUA, hEM, and
293T cells were grown in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum, penicillin, and streptomycin.
HEC-1 and HEC-6 cells were purchased from the Japanese Collection of
Research Bioresources (Tokyo, Japan). HHUA cells were from the RIKEN
BioResource Center (Ibaraki, Japan). Ishikawa cells were from Sigma-
Aldrich (St. Louis, MO). 293T cells were from Invitrogen (Carlsbad, CA).
hEM cells were a kind gift from Satoru Kyo. hEM cells were established
from human endometrial glandular cells immortalized using human pap-
illomavirus 16 E6/7 and human telomerase reverse transcriptase (34).
293T and Ishikawa cells were used within 6 months of receipt. The iden-
tities of HEC-1, HEC-6, and HHUA cells were confirmed by the Japanese
Collection of Research Bioresources (JCRB) Cell Bank using DNA profil-
ing (short tandem repeat [STR]) in March 2015. WP631 methanesulfon-
ate was purchased from Sigma-Aldrich and dissolved in dimethyl sulfox-
ide.

Patients and tissue samples. Eight-six HEC patients who underwent
surgery at the Department of Obstetrics and Gynecology of Kyushu Uni-
versity Hospital between 2005 and 2010 were recruited for this study.
Normal control uterine endometrial tissues were removed from 20 pa-
tients undergoing hysterectomy for benign reasons such as uterine my-
oma or endometriosis. The 20 normal endometrial tissue specimens and
37 HEC primary specimens (30 endometrioid adenocarcinoma speci-
mens, including 16 grade 1, 10 grade 2, and 4 grade 3, and 7 serous ade-
nocarcinoma specimens) out of 86 HEC cases (77 cases of endometrioid
adenocarcinoma, including 37 grade 1, 27 grade 2, and 13 grade 3, and 9
cases of serous adenocarcinoma) were used in mRNA assays. Eighty-six
HEC primary specimens were used for immunohistochemistry. All pa-
tients involved in this study provided their written informed consent. This
study was approved by the Ethical Committee of Kyushu University.

Real-time RT-PCR. Total RNA from tissue samples and cultured cells
was extracted using an RNeasy minikit (Qiagen, Germantown, MD) or
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Isogen (Nippon Gene, Tokyo, Japan). cDNA was synthesized by a Rever-
Tra Acekit (Toyobo, Osaka, Japan). Real-time reverse transcription (RT)-
PCR was carried using Brilliant IT SYBR master mixes (Agilent Technol-
ogies, Santa Clara, CA). The relative expression levels of target genes were
calculated using a AACT method after normalization using those of the
housekeeping gene, ACTB (35). The sequence information used is shown
in Table 1. All primers were designed to be located across an intron.

Immunohistochemistry. Surgical tissue samples were freshly frozen
until examined immunohistochemically. Four-micrometer-thick sec-
tions were made with a cryostat, air dried, and fixed in a 4% paraformal-
dehyde—phosphate-buffered saline (PBS) solution. Endogenous peroxi-
dase was inactivated in a 3% hydrogen peroxide-PBS solution. After the
reaction was blocked with protein block (Agilent Technologies), the sec-
tions were incubated overnight at 4°C with a diluted anti-BHLHE40
(HPA028921; Atlas Antibodies, Stockholm, Sweden) or anti-BHLHE41
(E-4; Santa Cruz Biotechnology, Santa Cruz, CA) antibody. The sections
were washed, and EnVision+ dual link system-horseradish peroxidase
(HRP) (Agilent Technologies) was used for the addition of a secondary
antibody and color development. Mayer’s hematoxylin was used for nu-
clear counterstaining.

Immunoblotting and immunoprecipitation. In immunoblotting,
cell lysates were separated on 10% SDS-polyacrylamide gels and transferred
onto polyvinylidene difluoride membranes (Millipore, Billerica, MA). The
primary antibodies used were anti-BHLHE40 (S-8), -BHLHE41 (E-4),
-SNAI1 (H-130), -SNAI2 (D-19), -SP1 (PEP2), -TWIST1 (H-81), -VIM
(V-9), -EN1 (EP5), -CDHI (H-108), -CDH2 (H-63), -CCLD1 (DCS-6),
and -GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase; FL-335)
(Santa Cruz Biotechnology) antibodies. Antihemagglutinin (anti-HA;
HA-7) and -FLAG (M5) antibodies were from Sigma-Aldrich (St. Louis,
MO).

After the membranes were incubated with horseradish peroxidase-
linked secondary antibodies (Promega, Madison, WI), blots were de-
tected using an enhanced chemiluminescence (ECL) system. The intensi-
ties of the bands were quantified with NIH Image software (http://rsb.info
.nih.gov/nih-image/).

Whole-cell lysates from 293T cells expressing MYC-SP1 and either a
combination of HA-BHLHE40 and FLAG-BHLHE40, HA-BHLHE41
and FLAG-BHLHE41, or HA-BHLHE40 and FLAG-BHLHE41 were pre-
pared for immunoprecipitation. The lysates were immunoprecipitated
overnight at 4°C with either anti-MYC, -HA, or -FLAG antibody bound to
protein G PLUS-agarose (Santa Cruz Biotechnology) and separated by
SDS-PAGE. The immunoprecipitated proteins were analyzed by Western
blotting using either an anti-MYC, -HA, or -FLAG antibody.

Plasmid transfection, lentivirus vector, and luciferase assay. HA- or
FLAG-tagged human BHLHE40 and BHLHE41 open reading frames
(ORFs) were amplified by PCR using cDNA from HHUA cells. MYC-
tagged human SPI was also constructed by PCR using cDNA from human
normal endometrial tissue. The DNA sequence of each construct was
confirmed by a sequence reaction using an ABI PRISM BigDye Termina-
tor v3.1 cycle sequencing kit (Applied Biosystems, Carlsbad, CA). They
were ligated into a pCDNA3 expression vector. HA-tagged BHLHE40 and
FLAG-tagged BHLHE41 were also inserted into a pENTR4 vector and
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TABLE 2 Sequences of reporter constructs

Construct
pTWIST1-wtSP1BS

Sense oligonucleotide®

+151 GTCCCCTCCCCCTCCCGCCTCCCT
CCCCGCCTCC +184

+151 GTCCACTACACATCACGCCTCCCT
CCCCGCCTCC +184

+151 GTCCCCTCCCCCTCCCGCATACAT
ACACGACTCC +184

+151 GTCCACTACACATCACGCATA
CATACACGACTCC +184

+193 CCCTCCCC +200
+193 ACATACAC +200

pTWIST1-mtSP1BS-a
pTWIST1-mtSP1BS-b
pTWIST1-mtSP1BS-ab

pTWIST1-wtSP1BS-c
pTWIST1-mtSP1BS-c

“ Mutated nucleotides are underlined.

transferred into pLX302 and pLX303 vectors by recombination reaction
(Gateway Technology by Invitrogen). Lentivirus vectors were produced as
described previously (36). In order to construct stable cell lines, puromy-
cin and blasticidin were used for pLX302 and pLX303, respectively.

Several regions upstream of SNAII (spanning from bp —902 from the
transcription start site [TSS]), SNAI2 (from bp —1650 from the TSS), and
TWISTI (from bp —1876, —1587, —170, +34, and +116 from the TSS)
were amplified by PCR and ligated into the pGL4.22 basic luciferase vector
(Promega). Site-directed mutagenesis was performed to generate the mu-
tated luciferase reporter constructs. The sequences of the mutants gener-
ated are shown in Table 2. The DNA sequence of each construct was
confirmed by a sequencing reaction. In reporter assays, cells (1 X 10°)
were transfected with 200 ng of each luciferase reporter, 100 ng of an
expressing vector, and 25 ng of pPCDNA3.1-His-LacZ using Lipofectamine
2000 reagent (Invitrogen). Twenty-four hours after transfection, cell ly-
sates were collected and assayed using a luciferase assay kit (Promega) and
a beta-galactosidase assay kit (Clontech Laboratories, Mountain View,
CA). Luciferase activity values were normalized using those of beta-galac-
tosidase activity.

Knockdown by siRNA and shRNA. Double-stranded small interfer-
ing RNA (siRNA) for SPI (siSP1) (sc-29487) was purchased with control
siRNA (sc-37007) from Santa Cruz Biotechnology. We also established
HHUA cells with the stable knockdown of BHLHE40 and BHLHE41 by a
lentivirus system (36). The transduced cells were selected by puromycin.
Short hairpin RNA (shRNA) target sites and sequences are shown in Table
3. shRNA sequences for BHLHE40 and BHLHE41 were from Sigma-Al-
drich (Mission shRNA validated sequence). Two shRNAs for each of the
BHLHE40 and BHLHE41 genes were made, and both showed similar ef-
ficiencies (see Fig. S4A and B in the supplemental material), and
shBHLHE40S2 for BHLHE40 and shBHLHE41S1 for BHLHE41 were
used in most cases.

EMSA. An electrophoretic mobility shift assay (EMSA) was performed
using nuclear extracts from 293T cells expressing HA-BHLHE40 and/or
FLAG-BHLHE41 as described elsewhere (36). The sequences of the
probes used are as follows: pTWIST1-wtSP1BS, 5'-CCGTCCCCTCCCC
CTCCCGCCTCCCTCCCCGCCTCCCC-3"; pTWIST1-mtSPIBS, 5'-CC

tated nucleotides are underlined. In order to determine whether SP1,
BHLHE40, and BHLHE41 were involved in protein-nucleotide com-
plexes, an anti-HA (HA-7; Sigma-Aldrich), -FLAG (M5; Sigma-Aldrich),
-SP1 (PEP2; Santa Cruz Biotechnology), or -CEBPA (14AA; Santa Cruz
Biotechnology) antibody was added to the incubation mixture.

Chromatin immunoprecipitation assay. A chromatin immunopre-
cipitation assay was performed as described elsewhere (36). The DNA-
protein complex was immunoprecipitated using anti-SP1 (PEP-2; Santa
Cruz Biotechnology), -acetylated histone H3 (Millipore), -HDAC1
(ab7028; Abcam), and -KAT2B (ab12188; Abcam) antibodies and protein
G PLUS-agarose (sc-2002; Santa Cruz Biotechnology). Precipitated DNA
samples were used to amplify the SP1 binding site of the TWISTI pro-
moter with the primers as follows: forward primer, 5'-CCTCCAAGTCT
GCAGCTCTC-3'; reverse primer, 5'-CCCGAGGTCCAAAAAGAAAG-
3'. Specific DNA fragments were semiquantified by real-time PCR. The
fold enrichment of immunoprecipitated DNA fragments was normalized
based on 10% input.

Transwell chamber assay. Cell motility and invasion were evaluated
by the transwell chamber assay as described previously (35). A total of
4.0 X 10* or 5.0 X 10" cells were plated in upper wells without serum.
Complete growth medium with 10% fetal bovine serum was placed in the
lower wells. After 48 h for HEC-1, HHUA, and Ishikawa cells and 72 h for
HEC-6 cells, the membranes were collected for analysis. The membranes
were stained with Diff-Quik staining solutions (Sysmex Corp., Kobe, Ja-
pan).

Statistics. Data are represented as the mean * standard deviation
(SD). Reporter assay data were analyzed with the Student ¢ test. Case-
control data were analyzed with the Mann-Whitney U test. The relation-
ships between BHLHE40 and BHLHE41, BHLHE40 and TWIST1, and
BHLHE41 and TWIST1 were evaluated by Pearson’s product-moment
correlation coefficient. The significance of these relationships was deter-
mined by the F-test. A P value of <0.05 was considered significant.

RESULTS

Clinical evaluation of BHLHE40 and BHLHE41 expression in
HEC. In order to elucidate the involvement of BHLHE40 and
BHLHE41 (BHLHE40/41) in human endometrial cancer (HEC),
we first examined their expression levels in cancer specimens.
Thirty-seven cases of surgically removed specimens from primary
cancer sites were used for mRNA assays (endometrioid adenocar-
cinoma, 30 cases; serous adenocarcinoma, 7 cases; stage 1A, 20
cases; more than stage IB, 17 cases [based on the surgical staging
system of FIGO 2008 {55}]). Normal endometrial tissues from
benign tumor cases were also examined as controls. Only slight
differences were observed in BHLHE40 mRNA levels between
cancer tissues and normal endometrial tissues, whereas
BHLHE41 mRNA levels were markedly higher in cancer tissues
than in normal endometrial tissues (Fig. 1A and B). In order to
determine the relationship between BHLHE40/41 expression and

GTCCACTACACATCACGCATACATACACGACTCCCC-3'. The mu- the clinical features of cancer, cases at stage IA with no or less than

TABLE 3 Sequences of shRNA constructs

shRNA name Target Target site shRNA sequence (cloned into Agel and EcoRI)*

Control shRNA None CCTAAGGTTAAGTCGCCCTCG 5"-accggt CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCG
(shCtrl) ACTTAACCTTAGGTTTTTTTgaattc-3"

shBHLHE40S1 BHLHE40 exon 4 GCACTAACAAACCTAATTGAT 5"-accggt GCACTAACAAACCTAATTGATCTCGAGATCAATT
(TRCN0000013249) AGGTTTGTTAGTGCTTTTTTgaattc-3'

shBHLHE40S2 BHLHE40 exon 4 CATGTGAAAGCACTAACAAAC 5'-accggt GCATGTGAAAGCACTAACAAACCTCGAGGTTTGTTA
(TRCN0000232187) GTGCTTTCACATGCTTTTTTgaatttc-3"

shBHLHE41S1 BHLHE41 exon 2 CTGGACTATTCCTCTTTGTAT 5"-accggt GCTGGACTATTCCTCTTTGTATCTCGAGATACAAAG
(TRCNO0000086556) AGGAATAGTCCAGCTTTTTTgaattc-3"

shBHLHE41S2 BHLHEA41 exon 1 AGAGACAGTTACTGGAACATA 5"-accggtAGAGACAGTTACTGGAACATACTCGAGTATGTTC
(TRCN0000016945) CAGTAACTGTCTCTTTTTTTgaattc-3’

“ Cloning sites are shown in lowercase letters.
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FIG 1 mRNA analysis of endometrial cancer specimens by real-time RT-PCR. (A and B) Twenty normal endometrial tissue specimens (NEM) and 37 primary
HEC specimens were used to analyze their mRNA levels of BHLHE40 (A) and BHLHE41 (B). (Cand D) BHLHE40/41 mRNA levels of the HEC group at the early
stage (stage IA based on FIGO 2008 system criteria) were compared with those of the group at the advanced stage (more than stage IB). (E) The relationship
between BHLHE40 and BHLHE 41 mRNA levels from 37 specimens was analyzed by Pearson’s product-moment correlation coefficient. r values are correlation
coefficients. The significance of these relationships was determined by the F-test. (F and G) The relationship between TWISTI and BHLHE40 or TWISTI and
BHLHE41 mRNA levels was also analyzed by Pearson’s product-moment correlation coefficient. A P value of <0.05 was considered significant. n.s., not

significant.

50% invasion into the adjacent myometrium were compared with
cases at more than stage IB showing more than 50% invasion into
the myometrium. The mRNA levels of BHLHE40 and BHLHE41
were both significantly higher in cases at stage IA than in cases at
more than stage IB (Fig. 1C and D). A positive correlation was
found between BHLHE40 and BHLHE4ImRNA levels (Fig. 1E).
No significant differences in BHLHE40/41 mRNA levels were ob-
served between the group of grade 1 or 2 endometrioid adenocar-
cinoma (type I) and that of grade 3 endometrioid adenocarci-
noma or serous adenocarcinoma (type II) (see Fig. S1A and B in
the supplemental material).

BHLHE40/41 protein levels were also analyzed by immunohis-
tochemistry. In normal endometrial tissues, the BHLHE40 pro-
tein was exclusively detected in glandular epithelial cells, not in the
surrounding stromal cells (Fig. 2A and C). In contrast, the
BHLHEA41 protein was almost absent in normal endometrial tis-
sues (Fig. 2B and D). BHLHE40/41 protein expression was exam-
ined in 86 cases of HEC tissue samples (endometrioid adenocar-
cinoma, 77 cases; serous adenocarcinoma, 9 cases; stage 1A, 37
cases; more than stage IB, 49 cases [based on the surgical staging
system of FIGO 2008]). The nuclear expression of BHLHE40/41
was evaluated by a staining scoring system described by Allred et
al. (37). Representative samples tested positive for BHLHE40/41
(Fig. 2E to H), while others were negative (Fig. 21 to L). Consistent
with the results obtained in the mRNA assay, BHLHE40/41 pro-
tein levels were both higher in cases at stage IA than in cases at
more than stage IB (Fig. 2M and N). A positive correlation was
detected between BHLHE40 and BHLHE41 protein levels (Fig.
20). In contrast to the results from the mRNA assay, a significant
difference was observed for BHLHE40 but not for BHLHE41 be-
tween type I and type II HEC cases (see Fig. SIC and D in the
supplemental material).

Forced BHLHE40/41 expression suppressed tumor properties
of HEC cells. In order to investigate the impact of BHLHE40/41
expression in HEC cells, we induced the exogenous expression of
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BHLHE40/41 or knocked down the endogenous expression of
BHLHE40/41 in HEC cells. BHLHE40/41 protein expression was
initially examined in four HEC cell lines. The expression of
BHLHE40/41 was observed in HHUA cells but was absent in
Ishikawa, HEC-1,and HEC-6 cells (Fig. 3A). The exclusive expres-
sion of BHLHE40 was detected in an immortalized endometrial
glandular cell line, hEM cells (34) (Fig. 3A). We used a lentivirus
transduction system to induce the stable expression of BHLHE40/
41. Plasmid transfection was also performed to examine the tran-
sient expression of BHLHE40/41. Four types of cells were ob-
tained by infection with an empty lentivirus vector, either the
vector to express HA-tagged BHLHE40 or FLAG-tagged BHLHEA41,
and both vectors to express HA-BHLHE40 and FLAG-BHLHE41
(see Fig. S2B in the supplemental material). The forced expression
of BHLHE40/41 in Ishikawa, HEC-1, and HEC-6 cells resulted in
the greater suppression of cell invasion than that in control cells
(Fig. 3B). BHLHE40/41 expression did not affect the motility of
HEC-1 or Ishikawa cells (see Fig. S3A in the supplemental mate-
rial). A protein analysis was performed by immunoblotting of
Ishikawa, HEC-1 and HEC-6 cells. We focused on the expression
of EMT-related molecules. The transient expression of BHLHE40/41
resulted in the downregulation of VIM, CDH2, and FN1 and in-
duction of CDH1 (Fig. 3C). The intensities of the bands were
quantified and are shown in Fig. S5A in the supplemental mate-
rial. The mRNA and protein levels of the EMT effector genes
SNAII, SNAI2, and TWISTI were suppressed in most cell lines
(Fig. 3C and D; see Fig. S5A in the supplemental material). SNAI1
expression was not altered in HEC-1 cells, and some differences
were observed in gene expression patterns that depended on the
cellular context. In most experiments, we used an HA tag for
BHLHE40 and a FLAG tag for BHLHE41 in order to distinguish
between the expression of their genes because the molecular
weights of their two gene products were similar. Therefore, in
order to confirm that exogenous BHLHE40 and BHLHE41 were
expressed at similar levels, HA-BHLHE40 and HA-BHLHE41 or
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FIG 2 Immunohistochemistry of endometrial cancer specimens. Surgical samples from 86 HEC patients were analyzed for BHLHE40/41expression by immu-
nohistochemistry. Representative results are shown. (A to D) Results are for the late proliferative phase (A and B) and the secretory phase (C and D) of normal
endometrial tissue. (E and F) A grade 1 endometrioid adenocarcinoma (EAC) case at stage IA; (G and H) a grade 2 EAC case at stage IA; (I and J) a grade 3 EAC
case at stage IB; (K and L) a grade 2 EAC case at stage IIIA. Immunohistochemical images with an anti-BHLHE40 antibody (A, C, E, G, I, K) and anti-BHLHE41
antibody (B, D, F, H, J, L) are shown. The scale bars represent 200 wm. (M and N) The staining scores of immunohistochemical images were analyzed. Eighty-six
cases were divided into a group at the early stage (stage IA) and that at the advanced stage (more than stage IB). (O) The relationship between BHLHE40 and
BHLHE41 staining levels from 86 specimens was analyzed by Pearson’s product-moment correlation coefficient. r values are correlation coefficients. The
significance of coefficients was determined by the F-test. (P and Q) The relationship between TWIST1 and BHLHE40 or TWIST1 and BHLHE41 staining levels

was also analyzed by Pearson’s product-moment correlation coefficient. A P value of <0.05 was considered significant.

FLAG-BHLHE40 and FLAG-BHLHE41 were transfected in
HEC-6 cells and the cell lysates were immunoblotted with an-
ti-HA or anti-FLAG antibodies. The expression levels of exoge-
nous BHLHE40 and BHLHE41 were similar regardless of the tags
(see Fig. S2A in the supplemental material).

Knockdown of BHLHE40/41 in HEC cells enhanced cell inva-
sion and EMT. The knockdown of BHLHE40/41 using shRNA
transduced by a lentivirus was performed on HHUA cells, which
originally expressed BHLHE40/41. Within the extent of our
screening, HHUA cells were the only cell line that expressed
BHLHEA40/41. The successful knockdown of BHLHE40/41 was
confirmed at the protein level (Fig. 4A). The shRNAs used for
BHLHE40 and BHLHE41 were validated by the vendor. Since the
two shRNAs for BHLHE40 and BHLHE41 showed similar efficien-
cies (see Fig. S4 in the supplemental material), ss BHLHE40S2 for
BHLHE40 and shBHLHE41S1 for BHLHE41 were used in most
cases. In vitro assays showed that the knockdown of BHLHE40
and/or BHLHE41 enhanced cell invasion and motility (Fig. 4C; see
also Fig. S3B). Double knockdown led to the most prominent
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changes. The knockdown of BHLHE40 and/or BHLHE41 upregu-
lated the expression of VIM and CDH2, while it downregulated
that of CDH1 (Fig. 4A). The intensities of the bands were quanti-
fied and are shown in Fig. S5B in the supplemental material. Fur-
thermore, the knockdown of BHLHE40 and/or BHLHE41 up-
regulated the expression of SNAII, SNAI2, and TWISTI at the
mRNA and protein levels (Fig. 4A and B; see also Fig. S5B).
BHLHE40/41 regulated promoter activities of SNAI1, SNAI2,
and TWIST]I. In order to explore the mechanism underlying the
transcriptional regulation of SNAII, SNAI2, and TWISTI by
BHLHE40/41, a reporter assay using their promoters was per-
formed. The promoter regions spanning from bp —902 to +88 of
SNAII (pSNAI1-902), bp —1650 to +215 of SNAI2 (pSNAI2-
1650), and bp —1876 to +418 of TWISTI (pTWIST1-1876),
which are highly conserved between human and mouse, were used
for this assay. Ishikawa, HEC-1, and HEC-6 cells were transfected
with each reporter gene, HA-BHLHE40, and/or FLAG-BHLHEA41.
BHLHE40/41 expression suppressed the reporter activities of
SNAII, SNAI2, and TWISTI in most cases, except for the SNAII
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FIG 3 Impact of forced BHLHE40/41 expression in HEC cells. (A) Expression status of BHLHE40/41 in HEC cell lines analyzed by immunoblotting. (B) In vitro
invasion of Ishikawa, HEC-1, and HEC-6 cells infected with lentivirus vectors to express HA-BHLHE40, FLAG-BHLHE41, or both. The scale bars represent 200
pm. The right graphs show quantification data of the results. (C) Protein expression of EMT markers in Ishikawa, HEC-1, and HEC-6 cells transfected with
vectors to express HA-BHLHE40, FLAG-BHLHE41, or both. (D) mRNA levels of SNAII, SNAI2, and TWIST] in each transfectant were analyzed by real-time
RT-PCR. E40, BHLHE40; E41, BHLHE41; n.s., not significant; P.C., positive control; Lt-Ctrl, control lentivirus vector; *, P < 0.05; **, P < 0.01.

reporter in HEC-1 cells (Fig. 5A). Since BHLHE40/41 expression
showed the greatest suppression of all three luciferase activities in
HEC-6 cells, these cells were subsequently used in reporter assays.
In contrast, the knockdown of BHLHE40/41 in HHUA cells up-
regulated the three reporter activities (Fig. 5B).

Identification of critical promoter regions regulating
TWIST1 transcription. A previous study reported that TWIST
expression was associated with the depth of myometrial invasion
and was an independent predictive factor of patient survival (38);
therefore, we focused on the transcriptional regulation of TWIST1
by BHLHE40/41. The TWISTI promoter was examined to
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identify the critical region for its activity and responsiveness to
BHLHEA40/41 expression. Truncated reporters were constructed
as shown in Fig. 5C. The pTWIST1+116 reporter still exhibited
high activity and also showed responsiveness to BHLHE40/41 ex-
pression (Fig. 5C). A search of the region from bp +116 to +418
by rVista 2.0 (http://rvista.dcode.org/) revealed that there were no
conserved E-boxes, which is a well-known consensus motif for
BHLHEA40/41 to bind. We instead found that a consensus SP1
binding site (SBS) in the region from bp +151 to +184 was con-
served between human and mouse. We focused on the SBS be-
cause BHLHE40 was previously reported to associate with the
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FIG 4 Impact of BHLHE40/41 in HEC cells analyzed by knockdown. (A) Protein expression levels of EMT markers in HHUA cells infected with lentivirus
vectors to knock down BHLHE40, BHLHE41, or both were determined by immunoblotting. (B) A mRNA analysis of SNAII, SNAI2, and TWIST]I in each
knocked-down cell type was performed by real-time RT-PCR. (C) In vitro invasion of each knocked-down cell type. The right graph shows quantification data
of the results. The scale bars represent 200 wm. shE40, shBHLHE40; shE41, shBHLHE41; *, P < 0.05; **, P < 0.01.

SBSs of the BIRC5 promoter (6). We generated a mutant reporter
possessing a deletion in the SBS. Deletion of the region from bp
+151 to +184 resulted in a marked decrease in basal activity.
Responsiveness to BHLHE40/41 expression was also diminished
(Fig. 5D). Based on these results, mutant reporters were generated
by base substitutions (Table 2). While a mutation in any half of the
region from bp +151 to +184 resulted in a partial decrease in
basal reporter activity, a mutation in the entire region from bp
+151 to +184 markedly diminished basal activity. Responsive-
ness to BHLHE40/41 expression also declined (Fig. 5D and E).
The impact of the region from bp + 151 to + 184 was confirmed by
analyzing a mutant reporter generated using the pTWIST1-1876
reporter. We observed similar results to that in the mutant
pTWIST1+116 reporter (Fig. 5F).

SP1 regulated SNAI and TWIST1 transcription. The results
obtained above suggested that the SBS was required for the basal
transcriptional activity of the TWISTI1 promoter and also that
the SBS was required for the transcriptional suppression by
BHLHE40/41. In order to verify whether SP1 was involved in the
transcriptional regulation of TWISTI, HEC-1 and HEC-6 cells
were used to knock down SPI expression. The successful knock-
down of SPI by siRNA transfection resulted in lower SNAII,
SNAI2, and TWISTI mRNA and protein levels (Fig. 6A and B).
The upregulation of CDH1, downregulation of CDH2 and VIM,
and suppression of in vitro cell invasion were observed in HEC-1
and HEC-6 cells with SPI knocked down (Fig. 6A and C). The
intensities of the bands in Fig. 6A were quantified and are shown
in Fig. S6A in the supplemental material.

We also examined the forced expression of SP1 in cells. SP1
is a large protein (~106 kDa) with a low transfection efficiency
in HEC cell lines; therefore, 293T cells were used to obtain high
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expression levels of SP1. MYC-tagged SP1 was expressed with
empty pCDNA3 or HA-BHLHE40 and/or FLAG-BHLHEA41.
The upregulation of SNAII, SNAI2, and TWIST1 was demon-
strated by SP1 transfection. The cotransfection of SP1 and
BHLHE40/41 resulted in the resuppression of SNAI1, SNAI2,
and TWIST1 (Fig. 6D and E). The intensities of the bands in
Fig. 6D were quantified and shown in Fig. S6B in the supple-
mental material.

A reporter assay was performed to show that SP1 regulated
TWIST] transcription by associating with the SBS of the TWIST1
promoter. SP1 expression enhanced TWISTI reporter activity,
whereas BHLHE40/41 still suppressed it (Fig. 6F). The enhance-
ment in reporter activity disappeared following the introduction
of a mutation in the SBS in the TWISTI reporter (Fig. 6H). The
suppression of activity by BHLHE40/41expression was markedly
weaker in the mutant reporter than in the wild type (Fig. 6H). As
expected, basal reporter activity was markedly suppressed when
SP1 expression was knocked down by siRNA (Fig. 6G). The pro-
tein expression of each gene construct transfected with the re-
porter genes was confirmed by immunoblotting (see Fig. S2D and
E in the supplemental material). An examination of clinical sam-
ples revealed an inverse correlation between TWIST1 and
BHLHE40/41 (Fig. 1F and G and 2P and Q).

BHLHE40/41 competed with SP1 for binding to the SP1
binding site of the TWIST1 promoter. The results described
above suggested that BHLHE40/41 and SP1 both affected the same
region of the TWISTI promoter to regulate its activity. In order to
elucidate the mechanism underlying SP1 inhibition by BHLHE40/41,
we raised three possibilities: (i) BHLHE40/41 suppress SP1 expres-
sion, (ii) a physical interaction between SP1 and BHLHE40/41
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FIG 5 Identification of the BHLHE40/41 responsible site in the TWISTI promoter. (A) Reporter analysis of the SNAII, SNAI2, and TWISTI promoters in
Ishikawa, HEC-1, and HEC-6 cells transfected with vectors to express HA-BHLHE40 and/or FLAG-BHLHE41. (B) Reporter analysis of the SNAII, SNAI2, and

TWISTI promoters in HHUA cells transfected with the vectors to knock down

BHLHE40 and/or BHLHE41. (C) Truncation assay of TWISTI reporters. Five

kinds of reporters possessing upstream regions from bp —1876, —1587, —170, +34, and +116 from the transcription start site were analyzed for their activity.
(D) The pTWIST1+116 reporters possessing a deletion or mutations at the SP1 binding site (SBS) were used to analyze their activity. (E) The control activity of
the mutant pTWIST1+ 116 reporter was adjusted to the same value as that of the wild-type reporter to evaluate the effects of BHLHE40/41 expression (white
bars). (F) Impact of the SBS in the full-length TWIST1 reporter was evaluated using the pTWIST1-1876 reporter possessing a mutation at the SBS. The control

activity of the mutant pTWIST1-1876 reporter was adjusted to the same value as

(white bars). n.s., not significant; *, P < 0.05; **, P < 0.01. #, P < 0.05; ##, P < 0.

(significantly different from the pCDNA3 control).

inhibits SP1 function, and (iii) BHLHE40/41 compete with SP1
for binding to the same DNA site. In order to examine the first
possibility, the protein levels of SP1 were assayed in HEC cells in
which BHLHE40/41 expression had been modified. SP1 protein
levels were not altered in HEC cells showing the forced expression
of BHLHE40/41 (Fig. 3C; see Fig. S5A in the supplemental mate-
rial). The knockdown of BHLHE40/41 in HHUA cells also did not
alter SP1 expression (Fig. 4A; see also Fig. S5B).

that of the wild-type reporter to evaluate the effects of BHLHE40/41 expression
01 (significantly different from the pPCDNA3 control). §, P < 0.05; §§, P < 0.01

Regarding the second possibility, we investigated whether
BHLHE40/41 and SP1 associated with each other by use of an
immunoprecipitation assay. Cell lysates from 293T cells trans-
fected with MYC-SP1, HA-BHLHE40, and FLAG-BHLHE41 were
used for immunoprecipitation with an anti-MYC, -HA, or -FLAG
antibody. The results obtained suggest that SP1 associated with
neither BHLHE40 nor BHLHE41 (Fig. 7A, lanes 6, 8, and 10).
Consistent with previous findings (39), our results also demon-
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FIG 6 SP1is critical for TWISTI transcription. (A and B) Immunoblotting analysis (A) and mRNA analysis (B) of EMT marker expression in HEC-1 and HEC-6
cells with SPI knockdown. (C) HEC-1 and HEC-6 cells showing SPI knockdown were used for the in vitro cell invasion assay. The graphs show quantification
of the data. The scale bars represent 200 wm. (D and E) 293T cells transfected with MYC-SP1 alone or with a combination of MYC-SP1 and HA-BHLHE40 and/or
FLAG-BHLHEA41 were analyzed for their EMT marker expression at the protein (D) and mRNA (E) levels. (F) The wild-type pTWIST+116 reporter was
transfected into HEC-6 cells with MYC-SP1 alone or with a combination of MYC-SP1 and HA-BHLHE40 and/or FLAG-BHLHE41, and its activity was compared
with that of control transfectants without MYC-SP1. (G) Same as panel F, but siSP1 was used instead of MYC-SP1. (H) Same as panel F, but the pTWIST+116
reporter possessing mutations at the SBS was used instead of the wild-type reporter. n.s., not significant; ¥, P < 0.05; **, P < 0.01.

strated that BHLHE40 associated with BHLHE41 (Fig. 7A, lanes 8
and 10). In order to carefully exclude the possibility that SP1
associated with a homodimer of BHLHE40-BHLHE40 or
BHLHE41-BHLHE41, 293T cells transfected with a combination
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of MYC-SP1, HA-BHLHE40, and FLAG-BHLHE40 or a combi-
nation of MYC-SP1, HA-BHLHE41, and FLAG-BHLHE41 were
used for immunoprecipitation. The results obtained show that
SP1 associated with neither the BHLHE40-BHLHE40 dimer nor
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FIG 7 BHLHE40/41 suppressed SP1 function by a competitive mechanism for binding to the SBS of the TWISTI promoter. (A) Immunoprecipitation (IP) assay
using 293T cells transfected with MYC-SP1, HA-BHLHE40, and FLAG-BHLHE41. The cell lysate was immunoprecipitated with the antibodies shown at the top
and immunoblotted with the antibodies indicated on the left (., anti-). P, cells transfected with pPCDNA3 alone; T, cells transfected with all three constructs. (B)
IP assay using 293T cells transfected with MYC-SP1, HA-BHLHE40, and FLAG-BHLHE40 (left panels) or 293T cells transfected with MYC-SP1, HA-BHLHE41,
and FLAG-BHLHE41 (right panels). The arrowheads indicate the target bands. The bands indicated by asterisks are IgG heavy chains. (C) Electrophoretic
mobility shift assay using the nuclear extract of 293T cells transfected with HA-BHLHE40 and FLAG-BHLHE41. Two main SP1-DNA complexes (complexes a
and b) were formed. Supershift bands were formed by incubation with anti-HA, -FLAG, and -SP1 antibodies. An anti-CEBPA antibody was used as a negative
control. wt, wild type; mt, mutant. (D) Nuclear extracts from 293T cells transfected with HA-BHLHE40 and/or FLAG-BHLHE41 were incubated with the labeled
SBS probe. An anti-SP1 antibody was used to form supershift bands. The right graph shows the quantified band intensities of complex b inlanes 1, 3, 5,and 7 from
four independent experiments. (E) Chromatin immunoprecipitation assay using 293T cells transfected with HA-BHLHE40 and FLAG-BHLHE41. Protein-DNA
complexes immunoprecipitated with each of the anti-SP1, -acetylated H3, -KAT2B, and -HDACI antibodies were used to amplify the SBS site by PCR. The 10%
input samples were used to calculate the occupancy ratio (%) from the values measured by real-time PCR. **, P < 0.01.
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the BHLHE41-BHLHE41 dimer (Fig. 7B, lanes 3 to 5 and 8 to 10).
By a relative comparison, the amount of the BHLHE41-BHLHE41
dimer was markedly larger than that of the BHLHE40-BHLHE40
or BHLHE40-BHLHE41 dimer (Fig. 7A, compare lanes 8 and 10;
Fig. 7B, lanes 4 and 5; Fig. 7B, lanes 9 and 10).

Concerning the third possibility, we initially determined
whether BHLHE40/41 and SP1 directly associated with the SBS of
the TWIST1 promoter using an EMSA. The nuclear extract from
293T cells transfected with HA-BHLHE40 and FLAG-BHLHE41
was used to form protein-DNA complexes with the digoxigenin-
labeled oligonucleotide probe. Antibodies against HA, FLAG, and
SP1 were used to demonstrate that the protein-DNA complexes
specifically contained BHLHE40, BHLHE41, and SP1 (Fig. 7C,
lanes 4 to 6, supershift). These results strengthened the possibility
that BHLHE40/41 competed with SP1 for binding to the SBS of the
TWISTI promoter. In order to examine whether BHLHE40/41 ex-
pression inhibited SP1 binding to the SBS, nuclear extracts from
293T cells transfected with either HA-BHLHE40, FLAG-
BHLHEA41, or both were used to form complexes with the SBS
probe. The EMSA showed that BHLHE41 expression alone or the
combination of BHLHE40 and BHLHE41 expression markedly
diminished the SP1-DNA complexes (Fig. 7D, complex b, com-
pare lanes 1, 3, 5, and 7). BHLHE40 alone had a modest inhibitory
effect on the SP1-DNA complexes. These results were consistent
with those from the reporter assays showing that BHLHE41 had
stronger effects than BHLHE40. Complex b was confirmed to
contain SP1 because of the disappearance of the band and super-
shift formation after incubation with an anti-SP1 antibody (Fig.
7D, complex b, lanes 2, 4, 6, and 8). The inhibition of SP1 binding
to the SBS by BHLHE40/41 expression was also demonstrated
using a chromatin immunoprecipitation assay. 293T cells express-
ing HA-BHLHE40 and FLAG-BHLHE41 were compared with
control cells for the level of SP1-DNA binding. BHLHE40/41 ex-
pression markedly diminished SP1 binding to the SBS of the
TWISTI promoter (Fig. 7E). As reported previously,
BHLHE40/41 expression recruited HDAC1 and excluded KAT2B
and acetylated histone H3 from the SBS (11, 40, 41) (Fig. 7E).

Inhibition of SP1 binding to the SBS of the TWISTI pro-
moter by WP631. In order to confirm that SP1 binding to the SBS
was critical for the transcriptional activation of the TWIST1I pro-
moter, a chemical compound, WP631, was introduced. WP631 is
a fluorescent bisintercalating anthracycline antibiotic which has
been shown to inhibit SP1 binding to DNA by its extremely high
DNA binding affinity (42). We searched for noncytotoxic concen-
trations of WP631 for HEC-1 and HEC-6 (Fig. 8A and B, left
graphs). In vitro cell invasion of HEC-1 and HEC-6 cells was in-
hibited in a dose-dependent manner (Fig. 8A and B, middle panels
and right graphs). The upregulation of CDH1 and downregula-
tion of CDH2 and VIM were observed to occur in a dose-depen-
dent manner (Fig. 8D). The intensities of the bands were quanti-
fied and are shown in Fig. S6C in the supplemental material.
TWIST1 expression in cells was also dose dependently suppressed
at the mRNA and protein levels (Fig. 8C and D; see also Fig. S6C).
As expected, wild-type TWISTI reporter activity was suppressed
in a dose-dependent manner, and the TWISTI reporter pos-
sessing a mutation in the SBS was less responsive to the addi-
tion of WP631 (Fig. 8E). Our EMSA directly demonstrated that
WP631 inhibited SP1-DNA complexes in a dose-dependent
manner (Fig. 8F).
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DISCUSSION

BHLHE40 and BHLHE41 (BHLHE40/41) have been suggested to
play roles in carcinogenesis, cancer development, invasion, and
metastasis. However, the detailed functions and mechanisms of
BHLHE40/41 in cancer invasion have not yet been clarified. In the
present study, we used human uterine endometrial cancer (HEC)
cells to examine the influence of BHLHE40/41 on the epithelial-
to-mesenchymal transition (EMT). TWIST expression is known
to be crucial for invasion and is an independent factor that pre-
dicts the prognosis of HEC patients (38). In this study, we dem-
onstrated for the first time that BHLHE40 and BHLHE41 sup-
pressed the transcription of TWISTI by competing with SP1 for
binding to the SP1 binding site (SBS) of the TWIST1 promoter. In
addition to TWIST1, our results showed that BHLHE40/41 sup-
pressed the transcription of SNAII and SNAI2 activated by SP1
(Fig. 6E). These results suggest that a transcriptional mechanism
that includes SP1 and BHLHE40/41 was also involved in the tran-
scriptional regulation of SNAII and SNAI2.

Although several studies have reported the overexpression
of BHLHEA40 in diverse types of cancer species, no such changes
have been found in BHLHE40 expression between cancer and
normal tissues in non-small-cell lung cancer or endometrial
cancer (16, 17). Our results showed that BHLHE40 expression
was already present in normal endometrial tissues and that
there were only modest differences in BHLHE40 mRNA levels
between HEC and normal endometrial tissues (Fig. 1A, 2A, and
2C). A previous study reported that the normal rat uterus
abundantly expressed BHLHE40 mRNA but not BHLHE41
mRNA (43). Our results showed that in contrast to BHLHE40,
BHLHE41 expression was absent in normal endometrial tissues
and also that the expression of BHLHE41 mRNA was higher in
HEC specimens than in normal endometrial tissues (Fig. 1B and
2B and 2D). This is also consistent with previous findings (17).
Although the mechanism underlying the upregulated expression
of BHLHEA4I in the process of carcinogenesis has not been eluci-
dated, several studies have indicated that BHLHE41 suppresses
apoptosis and enhances genomic instability (25, 44-46). These
findings suggest that the upregulated expression of BHLHE41 is
expedient for carcinogenesis in endometrial epithelial cells.

Although some studies have found a positive correlation
between the overexpression of BHLHE40/41 and tumor pro-
gression or a poor prognosis, others reported an inverse corre-
lation (18-21, 24-26, 47, 48). Our results showed that the ex-
pression of BHLHE40 and BHLHE41 inversely correlated with
clinicopathological stages (Fig. 1C and D and 2M and N). Since
the exogenous expression of BHLHE40/41 is known to inhibit
cell proliferation, migration, and invasion in multiple cell
types, they may be tumor suppressors (3, 4, 18, 26-28, 30).
While previous studies demonstrated that BHLHE40 and
BHLHE41 mutually suppressed the transcription of each other
invitro (1, 2), our results clearly showed a positive relationship
between BHLHE40 and BHLHE41 expression levels (Fig. 1E and
20). BHLHE40/41 expression is regulated in multiple ways, and the
regulation mechanism of BHLHE40/41in the normal endometrium
and HEC remains to be elucidated (49, 50).

Although BHLHE40 and BHLHE41 have been suggested to
play opposite roles (28, 45), BHLHE40 may have effects similar to
those of BHLHE41 on some target genes (9, 44, 51, 52). Previous
studies reported similar effects between BHLHE40 and BHLHE41,
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(supershift). n.s., not significant; ¥, P < 0.05; **, P < 0.01.

whereas others showed that BHLHE40 had weaker effects on tar-
get genes than BHLHE41 in vitro (51, 52). Our results were con-
sistent with the latter findings. Since the expression levels of
BHLHE40 and BHLHE41 were similar (see Fig. S2A in the sup-
plemental material), structural differences may determine their
impact. Our immunoprecipitation results suggested that the
BHLHE41-BHLHE41 homodimer was the more preferred form
to the BHLHE40-BHLHE40 homodimer or the BHLHE40-
BHLHE41 heterodimer (Fig. 7A and B). These results may explain
why BHLHE41 suppressed EMT effectors more effectively than
BHLHE40.

Transcriptional suppression by BHLHE40/41 is known to me-
diate E-boxes on target promoters (1-3). On the other hand,
BHLHE40/41 were previously shown to modulate the expression
of some genes in an E-box-independent manner. BHLHE40 in
particular was found to associate with SBSs in order to regulate a
target gene (6). Our results also suggest that BHLHE40/41 regu-
lated the transcription of TWIST1I by suppressing SP1 binding to
their promoters. Whereas Li et al. did not exclude the possibility
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that BHLHEA40 affected SP1 expression or that BHLHE40 binds to
SP1 (6), we examined both possibilities and demonstrated that
BHLHE40 did not alter SP1 expression and that SP1 did not bind
to BHLHE40 or BHLHE41. Therefore, we concluded that SP1 and
BHLHE40/41 competed for binding to the same proximal region
of the TWISTI promoter. Since BHLHE41 in particular had
higher affinity for the SBS, BHLHE41 efficiently extruded SP1
from the SBS (Fig. 7D). In the present study, we were unable to
provide evidence to show that BHLHE40/41 suppressed promoter
activity mediated by E-boxes. This was unexpected because a pre-
vious study reported that BHLHE41 suppressed TWIST1 in an
E-box-dependent manner (30). This inconsistency remains to be
clarified, and a cellular context may explain it.

Our results indicated that a mutation or deletion in the SBS did
not completely abolish the suppression of reporter activity in-
duced by the expression of BHLHE40/41 (Fig. 5D and E). Similar
findings were observed by Li et al., who made a mutant reporter
using a pGL3 basic luciferase vector that still responded to the
expression of BHLHE41 (1). We used a pGL4.22 basic luciferase
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vector for the reporter assay. Although many of the candidate
binding sites for transcription factors present in a pGL3 basic
backbone were previously reported to be eliminated in a pGL4
basic backbone, our results indicated that the pGL4.22 basic
empty vector still responded to the expression of BHLHE41 (see
Fig. S7A in the supplemental material). As we were unable to
exclude the possibility that BHLHE40/41 associated with regions
other than the SBS, this responsiveness may explain why our mu-
tated reporter still responded to the expression of BHLHE41. On
the other hand, the pGL4.22 basic empty vector did not respond
to the expression of SP1 (see Fig. S7B in the supplemental material).

The bisanthracycline WP631 prefers to intercalate into G/C-
rich DNA regions in a highly sequence-selective manner. WP631
is a potent inhibitor of SP1 and was previously demonstrated to
compete with SP1 for binding to its consensus binding sites (42).
Our results indicated that WP631 suppressed in vitro cell invasion
by inhibiting TWIST1 transcription and EMT (Fig. 8). WP631
inhibited SP1 binding to the SBS of TWIST1 promoter in a dose-
dependent manner (Fig. 8). Our results have provided a novel
insight into the function of WP631 in the regulation of EMT,
besides G,/M cell cycle arrest or the induction of apoptosis (53,
54). The application of small molecules, such as WP631, to control
SP1 function may be a useful strategy to control EMT in cancer.

In conclusion, we clarified the impact of BHLHE40/41 expres-
sion in HEC cells. BHLHE40/41 suppressed the transcription of
the EMT effectors SNAII, SNAI2, and TWIST1. A detailed analysis
of the TWIST1 promoter showed that SP1 was required for the
basal transcription of TWIST1 and that BHLHE40/41 suppressed
SP1 binding to the SBS of the TWISTI promoter. Since SP1 is
known to play a crucial role in carcinogenesis, exquisite modula-
tion of the BHLHE40/41-SP1 axis may represent a strategy to con-
trol cancer invasion.
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