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ABSTRACT
While many genes specifically act as oncogenes or tumor suppressors, others are
tumor promoters or suppressors in a context-dependent manner. Here we will review
the basic-helix-loop-helix (BHLH) protein BHLHE40, (also known as BHLHB2, STRA13,
DEC1, or SHARP2) which is overexpressed in gastric, breast, and brain tumors; and
downregulated in colorectal, esophageal, pancreatic and lung cancer. As a transcription
factor, BHLHE40 is expressed in the nucleus, where it binds to target gene promoters
containing the E-box hexanucleotide sequence, but can also be expressed in the
cytoplasm, where it stabilizes cyclin E, preventing cyclin E-mediated DNA replication
and cell cycle progression. In different organs BHLHE40 regulates different targets;
hence may have different impacts on tumorigenesis. BHLHE40 promotes PI3K/Akt/
mTOR activation in breast cancer, activating tumor progression, but suppresses STAT1
expression in clear cell carcinoma, triggering tumor suppression. Target specificity
likely depends on cooperation with other transcription factors. BHLHE40 is activated in
lung and esophageal carcinoma by the tumor suppressor p53 inducing senescence and
suppressing tumor growth, but is also activated under hypoxic conditions by HIF-1α
in gastric cancer and hepatocellular carcinomas, stimulating tumor progression. Thus,
BHLHE40 is a multi-functional protein that mediates the promotion or suppression of
cancer in a context dependent manner.

INTRODUCTION

and associated proteins that are upregulated in some
cancers and downregulated in others. The regulatory
cytokine transforming growth factor β (TGFβ) has tumor
suppressive properties and its mis-regulation may result
in tumor development or progression [7]. However,
TGFβ also regulates metastasis [8], the immune system
and the tumor microenvironment [9] to promote tumor
progression. Here we will discuss a transcription factor
that has a similar dual function - the Class E basic
helix-loop-helix protein 40 (BHLHE40), also known as
BHLHB2, STRA13, DEC1, or SHARP2.
BHLHE40 is a member of the basic helix-loophelix (bHLH) protein family, a large superfamily of
transcriptional regulators expressed in many organisms.
The bHLH superfamily function in a wide variety of
physiological processes including control of the cell cycle,

The study of the biology of cancer identified many
oncogenes such as the transcription factor c-myc [1], the
regulatory GTP-binding protein Ras [2], and the receptor
tyrosine kinase epidermal growth factor receptor (EGFR)
[3]. In cancers, these oncogenes either are overexpressed
or experience gain-of-function mutations. In addition,
multiple tumor suppressors have also been identified,
which either are deleted or experience a loss of function
mutation in cancer. This includes the retinoblastoma
protein (RB) [4], the p53 tumor suppressor protein [5] and
phosphatase and tensin homolog (PTEN) [6]. Restoration
of wildtype tumor suppressors mostly prevents tumor
progression and even induces tumor regression.
However, cancer literature also describes genes
www.Genes&Cancer.com
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Table 1: Phylogenetic classification of bHLH proteins based on binding sequence to target DNA, and the presence or
absence of additional motifs
Phylogenetic
Binding Sequence Structural
Group
Characteristics Proteins in class
MyoD, Neurogenin, E12/E47, NeuroD, Atonal, Mist, Beta3,
CAGCTG (E-box),
Class A
Oligo, Net, Mesp, Twist, Paraxis, MyoR, Hand, PTFa/b,
CACCTG (E-box)
SCL, NSCL
Class B
Class C
Class D
Class E
Hybrid class E/B
Class F

CACGTG (E-box),
CATGTTG (E-box)
ACGTG, GCGTG
CACGCG,
CACGAG (N-box)
CACGTG (E-box)
(Class B)

SRC, Figa, Myc, MAD, Mnt, Max, USF, MITF, SREBP,
AP4, MLX, TF4
Clock, ARNT, Bmal, AHR, Sim, Trh, HIF
Emc

PAS domain

Orange domain, Hey, Hairy, E(Spl)
WRPW peptide
Orange domain BHLHE40, BHLHE41
(Class E)
COE domain
COE

The N-terminal end of BHLH proteins comprises a DNA- binding basic region of 15 amino acids that allows these
transcription factors to bind to DNA sequences containing the hexanucleotide E-box (CANNTG) or N-box (CANNAG)
sequences. BHLHE40 and BHLHE41 belong to a hybrid class since they contain an Orange domain like class E proteins but
bind to the canonical CACGTG E-box sequence similar to class B proteins. The following information is based on Table 1 of
Jones, Genome Biol. 2004; 5(6): 226.
regulation of genes associated with the circadian rhythm,
differentiation and development of muscle, nervous
system, etc. [10-13]. About 118 genes encoding proteins
of this family have been identified in humans – many
more are identified in yeasts, plants and other organisms.
Its name BHLHE40 (also called BHLHB2) comes from
its structure [14], while it was named STRA13 because
its expression is STimulated by Retinoic Acid [10]. The
name SHARP2 came from its close resemblance to
the Drosophila Split-and-HAiry Related Proteins [15,
16], while DEC1 is an acronym for Differentiated in
Embryonic Chondrocytes [17] (not to be confused with the
tumor suppressor gene Deleted in Esophageal Cancer also
called DEC1, also called Candidate Tumor Suppressor 9
or CTS9 [18]). To avoid confusion, in this manuscript this
gene will be referred to as BHLHE40.
Members of the bHLH superfamily possess two
highly conserved and functionally distinct domains
that together comprise a region of about 60 amino-acid
residues (reviewed in [19]). The N-terminal end of this
region comprises a DNA- binding basic region of 15
amino acids that allows these transcription factors to bind
to DNA sequences containing the hexanucleotide E-box
(CANNTG) or N-box (CANNAG) sequences [20, 21]
(Figure 1A). Classification of these members are based
on evolutionary relationships and take into account E-box
or N-box binding, conservation of residues in other parts
of their motif, and the presence or absence of additional
motifs [22] (Table 1). Although BHLHE40 is classified
as a Class E protein, it binds a Class B type E-box
(CACGTG) [23, 24], due to the presence of a proline at
residue 56 and an arginine at residue 58 that enables this
binding [25]. At the C-terminal end of this region is the
helix-loop-helix (HLH) domain consisting of two α-helices
www.Genes&Cancer.com

separated by a variable loop region which, along with
other domains downstream, allows the transcription factor
to form homo/heterodimeric complexes [21, 26] (Figure
1A). Evolutionary classification of the bHLH transcription
factors also relies on the presence or absence of additional
domains at the C-terminal end. This includes PAS (PER,
ARNT, SIM) domains that function as dimerization motifs
[27], PAC (C-terminal from the PAS domain), responsible
for PAS domain folding, orange domain, which include
hairy-related proteins such as BHLHE40 and BHLHE41
[28] and leucine-zipper domains (Figure 1B). The
molecular function of the orange domain is not precisely
known, although it has been proposed that it mediates
target specificity and transcriptional repression (as well as
binding partners) [29]. There is also evidence that both
orange and leucine-zipper domains mediate dimerization
[28, 1].
The human BHLHE40 gene is located on
chromosome 3p26.1, spanning ~2.4 kb, and containing
5 exons (Figure 1C). Structurally BHLHE40 possesses
a bHLH domain close to the N-terminal region of the
protein. It contains an Orange domain but does not possess
a PAS domain (Figure 1A). BHLHE40 can homodimerize
(Figure 1A), but often heterodimerizes with the related
BHLHE41, with which it shares 97% homology in the
bHLH domain (Asp vs Glu at the N-terminal residue) and
52% homology in the orange domain [30]. BHLHE40 is
expressed in a wide range of human tissues, and interacts
with numerous nuclear proteins [31-34]. Apart from
E-box binding, BHLHE40 was also shown to suppress
transcription by binding to SP1 domains on target genes
[35]. Targets of BHLHE40 regulated transcription are
listed in Table 2.
BHLHE40 is regulated by a number of important
2
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signaling pathways and transcription factors, such as
TGFβ, hypoxia inducible factor (HIF), CLOCK-BMAL1
heterodimers and RORα [36-39]. It has been implicated
in multiple cellular functions, including chondrocyte
differentiation [12], regulation of circadian rhythmicity
[13, 40-42], memory CD8+ T cell development [43],
organ rejection following transplantation [44,45], skeletal
muscle regeneration [46, 47], adipogenesis [39, 48-51],
neurogenesis [10, 52], and in regulation of hypoxia [5355]. Numerous studies have shown BHLHE40 responds
to stress stimuli, such as DNA damage [56] and that its
expression increases due to ionizing radiation in a p53independent manner but can regulate the amount of p53
through direct interaction with the molecule [57]. In this
article, we will investigate which cellular functions of
BHLHE40 are involved in the differential effects of this
transcription factor in different types of cancers.

tumors, BHLHE40 appears to have a bimodal function
– it is upregulated during tumor initiation, whereas its
expression is lost during tumor progression, exhibiting a
significant decrease in expression from well-differentiated
to poorly differentiated tumors. BHLHE40 is primarily a
transcriptional regulator [28, 61, 37] that is often deleted
or downregulated in cancer, including Burkitt’s lymphoma
[62], osteosarcoma [63], non-small cell lung cancer [64]
and in pancreatic cancer [65]. Paradoxically, BHLHE40
is also upregulated in many cancers, such as in gastric
cancer [66, 67] and in breast cancer [68]. Here we will
discuss the different conditions where it is upregulated or
downregulated.

EXPRESSION OF BHLHE40 IN CANCER

Breast cancer

The expression patterns of BHLHE40 and its
impact on tumor development are tumor type-specific - it
is suppressed in some types of cancer and overexpressed
in others [17, 58-60] (Figure 2A). Moreover, in some

At least 5 individual studies have indicated
that BHLHE40 is upregulated in breast cancer tissue.
Investigations of 253 breast cancer patients demonstrated
an increase in BHLHE40 expression from normal to in
situ as well as invasive breast carcinoma [68]. Elevated

Cancers where
upregulated

BHLHE40

expression

is

Figure 1: Domains of BHLHE40. A. Schematic representing structure of BHLHE40 showing the N terminal end expressing the
basic domain that allows DNA binding, the HLH domain that allows the formation of homo/heterodimeric complexes and the orange
domain whose function is not yet known. BHLHE40 is shown to bind to an E-box sequence (CACGTG) in the promoters of target genes.
B. Comparison of the components of members of the bHLH family. All members possess a basic domain and a HLH domain. There are
other domains that can be present or absent among the bHLH members. As such, ARNT has two PAS domains required for dimerization
with other proteins with PAS domain, and a PAC domain that is necessary for PAS domain folding. In contrast, Myc has a MYC domain
that is required for the recruitment of coactivators at the N-terminal, and at the very C terminal end has a leucine-zipper domain for stable
dimerization with other leucine-zipper domain containing proteins. It does not express either PAS or PAC. MyoD does not possess other
domains besides the basic and HLH domain, while Hes1 expresses an orange domain followed by the tetrapeptide sequence WRPW. The
WRPW tetrapeptide is required for Hes1’ suppressor activity. BHLHE40 has also the orange domain, but does not have any tetrapeptide
sequence at its C terminus. C. Representation of the BHLHE40 gene showing the location of 5 exons.
www.Genes&Cancer.com
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Table 2: Selected confirmed targets of BHLHE40
Gene Name

Gene Symbol

Clusterin
Snail Family Transcriptional Repressor 1
Snail Family Transcriptional Repressor 2
Twist Family BHLH Transcription Factor 1
Interleukin 10
Signal Transducer And Activator Of
Transcription 1
Fas Cell Surface Death Receptor
Survivin (baculoviral inhibitor of apoptosis
repeat-containing 5)
Jagged1
Cyclin D1
Macrophage Inhibitory Cytokine 1/ Growth
Differentiation Factor 15
Phosphatidylinositol-4,5-Bisphosphate
3-Kinase Catalytic Subunit Alpha
Period circadian protein homolog 1
Peroxisome Proliferator-Activated Receptor
Gamma Coactivator 1-Alpha
runt-related transcription factor 2
Alkaline Phosphatase
β-catenin

CLU
SNAI1
SNAI2
TWIST1
IL-10

Effect of BHLHE40 on C o - t r a n s c r i p t i o n
transcription
factor
upregulation
SP1
Repression
SP1
Repression
SP1
Repression
SP1
Repression

STAT1

Repression

VHL

FAS

upregulation

STAT3

BIRC5

upregulation

SP1

JAG1
CCND1

upregulation
Repression

Notch1
SUMO, HDAC1

MIC1/GDF15

repression

TP53

PIK3CA

upregulation

SP1/β-catenin

PER1

repression

PGC-1α

Repression

RUNX2
ALP
CTNNB1

Upregulation
upregulation
upregulation

histone deacetylases
(HDACs)
SP1
SP1
SP1

15617 target genes of the BHLHE40 transcription factor have been identified in ChIP-seq datasets from the ENCODE
Transcription Factor Targets dataset. However, of these only a few have been verified in laboratory experiments and confirmed
to be direct BHLHE40 targets. Below we present a partial list of BHLHE40 transcriptional targets that have been identified
over the past several years.
expression of BHLHE40 was observed in endothelial,
fibroblasts and inflammatory cells of the patients in
addition to tumor cells. BHLHE40 expression correlated
positively with tumor grade (p = 0.01), and with
various angiogenic factors [68]. In two studies of about
1200 breast cancer patients each, BHLHE40 was one
of multiple markers predicting disease outcome and
metastatic risk [69, 70]. A fourth study of 1080 patients
with primary invasive ductal carcinoma showed that
BHLHE40 expression increased from normal to benign
to premalignant and plateaued from premalignant to
malignant phenotype [71]. Another study of 147 patients
with invasive breast ductal carcinomas showed that
BHLHE40 expression was elevated in invasive ductal
carcinomas and positively correlated with tumor grade (P
= 0.023) [72]. Thus, BHLHE40 is consistently upregulated
in breast cancer, irrespective of the subtype of breast
cancer investigated.

Immunohistochemical analysis of 157 patients with newly
diagnosed glioma and 63 with recurrent glioblastoma
who relapsed during temozolomide (TMZ) chemotherapy
showed that high BHLHE40 expression was significantly
associated with high pathological tumor grade and
poor response to TMZ [74]. In patients with recurrent
glioblastoma, BHLHE40 expression also correlated
negatively with apoptosis [74]. In another study, which
analyzed 44 primary and 16 recurrent oligodendroglial
neoplasms with 1p-aberrations, high BHLHE40
expression was observed in the cell nuclei in almost all
(56 of 60) tumors, and occasionally in endothelial cells,
as well as in glial and neuronal cells of surrounding brain
tissue, compared to those away from the tumor [75].
Meningiomas are primary brain or spinal cord
tumors that are aggressive in only a minority of cases.
Grade I meningiomas are not aggressive but Grade II
malignancies are known to infiltrate the surrounding brain
tissue. A study that classified these tumors according
to the expression of the tumor suppressor gene deleted
in colorectal cancer (DCC), whose loss marks the
aggressiveness of the meningiomas, showed that the
expression of BHLHE40 was significantly upregulated
in the DCClow (highly aggressive) tumors [76]. Taken
together, these studies demonstrate that in all subtypes of

Brain tumors
Many different types of brain cancers have
been characterized, and in almost all of them,
BHLHE40 expression has been shown to be higher
than in surrounding non-tumor tissue. BHLHE40 was
upregulated in glioma compared to non-tumor brain
tissue and played an oncogenic role in glioma cells [73].
www.Genes&Cancer.com
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brain carcinoma, tumor aggression is associated with an
increase in the expression of BHLHE40.

tumor progression from well differentiated to poorly
differentiated [66, 67]. In contrast, weak staining for
BHLHE40 was observed in 10-23% normal tissues (1/10)
[66, 67]. Thus, BHLHE40 appears to be significantly
upregulated in gastric cancer and associated with tumor
differentiation status.

Gastric cancer
BHLHE40 was upregulated in gastric cancer
compared with normal tissue. Two studies showed
that 83% gastric cancer tissues stained positive for
BHLHE40 [66, 67] and expression increased during the

Figure 2: Differential expression and subcellular localization of BHLHE40 in various cancers. A. BHLHE40 is upregulated
in some cancers and downregulated in others. Compared to non-tumor controls, BHLHE40 expression is increased in thyroid, gastric,
breast and brain tumors whereas it is downregulated in colorectal, esophageal, pancreatic and non-small cell lung cancer. In hepatocellular
and oral squamous cell carcinoma, BHLHE40 is increased in tumors compared to normal cells, but decreases from well-differentiated to
poorly differentiated tumors. Proposed mechanisms of these effects as described in the literature are also shown. B. Immunohistochemical
photomicrographs of BHLHE40 in various cancer showing (i) no BHLHE40 staining, (ii) mostly cytoplasmic BHLHE40 staining, (iii)
mostly nuclear BHLHE40 staining and (iv) both nuclear and cytoplasmic BHLHE40 staining. Courtesy: The Human Protein Atlas (https://
www.proteinatlas.org).
www.Genes&Cancer.com
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Thyroid cancer

of the Cancer Genome Atlas (TCGA) also showed that low
expression of BHLHE40 was associated with favorable
prognosis in pancreatic cancer patients [82]. Together,
these reports suggest a tumor suppressive role of nuclear
BHLHE40 in pancreatic cancer.

In a retrospective cohort of 54 thyroid cancers, the
large majority of malignant lesions (92.5%) displayed
a strong expression of BHLHE40 specifically in tumor
cells, while normal adjacent thyroid tissue did not express
BHLHE40 [77]. Significantly, BHLHE40 was observed
in both well-differentiated and undifferentiated thyroid
cancer, indicating that is unlikely to have a role in the
differentiation status of the tumor [77].

Cancers where
downregulated:

BHLHE40

expression

Non-small cell lung carcinoma
In a retrospective study focusing on archived nonsmall-cell lung carcinoma (NSCLC) tissues, investigators
found that in 118 patient samples, BHLHE40 expression
is markedly reduced (30.5% positivity) in cancer samples
when compared with adjacent normal lung tissues
(89.8%) [64]. Loss of BHLHE40 was correlated with poor
differentiation (p = 0.005) and high p-TNM stage (p =
0.002) while BHLHE40 expression negatively correlated
with cyclin D1 expression (p = 0.014), suggesting that
BHLHE40 may act as a tumor suppressor in NSCLC
[64]. A second study indicated that in squamous cell
carcinoma (SCC) of the lung, but not in adenocarcinoma
(ADC), low expression of BHLHE40 positively correlated
with overall survival (OS) (p < 0.05), and favorable
patient prognosis (p < 0.05) [83]. However, a third study
which examined 115 tumor samples from patients with
NSCLC (78 SCC and 37 ADC), showed that in both
types, BHLHE40 was strongly expressed in the nuclei
of normal bronchial epithelium and submucosal vessels,
whereas it’s immunoreactivity was frequently reduced in
cancer cells compared with adjacent normal bronchi [84].
In tumors that expressed nuclear BHLHE40, there was a
strong and significant correlation with HIF1α and carbonic
anhydrase-9 [84]. Together, these studies are consistent in
suggesting BHLHE40 is reduced in NSCLC.

is

Colorectal cancer
While BHLHE40 has been positively associated
with tumorigenesis in certain malignancies, in other
cellular contexts this association is negative. A significant
example of this negative association is in colorectal
carcinoma cells, where loss of BHLHE40 correlated
with a high proliferation index, whereas BHLHE40
overexpression correlated with a low mitotic index [78].
While BHLHE40 levels were increased in colon cancer
tissue compared to normal colon, cell cycle blockers
markedly induced BHLHE40 expression. Moreover, in
cell culture studies, BHLHE40 overexpression inhibited
proliferation, impeded serum deprivation-induced
apoptosis and selectively inhibited the activation of
procaspases [79]. Subsequent studies described an
alternate means by which BHLHE40 may suppress the
growth of colorectal carcinoma. BHLHE40 expressing
BHLHE40+ TH1-like immunoregulatory cells were
enriched in tumors with microsatellite-insatiability and
these tumors who are responsive to immune-checkpoint
blockade [80]. Therefore, BHLHE40 expression has a
tumor suppressive effect in colorectal cancer.

Cancers where BHLHE40 expression is bimodal:
Esophageal carcinoma
In certain cancers, BHLHE40 is increased in tumors
compared to normal tissue, but as the tumor progresses,
its levels decrease. One such disease is esophageal
squamous cell carcinoma (ESCC), where a study of 241
patients showed that BHLHE40 expression significantly
increased in intraepithelial neoplasia (IEN) compared
with normal precursor tissue [85]. However, thereafter,
there was a significant decrease in BHLHE40 expression
in ESCC compared with IEN [85]. In ESCC, expression
of BHLHE40 positively correlated with senescence and
with prolonged survival of ESCC patients after surgery.
BHLHE40 also negatively correlated with age, tumor
embolus, depth of invasion of ESCC, lymph metastasis
status and pathological tumor lymph node metastasis stage
(pTNMs) [85]. The authors suggested that BHLHE40
overexpression is a protective mechanism against ESCC
progression. A second study using esophageal cancer cell
lines showed that BHLHE40 overexpression promoted

Pancreatic carcinoma
A strong association has been made in pancreatic
cancer between nuclear BHLHE40 and tumor suppression.
BHLHE40 expression analyses were carried out in normal
pancreas (n = 10), pancreatic ductal adenocarcinoma
(n = 77), and in eight pancreatic cancer cell lines [65].
Patients with weak/absent nuclear BHLHE40 staining
had significantly worse median survival compared to
those with strong staining (13 months vs. 27 months, P
= 0.03) [65]. Other studies, however, showed increased
cytoplasmic BHLHE40 in pancreatic cancer –supporting
a tumor suppressive role for nuclear BHLHE40. In
this study, higher levels of BHLHE40 was observed in
pancreatic carcinoma compared to low levels in non-tumor
tissue; however, it was noted that the increased BHLHE40
expression was confined to the cytoplasm, where it’s
transcription activity would be suppressed [81]. Analysis
www.Genes&Cancer.com
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apoptosis as indicated by an increase in PARP cleavage
[86]. Thus, while IEN is characterized by an increase in
BHLHE40, progression to ESCC is characterized by its
decrease.

in the “clock genes”, such as Period 1 (Per1), by
competing for E box sequences that the CLOCK:BMAL1
complex use to activate Per1 expression [13]. It was
also shown to be involved in an auto feedback loop by
CLOCK:BMAL1 that can regulate its expression [41].
CLOCK and BMAL1 heterodimerize and initiate the
transcription of target genes that have E-box cis-regulatory
sequences in their promoters, such as members of the
Period genes and Cryptochrome (CRY) [90]. PER and
CRY heterodimers in turn repress their own transcription
by interacting with the CLOCK: BMAL1 complex [9194]. Similarly, CLOCK:BMAL1 heterodimers activate
the transcription of retinoic acid-related orphan nuclear
receptors REV-ERBα and RORα [95], while the CRY:PER
complex acts as a negative regulator and represses REVERBα and RORα expression once they have reached
a critical concentration [95]. REV-ERBα and RORα
compete to bind retinoic acid-related orphan receptor
response elements (ROREs) in the promoter region of
many genes that play a role in the circadian rhythm, such
as BMAL1. Rorα was shown to activate the transcription
of BMAL1 [96] while REV-ERBα repress it [95, 97].
Overexpression of BHLHE40 in both human and mouse
cells cause a phase delay in circadian rhythms of the
expression of E-box containing genes such as BHLHE40,
BHLHE41, PER1 and REV-ERBα in the first cycle
[42]. In contrast, deficiency in BHLHE40 advanced the
circadian phase of these genes [42]. Additional studies
indicate that BHLHE40 may play a role in resetting of
the circadian clock independent of PER1 activation [98].
Activation of activin receptor-like kinase (ALK) [99],
triggered by TGF-β, activin or alkali signals, reset the
cellular clock independent of PER induction mediated by
an immediate-early induction of BHLHE40 [98]. Many
excellent reviews exploring the connection between the
circadian rhythm and cancer has been written [100, 101],
including from our group [102]; many of these have
explored the tumor-suppressive role of BHLHE40 in the
cross-talk between circadian rhythm and cancer [33].
Hence, here we will focus on non-circadian aspects of
BHLHE40 cellular function in cancer.

Hepatocellular carcinoma
A study on hepatocellular carcinoma (HCC)
demonstrated a distinction between active BHLHE40
in the nucleus and passive BHLHE40 in the cytoplasm.
While BHLHE40 localized to the cytoplasm in
hepatocytes of normal liver, HCC tissues showed high
nuclear localization of BHLHE40, suggesting that nuclear
BHLHE40 had a tumor promoting effect [87]. However,
the frequency of nuclear BHLHE40 was higher in well
differentiated, than in moderately, or poorly differentiated
HCC [87], arguing that loss of BHLHE40 is associated
with tumor progression. Thus, HCC truly represents the
dichotomy of BHLHE40 – both as tumor promoter during
initiation, but with loss of function in further progression.
Oral squamous cell carcinoma
In a study of 56 untreated patients, positive
expression rate of BHLHE40 was significantly higher in
oral squamous cell carcinoma (OSCC), than in normal oral
mucosa (n = 20) (p <0.05) [88]. Within the OSCC cases,
the expression of BHLHE40 was highest in patients who
experienced recurrence within 1-year while it was lowest
in those who experienced no recurrence in 3 years [88].
These results suggest that BHLHE40 functions as an
oncogene in OSCC. However, the degree of BHLHE40
nuclear staining decreased with tumor progression from
well-differentiated to moderately and poorly differentiated
tumors [89], indicating a dichotomy of BHLHE40
function in tumor initiation and in tumor progression.

FUNCTION OF BHLHE40 IN CANCER
DEPENDS ON LOCALIZATION AND
DOWNSTREAM EFFECTORS
The above narrative raises the question as to why
BHLHE40 is upregulated in some cancers, while it is
downregulated in others. BHLHE40 is a multi-functional
protein that serves in different roles under different
conditions. Cancer is caused by various factors, and
BHLHE40’s role may be defined by the role of the protein
in signaling related to these factors.

Differential effect of BHLHE40 in the nucleus and
the cytoplasm
As noted above, BHLHE40 can be expressed in both
the nucleus and the cytoplasm, and its functional role in
cancer may vary accordingly (Figure 2B). BHLHE40 is
upregulated in breast cancer compared to normal breast
tissue [68-72] – and although the data presented do not
refer to the localization of BHLHE40, accompanying
immunohistochemical staining shows both nuclear as
well as cytoplasmic staining in the tumor tissue [68, 71,
72]. The function of nuclear BHLHE40 was apparent from
other studies, where nuclear BHLHE40 was up-regulated
in MCF-7 estrogen receptor positive breast cancer cells

Autoregulation of BHLHE40 in circadian rhythm
The best known functional role of BHLHE40
is in the regulation of the circadian rhythm [13, 4042]. Multiple studies demonstrate that disruption of the
circadian rhythm is a major cause of cancer initiation
and/or progression. One mechanism by which BHLHE40
regulates tumorigenesis is via regulation of the circadian
rhythm [61]. It suppresses transcription of genes important
www.Genes&Cancer.com
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upon paclitaxel treatment [103], suggesting that nuclear
BHLHE40 prevent tumor progression. In contrast,
cytoplasmic BHLHE40 bound to and stabilized cyclin E
[104], thereby preventing its nuclear entry and inhibiting
cell cycle progression, thus, an increase in cytoplasmic
BHLHE40 is tumor suppressive. Therefore, in these
cases, despite an upregulation, BHLHE40 may not play
an oncogenic role.
Consistent with the above, nuclear BHLHE40
was persistently observed in almost all of the normal
bronchial and alveolar tissue but in only 38% of NSCLC
[84], suggesting a tumor suppressive role. In other
cases, nuclear expression of BHLHE40 was seen in
only a small fraction of cells in normal tissue; whereas
in tumors, increased nuclear expression was observed in
both epithelial and endothelial cells [105]. However, in
the tumor, increased expression was mostly confined to
areas of necrosis, while in morphologically viable cells,
BHLHE40 was absent [105]. This likely indicates that
increased nuclear BHLHE40 was specifically recruited
to necrotic tissue and did not promote tumorigenesis.
Another study showed that nuclear BHLHE40 suppressed
cyclin D1 expression and cyclin D1 transcription [89].
Taken together, these studies indicate that an increase or
decrease in BHLHE40 in cancer needs to be qualified by
the localization of the protein.

kinase (AMPK), which regulates cell death by glucose
depletion [110]. Paradoxically, metformin, which
activates AMPK, induced the expression of BHLHE40
[111], suggesting the presence of a feedback loop,
where metformin increases AMPK phosphorylation and
BHLHE40 expression, but the increase in BHLHE40 then
suppresses AMPK expression. Thus, BHLHE40 may have
both tumor promoting and suppressive roles depending on
the downstream targets that they affect.

COOPERATIVITY OF BHLHE40 WITH
OTHER FACTORS
The above illustrates the ability of BHLHE40 to
affect both tumor promotion and suppression but under
different conditions. Studies reveal that BHLHE40
expression is regulated by multiple pathways, which are
either tumor promoting or suppressing. Depending on
the pathway regulating its expression, and its cooperation
with that pathway, BHLHE40 may be induced to either
promote tumor progression or tumor regression.

BHLHE40, p53-dependent DNA-damage repair
and senescence
Multiple studies have shown that BHLHE40
is upregulated in response to stress stimuli, such as
DNA damage, serum deprivation, hypoxia and various
cytokines [11, 56, 112]. BHLHE40 is regulated by p53,
a tumor suppressor that is activated by stress, including
DNA damage [113] (Figure 3), and effectively limits cell
proliferation that could lead to tumor initiation [114, 115].
BHLHE40 can be upregulated by DNA-damaging agents
and ionizing radiation, which in turn enhanced p53 levels
in a dose-dependent manner [57]. Interaction of BHLHE40
with p53 prevented its nuclear export supporting its role in
p53-mediated responses [57] (Figure 3).
Senescent cells are metabolically active and
can have tumor suppressive effects in the tumor
microenvironment [116]. BHLHE40 is a component
of the p53-dependent senescence pathway [117], and is
upregulated by p53, leading to premature senescence
[118]. Overexpression of BHLHE40 induced G1 arrest
and promotes senescence in a p21-independent manner,
whereas targeting endogenous BHLHE40 attenuated
p53-mediated premature senescence [118]. The ability of
BHLHE40 to induce cellular senescence was significantly
reduced in p53-knockdown cells, indicating the necessity
of p53-BHLHE40 cooperation in cellular senescence
[118].
By inducing cellular senescence, however,
BHLHE40 prevented p53-induced cell death. Under
unstressed conditions, BHLHE40 is highly unstable
and is targeted for proteasome-dependent degradation
by the ubiquitin ligases SCF(βTrCP) and CK1 [119].

Downstream targets of BHLHE40 determine its
role in tumor progression
Multiple BHLHE40 targets have been identified
and are listed in Table 2, including STAT1 and
STAT3. BHLHE40 homodimers bind to the E-box
(5′-CACGTG-3′) sequence of the STAT1 promoter
[106] with preference for elements preceded by T and/or
followed by A residues, and is HDAC1-dependent [23].
This results in repression of targets of unphosphorylated
STAT1, including antigen presenting genes and CASP1
[106]. Additionally, BHLHE40 binds to phosphorylated
(active) STAT3α and -β isoforms at the HLH and
C-terminal domains to activate STAT-dependent ciselements [107], regulating transcription of the proapoptotic Fas gene [107]. Overexpression of BHLHE40
induced apoptosis whereas co-expression of STAT3β
alleviated this effect [107]. Overall, these studies
demonstrate that one way by which BHLHE40 suppresses
tumor growth is by targeting JAK/STAT signaling.
BHLHE40 can also transactivate pro-tumorigenic
factors. BHLHE40 upregulated the expression of PIK3CA,
the gene that transcribes phosphatidylinositol 3-kinase
(PI3K) [108], and elevated Akt phosphorylation, an
oncogenic event [108, 89]. In turn, Akt phosphorylation
increased BHLHE40 expression, thus activating a positive
feedback loop [109]. Additionally, BHLHE40 negatively
regulated 5’-adenosine monophosphate-activated protein
www.Genes&Cancer.com
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DNA damage induces BHLHE40 expression by p53,
and is stabilized by the ubiquitin protease USP17, which
extends its half-life [119]. However, BHLHE40 inhibits
p53-dependent transcription of macrophage inhibitory
cytokine-1 (MIC-1) by weakening promoter binding
[120], whereas MIC-1 cooperates with BHLHE40 to
prevent DNA damage-induced cell death [120]. BHLHE40
induced senescence was observed in esophageal carcinoma
[85], NSCLC [121] and in OSCC [89] cells.

TGF-β ligands bind to receptors on the cell surface, which
phosphorylates Receptor-phosphorylated Smad (R-Smad).
Phosphorylated R-Smads bind to Smad 4 and the Smad
complex then translocates to the nucleus where it binds
target DNA sequences [24]. Smad-independent pathways
that regulate TGF- β signaling have also been identified
(Figure 4). BHLHE40 was identified as a target of TGF-β
regulated Smad transcription in colorectal cancer, although
it’s expression was independent of the growth inhibitory
effects of TGF-β in these cells [24]. Significantly, TGF-β
upregulated BHLHE40 but downregulated BHLHE41
[123] in a teratocarcinoma cell line, where it promoted
chondrogenic differentiation [12], and in pancreatic
cancer PANC-1 cells, where it regulated the subcellular
localization of Smad3 phosphorylation and suppressed
the expression of snail, claudin-4 and N-cadherin [81].
In these examples, therefore, BHLHE40 was involved in
tumor suppression downstream of TGF-β.
In contrast, in mouse mammary carcinoma cell
lines, BHLHE40 promoted cell survival downstream of
TGF-β activation [124]. BHLHE40 in other cell lines,
mediated TGF-β induced morphological changes during
epithelial-mesenchymal transition (EMT) leads to tumor

BHLHE40 is a downstream effector of TGF-β/
Smad in both tumor promotion and suppression
Transforming growth factor β (TGF-β) is a bifunctional growth factor that can either inhibit or
stimulate cell proliferation in a context dependent manner
[122]. TGF-β regulates a variety of functions in normal
development, while the disruption of TGF-β signaling is
associated with the onset of various types of cancer [122].
In addition to cell proliferation, TGF-β is also known
to regulate cell differentiation and stemness, leading
to effects on metastasis and immune modulation [122].

Figure 3: Regulation of BHLHE40 by the p53-dependent pathway in senescence. BHLHE40 can be regulated by the DNAdamage associated gene p53, a tumor suppressor, which is commonly mutated in several cancers resulting in its loss of function, thus
allowing uncontrolled cell growth and proliferation in affected tumors. TP53 is activated in a tetramer form and is expressed normally in
low levels through interaction with mouse double mutant 2 (Mdm2) which signals for its degradation via ubiquitination (“Ub”). Under
conditions of stress, including DNA damage, p53 gets activated and is stabilized by dissociation from Mdm2, and is transported to the
nucleus, where it regulates the transcriptional activity of several target genes, including BHLHE40. Binding of BHLHE40 to p53 stabilizes
the complex in the nucleus and allows cooperative transcription of target genes that may lead to senescence or apoptosis.
www.Genes&Cancer.com
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migration and invasion [81]. Thus, BHLHE40 regulated
tumorigenesis downstream of TGF- β in a contextdependent manner, upregulating tumor growth in some
cases, downregulating it in others.

with hypoxia and angiogenic markers such as HIF1α,
angiogenin and VEGFD in breast cancer tissue [129-131].
In gastric cancers, hypoxia induced BHLHE40
expression while the HIF-1α protein inhibitor decreased
the expression of BHLHE40 [54]. Additionally, BHLHE40
expression positively correlated with HIF-1α (P < 0. 01,
r = 0.290) and Ki67 expression (P < 0. 01, r = 0.249)
[67]. Under conditions of hypoxia, BHLHE40 protects
gastric cancer cells from apoptosis by transcriptionally
upregulating survivin [132]. Moreover, treatment with
curcumin, which is known to protect from hypoxia,
decreased HIF1α expression in gastric cancer cells,
resulting in suppression of BHLHE40 expression [133].
Taken together, these studies indicate that in gastric cancer,
an increase in BHLHE40 in tumor cells is indicative
of hypoxia, which results in an increase of BHLHE40
expression driven by an increase in the HIF complex.
Other studies have noted that in hepatomaderived cell lines, HIF-1α regulates the expression of
BHLHE40 [55]. Further, overexpression of BHLHE40
antagonized apoptosis induced by 8-MOP by abolishing
the decrease of survivin and the activation of caspase-3
[134]. Hypoxia-induced BHLHE40 promoted EMT and
induced metastasis in HepG2 cells [135, 136]. Subsequent

BHLHE40 as a mediator of hypoxia-regulated
tumor progression
Studies have shown that BHLHE40 is also
regulated by hypoxia inducible factors (HIF). In hypoxic
conditions, the HIF complex, composed of a heterodimer
of HIF-1α and HIF-1β, binds to the hypoxia responsive
elements (HRE) in the promoter region of target genes
[125, 47, 126], including BHLHE40 [53]. While HIF1β is expressed constitutively, HIF1-α is regulated by
hypoxia. In normoxia, HIF1-α is unstable [126], while
under hypoxic conditions, insufficient oxygen allows the
stabilization of HIF1-α that translocate to the nucleus to
bind HIF-1β (Figure 5). This allows the recruitment of
co-activators that bind HREs to regulate transcription
[127, 52, 128]. Overexpression of HIF-1α in 293T cells
caused a 2-3 fold increase in BHLHE40 transcription
[53], while BHLHE40 expression was shown to correlate

Figure 4: Schematic representation of BHLHE40 regulation by TGF-β. Ligands of the TGF-β superfamily bind to a type
II receptor (R2), which recruits and phosphorylates a type I receptor (R1). Phosphorylated R1 in turn phosphorylates receptor-regulated
Smads 2 and 3 (R-Smad) which bind the co-Smad Smad4. The R-Smad/Smad4 complex then translocates to the nucleus where they
bind to and promote transcription of target genes, including BHLHE40. Newly synthesized BHLHE40 regulate additional transcriptional
activity downstream of TGF-β and likely determines whether the cells undergo EMT and are pro-tumorigenic or undergo differentiation
and apoptosis and are anti-tumorigenic. Factors that regulate this determination likely include co-factors such as CBP and p300 activated
by non-canonical smad-independent pathways activated by TGF-β.
www.Genes&Cancer.com
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CONSEQUENCES OF BHLHE40
ACTIVATION

decrease in BHLHE40 with disease progression from
well-differentiated to poorly differentiated tumors can
also be explained by an increase in hypoxia, since in
more extreme hypoxia there may be an induction of cell
death [105]; causing BHLHE40 to be depleted [87, 89].
Therefore, hypoxia-induced expression of BHLHE40 is
mostly pro-tumorigenic.

Immunomodulatory effects of BHLHE40 in
cancer

Effect of BHLHE40 in NOTCH signaling in
thyroid cancer

We showed above that BHLHE40 may suppress the
growth of colorectal carcinoma by expressing BHLHE40+
TH1-like immunoregulatory cells enriched in tumors
with microsatellite-insatiability [80]. These cells are
known to be responsive to immune-checkpoint blockade.
Anti-PD-L1 inhibitors such as avelumab are now used
in many cancers such as Merkel cell carcinoma (MCC)
[137]. BHLHE40 expression was critical for tumorinfiltrating lymphocytes (TIL) reinvigoration following
anti-PD-L1 blockade [138]. On the flip side, PD-1
signaling inhibited BHLHE40 expression in TIL [138].
Peritoneal macrophages are known to play immunological
functions in abdominal cancers [139]. BHLHE40 is highly
expressed in large peritoneal macrophages (LPM) [140].
Loss of BHLHE40 expression prevented LPM expansion
[140]. These papers point to a strong immunomodulatory
role for BHLHE40 in cancer.

Not surprisingly, BHLHE40 has a very similar
effects in Notch signaling in cancer, which induced
aggressive regeneration of tumors in thyroid cancer
models (Figure 6). Studies showed that BHLHE40
sustained progression of thyroid cancer by promoting
cell growth and invasiveness [77]. Aberrant signaling in
thyroid cancer cells ensured that BHLHE40 cooperated
with Notch signaling to promote target gene transcription
and tumor aggression [77]. In both satellite cells and in
thyroid cancer, BHLHE40 increased the expression of the
Notch ligand Jagged, however, Jagged in satellite cells
attenuated Notch signaling whereas in thyroid cancer,
it promoted Notch signaling [77, 46]. The cause for this
difference, or indeed whether it is due cancer vs noncancer or a general difference between satellite cells and
thyroid epithelial cells, is not yet known. Regardless,
these reports indicate that in collaboration with Notch,
BHLHE40 promoted cancer.

Dual effect of BHLHE40 on apoptosis
A common theme that has emerged in the review
of the literature is that BHLHE40 promotes cancer when

Figure 5: Regulation of BHLHE40 by hypoxia inducible factor 1α. The HIF complex is composed of a heterodimer of HIF-1α,

which is induced in hypoxia, and HIF-1β, which is constitutively expressed. The complex binds to the hypoxia responsive elements (HRE)
in the promoter region of target genes, including BHLHE40. In normoxia, HIF1-α is degraded, while hypoxia stabilizes HIF1-α, which then
translocates to the nucleus to bind HIF-1β and co-regulators such as CBP/p300. In cooperation with the HIF complex, BHLHE40 protects
cancer cells from apoptosis by upregulating survivin and caspase-3 activation, promoted EMT and induced metastasis.
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it has anti-apoptotic functions while it acts as a tumor
suppressor when it promotes apoptosis. In patients
with recurrent glioblastoma, BHLHE40 expression
correlated negatively with apoptosis [74]. In colon cancer,
BHLHE40 overexpression impeded serum deprivationinduced apoptosis and selectively inhibited the activation
of procaspases related to the intrinsic death pathway
(precaspase 3, 7, 9), without affecting the extrinsic
death pathway [79]. On the other hand, a study using
esophageal cancer cell lines showed that BHLHE40
overexpression promoted apoptosis as indicated by an
increase in PARP cleavage [86]. This contrast can be
explained by investigation of the downstream targets of
BHLHE40 in cancers where it either promotes or inhibits
apoptosis. BHLHE40 can promote apoptosis by binding
to phosphorylated (active) STAT3α and -β isoforms at the
HLH and C-terminal domains to activate STAT-dependent
cis-elements [107], thereby regulating transcription of the
pro-apoptotic Fas gene [107]. In tumors where BHLHE40
has this effect, overexpression of BHLHE40 induced

apoptosis [107]. In contrast, under conditions of hypoxia,
BHLHE40 protects gastric cancer cells from apoptosis by
transcriptionally upregulating survivin [132]. Under these
conditions, overexpression of BHLHE40 antagonized
apoptosis induced by 8-MOP by abolishing the decrease
of survivin and the activation of caspase-3 [134]. In
breast cancer cells, clusterin (CLU) was identified as
a novel target gene of BHLHE40 and suppressed DNA
damage-induced cell death [141]. BHLHE40 was found
to be a strong regulator of the PI3K/Akt/mTOR pathway.
BHLHE40 upregulated the expression of PIK3CA, the
gene that transcribes phosphatidylinositol 3-kinase (PI3K)
[108], and elevated Akt phosphorylation, a downstream
target of PI3K that is a known regulator of cell survival
[108, 89]. Thus, BHLHE40-mediated tumor suppression
can be traced to inhibition of oncogenic factors such as
STAT1, whereas BHLHE40-mediated promotion of tumor
progression may be traced to the activation of the PI3K/
Akt/mTOR pathway and the upregulation of pro-survival
factors such as survivin and clusterin.

Figure 6: Schematic representation of the regulation of BHLHE40 by Notch. Following ligand binding to the Notch receptor

that is localized into the plasma membrane, endocytosis of the ligand-receptor complex is initiated when the γ-secretase cleaves the
Notch extracellular domain away from the transmembrane domain, NICD. CSL is a DNA-binding adaptor molecule that can interact
with various repressors, such as NCOR, or with activators, such as NICD, and others. NICD translocates to the nucleus and can bind with
CSL. This recruits the adaptor protein Mastermind-like (MAML), which in turn recruits the histone acetyltransferase p300. This allows
transcription regulation of Notch-mediated target genes, such as Hes and Hey. BHLHE40 binding to NICD determines whether CSL
mediated transcription is turned on or off.
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SUMMARY AND CONCLUSIONS

26.
https://doi.org/10.1158/1078-0432.CCR-14-3154.
PMID:25979928

In this article, we discuss the role of BHLHE40 in
oncogenesis, since it is overexpressed in some cancers
and suppressed in others. We conclude that BHLHE40
overexpression does not always indicate increased activity,
such as in breast cancer, where it is expressed in the
cytoplasm, suppressing cell growth by stabilizing cyclin
E. In the nucleus, BHLHE40 either suppressed tumors by
inhibiting the expression of STAT1 or promoted tumor
progression by activating the PI3K/Akt/mTOR pathway
or by repressing AMPK. Further, we show that BHLHE40
selects its targets by cooperation with other transcription
factors that regulate the expression, and the function, of
BHLHE40, such as HIF1α in gastric cancer and in HCC.
This explains the pro-tumorigenic role of BHLHE40
in these diseases. Its interaction with the p53 in lung
cancer and esophageal carcinoma, induces senescence
and suppresses tumor growth. Thus, BHLHE40 is a
multi-functional gene that mediates the promotion or
suppression of cancer in a context dependent manner.
Future studies should compare the transcriptional targets
of BHLHE40 in tumors where it is tumor suppressive and
compare them to tumors where it is oncogenic in order to
determine the mode of action of this transcription factor
in cancer.

4. Vélez-Cruz R, Johnson DG. The Retinoblastoma (RB) Tumor
Suppressor: Pushing Back against Genome Instability on
Multiple Fronts. Int J Mol Sci. 2017; 18:E1776. https://doi.
org/10.3390/ijms18081776. PMID:28812991

ACKNOWLEDGMENTS

10. Boudjelal M, Taneja R, Matsubara S, Bouillet P, Dolle P,
Chambon P. Overexpression of Stra13, a novel retinoic
acid-inducible gene of the basic helix-loop-helix family,
inhibits mesodermal and promotes neuronal differentiation
of P19 cells. Genes Dev. 1997; 11:2052–65. https://doi.
org/10.1101/gad.11.16.2052. PMID:9284045

5. Kato S, Han SY, Liu W, Otsuka K, Shibata H, Kanamaru
R, Ishioka C. Understanding the function-structure and
function-mutation relationships of p53 tumor suppressor
protein by high-resolution missense mutation analysis.
Proc Natl Acad Sci USA. 2003; 100:8424–29. https://doi.
org/10.1073/pnas.1431692100. PMID:12826609
6. Salmena L. PTEN: History of a Tumor Suppressor. Methods
Mol Biol. 2016; 1388:3–11. https://doi.org/10.1007/978-14939-3299-3_1. PMID:27033066
7. Massagué J. TGFbeta in Cancer. Cell. 2008; 134:215–30.
https://doi.org/10.1016/j.cell.2008.07.001. PMID:18662538
8. Padua D, Zhang XH, Wang Q, Nadal C, Gerald WL, Gomis
RR, Massagué J. TGFbeta primes breast tumors for lung
metastasis seeding through angiopoietin-like 4. Cell. 2008;
133:66–77.
https://doi.org/10.1016/j.cell.2008.01.046.
PMID:18394990
9. Yang L, Pang Y, Moses HL. TGF-beta and immune cells: an
important regulatory axis in the tumor microenvironment
and progression. Trends Immunol. 2010; 31:220–27. https://
doi.org/10.1016/j.it.2010.04.002. PMID:20538542

We thank Jyotsna Natarajan, member, Ghosh Lab,
for help with Tables and Figure preparations. The authors
declare no competing interests. This work was supported
by a Biomedical Laboratory Research & Development
(BLRD) service Merit Award (I01BX000400, PMG, and
BX003458, MM) from the Department of Veterans Affairs
and by Award R01CA185509 (PMG) from the National
Institutes of Health. The contents reported/presented
within do not represent the views of the Department of
Veterans Affairs or the United States Government.

11. Yun Z, Maecker HL, Johnson RS, Giaccia AJ. Inhibition of
PPAR gamma 2 gene expression by the HIF-1-regulated
gene DEC1/Stra13: a mechanism for regulation of
adipogenesis by hypoxia. Dev Cell. 2002; 2:331–41. https://
doi.org/10.1016/S1534-5807(02)00131-4. PMID:11879638
12. Shen M, Yoshida E, Yan W, Kawamoto T, Suardita K, Koyano
Y, Fujimoto K, Noshiro M, Kato Y. Basic helix-loophelix protein DEC1 promotes chondrocyte differentiation
at the early and terminal stages. J Biol Chem. 2002;
277:50112–20. https://doi.org/10.1074/jbc.M206771200.
PMID:12384505

CONFLICT OF INTEREST
There is no conflict of interest

REFERENCES

13. Honma S, Kawamoto T, Takagi Y, Fujimoto K, Sato
F, Noshiro M, Kato Y, Honma K. Dec1 and Dec2 are
regulators of the mammalian molecular clock. Nature.
2002; 419:841–44. https://doi.org/10.1038/nature01123.
PMID:12397359

1. Grandori C, Cowley SM, James LP, Eisenman RN. The Myc/
Max/Mad network and the transcriptional control of cell
behavior. Annu Rev Cell Dev Biol. 2000; 16:653–99. https://
doi.org/10.1146/annurev.cellbio.16.1.653. PMID:11031250
2. Lee YS, Bae SC. How do K-RAS-activated cells evade cellular
defense mechanisms? Oncogene. 2016; 35:827–32. https://
doi.org/10.1038/onc.2015.153. PMID:25961920

14. Hsiao SP, Huang KM, Chang HY, Chen SL. P/CAF rescues
the Bhlhe40-mediated repression of MyoD transactivation.
Biochem J. 2009; 422:343–52. https://doi.org/10.1042/
BJ20090072. PMID:19522704

3. Riely GJ, Yu HA. EGFR: The Paradigm of an OncogeneDriven Lung Cancer. Clin Cancer Res. 2015; 21:2221–

15. Rossner MJ, Dörr J, Gass P, Schwab MH, Nave KA.
SHARPs: mammalian enhancer-of-split- and hairy-

www.Genes&Cancer.com

13

Genes & Cancer

related proteins coupled to neuronal stimulation. Mol
Cell Neurosci. 1997; 10:460–75. https://doi.org/10.1006/
mcne.1997.0640. PMID:9532582

PMID:7926781
27. Kewley RJ, Whitelaw ML, Chapman-Smith A. The
mammalian basic helix-loop-helix/PAS family of
transcriptional regulators. Int J Biochem Cell Biol. 2004;
36:189–204. https://doi.org/10.1016/S1357-2725(03)002115. PMID:14643885

16. Rossner MJ, Dörr J, Gass P, Schwab MH, Nave KA.
SHARPs: mammalian enhancer-of-split- and hairyrelated proteins coupled to neuronal stimulation. Mol
Cell Neurosci. 1997; 9:460–75. https://doi.org/10.1006/
mcne.1997.0640. PMID:9361282

28. Davis RL, Turner DL. Vertebrate hairy and Enhancer of
split related proteins: transcriptional repressors regulating
cellular differentiation and embryonic patterning. Oncogene.
2001; 20:8342–57. https://doi.org/10.1038/sj.onc.1205094.
PMID:11840327

17. Shen M, Kawamoto T, Yan W, Nakamasu K, Tamagami M,
Koyano Y, Noshiro M, Kato Y. Molecular characterization
of the novel basic helix-loop-helix protein DEC1 expressed
in differentiated human embryo chondrocytes. Biochem
Biophys Res Commun. 1997; 236:294–98. https://doi.
org/10.1006/bbrc.1997.6960 PMID:9240428

29. Steidl C, Leimeister C, Klamt B, Maier M, Nanda I, Dixon
M, Clarke R, Schmid M, Gessler M. Characterization of
the human and mouse HEY1, HEY2, and HEYL genes:
cloning, mapping, and mutation screening of a new bHLH
gene family. Genomics. 2000; 66:195–203. https://doi.
org/10.1006/geno.2000.6200. PMID:10860664

18. Nishiwaki T, Daigo Y, Kawasoe T, Nakamura Y. Isolation
and mutational analysis of a novel human cDNA, DEC1
(deleted in esophageal cancer 1), derived from the tumor
suppressor locus in 9q32. Genes Chromosomes Cancer.
2000; 27:169–76. https://doi.org/10.1002/(SICI)10982264(200002)27:2<169::AID-GCC8>3.0.CO;2-M.
PMID:10612805

30. Fujimoto K, Shen M, Noshiro M, Matsubara K, Shingu
S, Honda K, Yoshida E, Suardita K, Matsuda Y, Kato Y.
Molecular cloning and characterization of DEC2, a new
member of basic helix-loop-helix proteins. Biochem
Biophys Res Commun. 2001; 280:164–71. https://doi.
org/10.1006/bbrc.2000.4133. PMID:11162494

19. Jones S. An overview of the basic helix-loop-helix proteins.
Genome Biol. 2004; 5:226. https://doi.org/10.1186/gb-20045-6-226. PMID:15186484

31. Gorski JP, Price JL. Bone muscle crosstalk targets muscle
regeneration pathway regulated by core circadian
transcriptional repressors DEC1 and DEC2. Bonekey Rep.
2016; 5:850. https://doi.org/10.1038/bonekey.2016.80.
PMID:27867498

20. Ephrussi A, Church GM, Tonegawa S, Gilbert W. B lineage—
specific interactions of an immunoglobulin enhancer with
cellular factors in vivo. Science. 1985; 227:134–40. https://
doi.org/10.1126/science.3917574. PMID:3917574
21. Murre C, Bain G, van Dijk MA, Engel I, Furnari BA, Massari
ME, Matthews JR, Quong MW, Rivera RR, Stuiver MH.
Structure and function of helix-loop-helix proteins.
Biochim Biophys Acta. 1994; 1218:129–35. https://doi.
org/10.1016/0167-4781(94)90001-9. PMID:8018712

32. Kato Y, Kawamoto T, Fujimoto K, Noshiro M. DEC1/
STRA13/SHARP2 and DEC2/SHARP1 coordinate
physiological processes, including circadian rhythms in
response to environmental stimuli. Curr Top Dev Biol.
2014; 110:339–72. https://doi.org/10.1016/B978-0-12405943-6.00010-5. PMID:25248482

22. Ledent V, Paquet O, Vervoort M. Phylogenetic analysis of
the human basic helix-loop-helix proteins. Genome Biol.
2002; 3:H0030. https://doi.org/10.1186/gb-2002-3-6research0030. PMID:12093377

33. Sato F, Bhawal UK, Yoshimura T, Muragaki Y. DEC1
and DEC2 Crosstalk between Circadian Rhythm and
Tumor Progression. J Cancer. 2016; 7:153–59. https://doi.
org/10.7150/jca.13748. PMID:26819638

23. St-Pierre B, Flock G, Zacksenhaus E, Egan SE. Stra13
homodimers repress transcription through class B E-box
elements. J Biol Chem. 2002; 277:46544–51. https://doi.
org/10.1074/jbc.M111652200. PMID:12297495

34. Yamada K, Miyamoto K. Basic helix-loop-helix transcription
factors, BHLHB2 and BHLHB3; their gene expressions
are regulated by multiple extracellular stimuli. Front
Biosci. 2005; 10:3151–71. https://doi.org/10.2741/1772.
PMID:15970569

24. Zawel L, Yu J, Torrance CJ, Markowitz S, Kinzler KW,
Vogelstein B, Zhou S. DEC1 is a downstream target of
TGF-beta with sequence-specific transcriptional repressor
activities. Proc Natl Acad Sci USA. 2002; 99:2848–53.
https://doi.org/10.1073/pnas.261714999. PMID:11880636

35. Zheng Q, Wang C, Wang L, Zhang D, Liu N, Ming X, Zhou
H, Guli Q, Liu Y. Interaction with SP1, but not binding
to the E-box motifs, is responsible for BHLHE40/DEC1induced transcriptional suppression of CLDN1 and cell
invasion in MCF-7 cells. Mol Carcinog. 2018; 57:1116–29.
https://doi.org/10.1002/mc.22829. PMID:29704436

25. Li Y, Xie M, Song X, Gragen S, Sachdeva K, Wan Y, Yan
B. DEC1 negatively regulates the expression of DEC2
through binding to the E-box in the proximal promoter. J
Biol Chem. 2003; 278:16899–907. https://doi.org/10.1074/
jbc.M300596200. PMID:12624110

36. Noshiro M, Usui E, Kawamoto T, Sato F, Nakashima A,
Ueshima T, Honda K, Fujimoto K, Honma S, Honma K,
Makishima M, Kato Y. Liver X receptors (LXRalpha and
LXRbeta) are potent regulators for hepatic Dec1 expression.
Genes Cells. 2009; 14:29–40. https://doi.org/10.1111/
j.1365-2443.2008.01247.x. PMID:19032342

26. Ellenberger T, Fass D, Arnaud M, Harrison SC. Crystal
structure of transcription factor E47: e-box recognition
by a basic region helix-loop-helix dimer. Genes Dev.
1994; 8:970–80. https://doi.org/10.1101/gad.8.8.970.
www.Genes&Cancer.com

14

Genes & Cancer

37. Zawel L, Yu J, Torrance CJ, Markowitz S, Kinzler KW,
Vogelstein B, Zhou S. DEC1 is a downstream target of
TGF-beta with sequence-specific transcriptional repressor
activities. Proc Natl Acad Sci USA. 2002; 99:2848–53.
https://doi.org/10.1073/pnas.261714999. PMID:11880636

(DEC1) represses PPARγ2 gene through interacting with
CCAAT/enhancer binding protein β (C/EBPβ). Mol Cells.
2012; 33:575–81. https://doi.org/10.1007/s10059-012-00029. PMID:22610404
49. Yamada K, Kawata H, Shou Z, Mizutani T, Noguchi
T, Miyamoto K. Insulin induces the expression of the
SHARP-2/Stra13/DEC1 gene via a phosphoinositide
3-kinase pathway. J Biol Chem. 2003; 278:30719–24.
https://doi.org/10.1074/jbc.M301597200. PMID:12796501

38. Ozaki N, Noshiro M, Kawamoto T, Nakashima A, Honda
K, Fukuzaki-Dohi U, Honma S, Fujimoto K, Tanimoto
K, Tanne K, Kato Y. Regulation of basic helix-loophelix transcription factors Dec1 and Dec2 by RORα and
their roles in adipogenesis. Genes Cells. 2012; 17:109–
21.
https://doi.org/10.1111/j.1365-2443.2011.01574.x.
PMID:22244086

50. Yamada K, Ogata-Kawata H, Matsuura K, Miyamoto
K. SHARP-2/Stra13/DEC1 as a potential repressor of
phosphoenolpyruvate carboxykinase gene expression.
FEBS Lett. 2005; 579:1509–14. https://doi.org/10.1016/j.
febslet.2005.01.060. PMID:15733865

39. Choi SM, Cho HJ, Cho H, Kim KH, Kim JB, Park H.
Stra13/DEC1 and DEC2 inhibit sterol regulatory element
binding protein-1c in a hypoxia-inducible factor-dependent
mechanism. Nucleic Acids Res. 2008; 36:6372–85. https://
doi.org/10.1093/nar/gkn620. PMID:18838394

51. Iizuka K, Horikawa Y. Regulation of lipogenesis via
BHLHB2/DEC1 and ChREBP feedback looping. Biochem
Biophys Res Commun. 2008; 374:95–100. https://doi.
org/10.1016/j.bbrc.2008.06.101. PMID:18602890

40. Ko CH, Takahashi JS. Molecular components of the
mammalian circadian clock. Hum Mol Genet. 2006
(suppl_2); 15:R271–77. https://doi.org/10.1093/hmg/
ddl207. PMID:16987893

52. Semenza GL. HIF-1: mediator of physiological and
pathophysiological responses to hypoxia. J Appl Physiol
(1985). 2000; 88:1474–80. https://doi.org/10.1152/
jappl.2000.88.4.1474. PMID:10749844

41. Kawamoto T, Noshiro M, Sato F, Maemura K, Takeda N,
Nagai R, Iwata T, Fujimoto K, Furukawa M, Miyazaki K,
Honma S, Honma K, Kato Y. A novel autofeedback loop of
Dec1 transcription involved in circadian rhythm regulation.
Biochem Biophys Res Commun. 2004; 313:117–24. https://
doi.org/10.1016/j.bbrc.2003.11.099. PMID:14672706

53. Miyazaki K, Kawamoto T, Tanimoto K, Nishiyama M, Honda
H, Kato Y. Identification of functional hypoxia response
elements in the promoter region of the DEC1 and DEC2
genes. J Biol Chem. 2002; 277:47014–21. https://doi.
org/10.1074/jbc.M204938200. PMID:12354771

42. Nakashima A, Kawamoto T, Honda KK, Ueshima T, Noshiro
M, Iwata T, Fujimoto K, Kubo H, Honma S, Yorioka N,
Kohno N, Kato Y. DEC1 modulates the circadian phase of
clock gene expression. Mol Cell Biol. 2008; 28:4080–92.
https://doi.org/10.1128/MCB.02168-07. PMID:18411297

54. Giatromanolaki A, Koukourakis MI, Sivridis E, Turley
H, Wykoff CC, Gatter KC, Harris AL. The increased
expression of DEC1 gene is related to HIF-1α protein in
gastric cancer cell lines. J Pathol. 2003; 200:222–28. https://
doi.org/10.1002/path.1330. PMID:12754744

43. Hu G, Chen J. A genome-wide regulatory network identifies
key transcription factors for memory CD8⁺ T-cell
development. Nat Commun. 2013; 4:2830. https://doi.
org/10.1038/ncomms3830. PMID:24335726

55. Ma W, Shi X, Lu S, Wu L, Wang Y. Hypoxia-induced
overexpression of DEC1 is regulated by HIF-1α in
hepatocellular carcinoma. Oncol Rep. 2013; 30:2957–62.
https://doi.org/10.3892/or.2013.2774. PMID:24100543

44. Sun H, Lu B, Li RQ, Flavell RA, Taneja R. Defective
T cell activation and autoimmune disorder in Stra13deficient mice. Nat Immunol. 2001; 2:1040–47. https://doi.
org/10.1038/ni721. PMID:11668339

56. Sun H, Taneja R. Stra13 expression is associated with
growth arrest and represses transcription through histone
deacetylase (HDAC)-dependent and HDAC-independent
mechanisms. Proc Natl Acad Sci USA. 2000; 97:4058–63.
https://doi.org/10.1073/pnas.070526297. PMID:10737769

45. Shou Z, Xiao H, Xu Y, Wang Y, Yang Y, Jiang H, Chen
J, Yamada K, Miyamoto K. SHARP-2 gene silencing
by lentiviral-based short hairpin RNA interference
prolonged rat kidney transplant recipients’ survival
time. J Int Med Res. 2009; 37:766–78. https://doi.
org/10.1177/147323000903700320. PMID:19589260

57. Thin TH, Li L, Chung TK, Sun H, Taneja R. Stra13 is induced
by genotoxic stress and regulates ionizing-radiation-induced
apoptosis. EMBO Rep. 2007; 8:401–07. https://doi.
org/10.1038/sj.embor.7400912. PMID:17347673
58. Ivanova A, Liao SY, Lerman MI, Ivanov S, Stanbridge EJ.
STRA13 expression and subcellular localisation in normal
and tumour tissues: implications for use as a diagnostic
and differentiation marker. J Med Genet. 2005; 42:565–76.
https://doi.org/10.1136/jmg.2004.029835. PMID:15994878

46. Sun H, Li L, Vercherat C, Gulbagci NT, Acharjee S, Li J,
Chung TK, Thin TH, Taneja R. Stra13 regulates satellite
cell activation by antagonizing Notch signaling. J Cell Biol.
2007; 177:647–57. https://doi.org/10.1083/jcb.200609007.
PMID:17502421

59. Turley H, Wykoff CC, Troup S, Watson PH, Gatter KC,
Harris AL. The hypoxia-regulated transcription factor
DEC1 (Stra13, SHARP-2) and its expression in human
tissues and tumours. J Pathol. 2004; 203:808–13. https://
doi.org/10.1002/path.1585. PMID:15221940

47. Goonewardene TI, Sowter HM, Harris AL. Hypoxia-induced
pathways in breast cancer. Microsc Res Tech. 2002; 59:41–
48. https://doi.org/10.1002/jemt.10175. PMID:12242695
48. Park YK, Park H. Differentiated embryo chondrocyte 1
www.Genes&Cancer.com

15

Genes & Cancer

60. Shi X, Zheng Y, Ma W, Wang Y. Possible involvement of
DEC1 on the adverse effects of quinolone antibiotics.
Toxicology. 2010; 271:1–4. https://doi.org/10.1016/j.
tox.2010.03.001. PMID:20214949

ijc.24177. PMID:19142869
70. Giusiano S, Cochet C, Filhol O, Duchemin-Pelletier E, Secq
V, Bonnier P, Carcopino X, Boubli L, Birnbaum D, Garcia
S, Iovanna J, Charpin C. Protein kinase CK2α subunit
over-expression correlates with metastatic risk in breast
carcinomas: quantitative immunohistochemistry in tissue
microarrays. Eur J Cancer. 2011; 47:792–801. https://doi.
org/10.1016/j.ejca.2010.11.028. PMID:21194925

61. Grechez-Cassiau A, Panda S, Lacoche S, Teboul M, Azmi
S, Laudet V, Hogenesch JB, Taneja R, Delaunay F. The
transcriptional repressor STRA13 regulates a subset
of peripheral circadian outputs. J Biol Chem. 2004;
279:1141–50. https://doi.org/10.1074/jbc.M305369200.
PMID:14581485

71. Pare R, Soon PS, Shah A, Lee CS. Differential expression of
senescence tumour markers and its implications on survival
outcomes of breast cancer patients. PLoS One. 2019;
14:e0214604. https://doi.org/10.1371/journal.pone.0214604.
PMID:30998679

62. Nakayama Y, Iwamoto Y, Maher SE, Tanaka Y, Bothwell
AL. Altered gene expression upon BCR cross-linking in
Burkitt’s lymphoma B cell line. Biochem Biophys Res
Commun. 2000; 277:124–27. https://doi.org/10.1006/
bbrc.2000.3639. PMID:11027651

72. Liu Y, Miao Y, Wang J, Lin X, Wang L, Xu HT, Wang EH.
DEC1 is positively associated with the malignant phenotype
of invasive breast cancers and negatively correlated with the
expression of claudin-1. Int J Mol Med. 2013; 31:855–60.
https://doi.org/10.3892/ijmm.2013.1279. PMID:23426649

63. Zhou L, Yu Y, Sun S, Zhang T, Wang M. Cry 1 Regulates
the Clock Gene Network and Promotes Proliferation
and Migration Via the Akt/P53/P21 Pathway in Human
Osteosarcoma Cells. J Cancer. 2018; 9:2480–91. https://doi.
org/10.7150/jca.25213. PMID:30026846

73. Cao S, Zheng J, Liu X, Liu Y, Ruan X, Ma J, Liu L, Wang D,
Yang C, Cai H, Li Z, Feng Z, Xue Y. FXR1 promotes the
malignant biological behavior of glioma cells via stabilizing
MIR17HG. J Exp Clin Cancer Res. 2019; 38:37. https://doi.
org/10.1186/s13046-018-0991-0. PMID:30691465

64. Liu Y, Wang L, Lin XY, Wang J, Yu JH, Miao Y, Wang
EH. The transcription factor DEC1 (BHLHE40/STRA13/
SHARP-2) is negatively associated with TNM stage in nonsmall-cell lung cancer and inhibits the proliferation through
cyclin D1 in A549 and BE1 cells. Tumour Biol. 2013;
34:1641–50. https://doi.org/10.1007/s13277-013-0697-z.
PMID:23423709

74. Li XM, Lin W, Wang J, Zhang W, Yin AA, Huang Y, Zhang J,
Yao L, Bian H, Zhang J, Zhang X. Dec1 expression predicts
prognosis and the response to temozolomide chemotherapy
in patients with glioma. Mol Med Rep. 2016; 14:5626–36.
https://doi.org/10.3892/mmr.2016.5921. PMID:27840944

65. Wang W, Reiser-Erkan C, Michalski CW, Raggi MC, Quan
L, Yupei Z, Friess H, Erkan M, Kleeff J. Hypoxia inducible
BHLHB2 is a novel and independent prognostic marker in
pancreatic ductal adenocarcinoma. Biochem Biophys Res
Commun. 2010; 401:422–28. https://doi.org/10.1016/j.
bbrc.2010.09.070. PMID:20863812

75. Preusser M, Birner P, Ambros IM, Ambros PF, Budka H,
Harris AL, Hainfellner JA. DEC1 expression in 1p-aberrant
oligodendroglial neoplasms. Histol Histopathol. 2005;
20:1173–77.
https://doi.org/10.14670/hh-20.1173.
PMID:16136500

66. Zheng Y, Jia Y, Wang Y, Wang M, Li B, Shi X, Ma X, Xiao
D, Sun Y. The hypoxia-regulated transcription factor
DEC1 (Stra13, SHARP-2) and its expression in gastric
cancer. OMICS. 2009; 13:301–06. https://doi.org/10.1089/
omi.2009.0014. PMID:19624270

76. Schulten HJ, Hussein D, Al-Adwani F, Karim S, AlMaghrabi J, Al-Sharif M, Jamal A, Al-Ghamdi F, Baeesa
SS, Bangash M, Chaudhary A, Al-Qahtani M. Microarray
Expression Data Identify DCC as a Candidate Gene
for Early Meningioma Progression. PLoS One. 2016;
11:e0153681. https://doi.org/10.1371/journal.pone.0153681.
PMID:27096627

67. Jia YF, Xiao DJ, Ma XL, Song YY, Hu R, Kong Y, Zheng
Y, Han SY, Hong RL, Wang YS. Differentiated embryonic
chondrocyte-expressed gene 1 is associated with hypoxiainducible factor 1α and Ki67 in human gastric cancer. Diagn
Pathol. 2013; 8:37. https://doi.org/10.1186/1746-1596-8-37.
PMID:23445622

77. Gallo C, Fragliasso V, Donati B, Torricelli F, Tameni A,
Piana S, Ciarrocchi A. The bHLH transcription factor DEC1
promotes thyroid cancer aggressiveness by the interplay
with NOTCH1. Cell Death Dis. 2018; 9:871. https://doi.
org/10.1038/s41419-018-0933-y. PMID:30158530

68. Chakrabarti J, Turley H, Campo L, Han C, Harris AL,
Gatter KC, Fox SB. The transcription factor DEC1 (stra13,
SHARP2) is associated with the hypoxic response and
high tumour grade in human breast cancers. Br J Cancer.
2004; 91:954–58. https://doi.org/10.1038/sj.bjc.6602059.
PMID:15328513

78. Koukourakis MI, Giatromanolaki A, Polychronidis
A, Simopoulos C, Gatter KC, Harris AL, Sivridis E.
Endogenous markers of hypoxia/anaerobic metabolism
and anemia in primary colorectal cancer. Cancer Sci.
2006;
97:582–88.
https://doi.org/10.1111/j.13497006.2006.00220.x. PMID:16827797

69. Charpin C, Secq V, Giusiano S, Carpentier S, Andrac L,
Lavaut MN, Allasia C, Bonnier P, Garcia S. A signature
predictive of disease outcome in breast carcinomas,
identified by quantitative immunocytochemical assays.
Int J Cancer. 2009; 124:2124–34. https://doi.org/10.1002/
www.Genes&Cancer.com

79. Li Y, Zhang H, Xie M, Hu M, Ge S, Yang D, Wan Y, Yan
B. Abundant expression of Dec1/stra13/sharp2 in colon
carcinoma: its antagonizing role in serum deprivationinduced apoptosis and selective inhibition of procaspase
16

Genes & Cancer

activation. Biochem J. 2002; 367:413–22. https://doi.
org/10.1042/bj20020514. PMID:12119049

90. Ko CH, Takahashi JS. Molecular components of the
mammalian circadian clock. Hum Mol Genet. 2006
(suppl_2); 15:R271–77. https://doi.org/10.1093/hmg/
ddl207. PMID:16987893

80. Zhang L, Yu X, Zheng L, Zhang Y, Li Y, Fang Q, Gao R,
Kang B, Zhang Q, Huang JY, Konno H, Guo X, Ye Y, et al.
Lineage tracking reveals dynamic relationships of T cells
in colorectal cancer. Nature. 2018; 564:268–72. https://doi.
org/10.1038/s41586-018-0694-x. PMID:30479382

91. Kume K, Zylka MJ, Sriram S, Shearman LP, Weaver DR,
Jin X, Maywood ES, Hastings MH, Reppert SM. mCRY1
and mCRY2 are essential components of the negative limb
of the circadian clock feedback loop. Cell. 1999; 98:193–
205.
https://doi.org/10.1016/S0092-8674(00)81014-4.
PMID:10428031

81. Wu Y, Sato F, Yamada T, Bhawal UK, Kawamoto T, Fujimoto
K, Noshiro M, Seino H, Morohashi S, Hakamada K, Abiko
Y, Kato Y, Kijima H. The BHLH transcription factor DEC1
plays an important role in the epithelial-mesenchymal
transition of pancreatic cancer. Int J Oncol. 2012; 41:1337–
46. https://doi.org/10.3892/ijo.2012.1559. PMID:22825629

92. Lee C, Etchegaray JP, Cagampang FR, Loudon AS, Reppert
SM. Posttranslational mechanisms regulate the mammalian
circadian clock. Cell. 2001; 107:855–67. https://doi.
org/10.1016/S0092-8674(01)00610-9. PMID:11779462

82. Qiu MJ, Liu LP, Jin S, Fang XF, He XX, Xiong ZF, Yang SL.
Research on circadian clock genes in common abdominal
malignant tumors. Chronobiol Int. 2019; 36:906–18. https://
doi.org/10.1080/07420528.2018.1477792. PMID:31014126

93. Okamura H, Miyake S, Sumi Y, Yamaguchi S, Yasui A,
Muijtjens M, Hoeijmakers JH, van der Horst GT. Photic
induction of mPer1 and mPer2 in cry-deficient mice lacking
a biological clock. Science. 1999; 286:2531–34. https://doi.
org/10.1126/science.286.5449.2531. PMID:10617474

83. Qiu M, Chen YB, Jin S, Fang XF, He XX, Xiong ZF, Yang
SL. Research on circadian clock genes in non-small-cell
lung carcinoma. Chronobiol Int. 2019; 36:739–50. https://
doi.org/10.1080/07420528.2018.1509080. PMID:31014124

94. Shearman LP, Sriram S, Weaver DR, Maywood ES, Chaves
I, Zheng B, Kume K, Lee CC, van der Horst GT, Hastings
MH, Reppert SM. Interacting molecular loops in the
mammalian circadian clock. Science. 2000; 288:1013–
19.
https://doi.org/10.1126/science.288.5468.1013.
PMID:10807566

84. Giatromanolaki A, Koukourakis MI, Sivridis E, Turley H,
Wykoff CC, Gatter KC, Harris AL. DEC1 (STRA13) protein
expression relates to hypoxia- inducible factor 1-alpha and
carbonic anhydrase-9 overexpression in non-small cell lung
cancer. J Pathol. 2003; 200:222–28. https://doi.org/10.1002/
path.1330. PMID:12754744

95. Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule
D, Albrecht U, Schibler U. The orphan nuclear receptor
REV-ERBalpha controls circadian transcription within
the positive limb of the mammalian circadian oscillator.
Cell. 2002; 110:251–60. https://doi.org/10.1016/S00928674(02)00825-5. PMID:12150932

85. Xu Q, Ma P, Hu C, Chen L, Xue L, Wang Z, Liu M, Zhu
H, Xu N, Lu N. Overexpression of the DEC1 protein
induces senescence in vitro and is related to better survival
in esophageal squamous cell carcinoma. PLoS One. 2012;
7:e41862. https://doi.org/10.1371/journal.pone.0041862.
PMID:22844531

96. Sato TK, Panda S, Miraglia LJ, Reyes TM, Rudic RD,
McNamara P, Naik KA, FitzGerald GA, Kay SA,
Hogenesch JB. A functional genomics strategy reveals
Rora as a component of the mammalian circadian clock.
Neuron. 2004; 43:527–37. https://doi.org/10.1016/j.
neuron.2004.07.018. PMID:15312651

86. Seino H, Wu Y, Morohashi S, Kawamoto T, Fujimoto K, Kato
Y, Takai Y, Kijima H. Basic helix-loop-helix transcription
factor DEC1 regulates the cisplatin-induced apoptotic
pathway of human esophageal cancer cells. Biomed Res.
2015; 36:89–96. https://doi.org/10.2220/biomedres.36.89.
PMID:25876658

97. Guillaumond F, Dardente H, Giguère V, Cermakian N.
Differential control of Bmal1 circadian transcription
by REV-ERB and ROR nuclear receptors. J
Biol
Rhythms.
2005;
20:391–403.
https://doi.
org/10.1177/0748730405277232. PMID:16267379

87. Shi XH, Zheng Y, Sun Q, Cui J, Liu QH, Qü F, Wang YS.
DEC1 nuclear expression: a marker of differentiation grade
in hepatocellular carcinoma. World J Gastroenterol. 2011;
17:2037–43.
https://doi.org/10.3748/wjg.v17.i15.2037.
PMID:21528084

98. Kon N, Hirota T, Kawamoto T, Kato Y, Tsubota T, Fukada
Y. Activation of TGF-beta/activin signalling resets the
circadian clock through rapid induction of Dec1 transcripts.
Nat Cell Biol. 2008; 10:1463–69. https://doi.org/10.1038/
ncb1806. PMID:19029909

88. You J, Lin L, Liu Q, Zhu T, Xia K, Su T. The correlation
between the expression of differentiated embryochondrocyte expressed gene l and oral squamous cell
carcinoma. Eur J Med Res. 2014; 19:21. https://doi.
org/10.1186/2047-783X-19-21. PMID:24758579

99. Kabasakal L, Sener G, Balkan J, Doğru-Abbasoğlu S, KeyerUysal M, Uysal M. Melatonin and beta-glucan alone or
in combination inhibit the growth of dunning prostatic
adenocarcinoma. Oncol Res. 2011; 19:259–63. https://doi.or
g/10.3727/096504011X13021877989748. PMID:21776821

89. Bhawal UK, Sato F, Arakawa Y, Fujimoto K, Kawamoto T,
Tanimoto K, Ito Y, Sasahira T, Sakurai T, Kobayashi M,
Kashima I, Kijima H, Kuniyasu H, et al. Basic helix-loophelix transcription factor DEC1 negatively regulates cyclin
D1. J Pathol. 2011; 224:420–29. https://doi.org/10.1002/
path.2878. PMID:21506129
www.Genes&Cancer.com

100. Hrushesky WJ. Circadian timing of cancer chemotherapy.
Science. 1985; 228:73–75. https://doi.org/10.1126/
science.3883493. PMID:3883493
17

Genes & Cancer

101. Fu L, Lee CC. The circadian clock: pacemaker and tumour
suppressor. Nat Rev Cancer. 2003; 3:350–61. https://doi.
org/10.1038/nrc1072. PMID:12724733

AMPK pathway. Int J Oncol. 2013; 43:1503–10. https://doi.
org/10.3892/ijo.2013.2077. PMID:23982736
112. Ivanova AV, Ivanov SV, Danilkovitch-Miagkova A, Lerman
MI. Regulation of STRA13 by the von Hippel-Lindau
tumor suppressor protein, hypoxia, and the UBC9/ubiquitin
proteasome degradation pathway. J Biol Chem. 2001;
276:15306–15. https://doi.org/10.1074/jbc.M010516200.
PMID:11278694

102. Kiss Z, Ghosh PM. WOMEN IN CANCER THEMATIC
REVIEW: circadian rhythmicity and the influence of
‘clock’ genes on prostate cancer. Endocr Relat Cancer.
2016; 23:T123–34. https://doi.org/10.1530/ERC-16-0366.
PMID:27660402
103. Wu Y, Sato F, Bhawal UK, Kawamoto T, Fujimoto K,
Noshiro M, Morohashi S, Kato Y, Kijima H. Basic helixloop-helix transcription factors DEC1 and DEC2 regulate
the paclitaxel-induced apoptotic pathway of MCF-7 human
breast cancer cells. Int J Mol Med. 2011; 27:491–95. https://
doi.org/10.3892/ijmm.2011.617. PMID:21327324

113. Rivlin N, Brosh R, Oren M, Rotter V. Mutations in the
p53 Tumor Suppressor Gene: Important Milestones at
the Various Steps of Tumorigenesis. Genes Cancer. 2011;
2:466–74.
https://doi.org/10.1177/1947601911408889.
PMID:21779514
114. Lane DP, Midgley CA, Hupp TR, Lu X, Vojtesek B, Picksley
SM. On the regulation of the p53 tumour suppressor, and
its role in the cellular response to DNA damage. Philos
Trans R Soc Lond B Biol Sci. 1995; 347:83–87. https://doi.
org/10.1098/rstb.1995.0013. PMID:7746859

104. Bi H, Li S, Qu X, Wang M, Bai X, Xu Z, Ao X, Jia Z,
Jiang X, Yang Y, Wu H. DEC1 regulates breast cancer cell
proliferation by stabilizing cyclin E protein and delays
the progression of cell cycle S phase. Cell Death Dis.
2015; 6:e1891. https://doi.org/10.1038/cddis.2015.247.
PMID:26402517

115. Lakin ND, Jackson SP. Regulation of p53 in response to
DNA damage. Oncogene. 1999; 18:7644–55. https://doi.
org/10.1038/sj.onc.1203015. PMID:10618704

105. Turley H, Wykoff CC, Troup S, Watson PH, Gatter KC,
Harris AL. The hypoxia-regulated transcription factor
DEC1 (Stra13, SHARP-2) and its expression in human
tissues and tumours. J Pathol. 2004; 203:808–13. https://
doi.org/10.1002/path.1585. PMID:15221940

116. Hoare M, Narita M. The Power Behind the Throne:
Senescence and the Hallmarks of Cancer. Annu Rev Cancer
Biol. 2018; 2:175–94. https://doi.org/10.1146/annurevcancerbio-030617-050352

106. Ivanov SV, Salnikow K, Ivanova AV, Bai L, Lerman MI.
Hypoxic repression of STAT1 and its downstream genes
by a pVHL/HIF-1 target DEC1/STRA13. Oncogene.
2007; 26:802–12. https://doi.org/10.1038/sj.onc.1209842.
PMID:16878149

117. Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. The
essence of senescence. Genes Dev. 2010; 24:2463–79.
https://doi.org/10.1101/gad.1971610. PMID:21078816
118. Qian Y, Zhang J, Yan B, Chen X. DEC1, a basic helix-loophelix transcription factor and a novel target gene of the p53
family, mediates p53-dependent premature senescence. J
Biol Chem. 2008; 283:2896–905. https://doi.org/10.1074/
jbc.M708624200. PMID:18025081

107. Ivanova AV, Ivanov SV, Zhang X, Ivanov VN, Timofeeva
OA, Lerman MI. STRA13 interacts with STAT3 and
modulates transcription of STAT3-dependent targets. J
Mol Biol. 2004; 340:641–53. https://doi.org/10.1016/j.
jmb.2004.05.025. PMID:15223310

119. Kim J, D’Annibale S, Magliozzi R, Low TY, Jansen
P, Shaltiel IA, Mohammed S, Heck AJ, Medema RH,
Guardavaccaro D. USP17- and SCFβTrCP—regulated
degradation of DEC1 controls the DNA damage response.
Mol Cell Biol. 2014; 34:4177–85. https://doi.org/10.1128/
MCB.00530-14. PMID:25202122

108. Hu J, Mao Z, He S, Zhan Y, Ning R, Liu W, Yan B, Yang J.
Icariin protects against glucocorticoid induced osteoporosis,
increases the expression of the bone enhancer DEC1 and
modulates the PI3K/Akt/GSK3β/β-catenin integrated
signaling pathway. Biochem Pharmacol. 2017; 136:109–21.
https://doi.org/10.1016/j.bcp.2017.04.010. PMID:28408345

120. Qian Y, Jung YS, Chen X. Differentiated embryochondrocyte expressed gene 1 regulates p53-dependent cell
survival versus cell death through macrophage inhibitory
cytokine-1. Proc Natl Acad Sci USA. 2012; 109:11300–05.
https://doi.org/10.1073/pnas.1203185109 PMID:22723347

109. Bhawal UK, Ito Y, Tanimoto K, Sato F, Fujimoto K,
Kawamoto T, Sasahira T, Hamada N, Kuniyasu H, Arakawa
H, Kato Y, Abiko Y. IL-1β-mediated up-regulation of DEC1
in human gingiva cells via the Akt pathway. J Cell Biochem.
2012; 113:3246–53. https://doi.org/10.1002/jcb.24205.
PMID:22644784

121. Phadke M, Krynetskaia N, Mishra A, Krynetskiy E.
Accelerated cellular senescence phenotype of GAPDHdepleted human lung carcinoma cells. Biochem Biophys
Res Commun. 2011; 411:409–15. https://doi.org/10.1016/j.
bbrc.2011.06.165. PMID:21749859

110. Sato F, Muragaki Y, Zhang Y. DEC1 negatively regulates
AMPK activity via LKB1. Biochem Biophys Res
Commun. 2015; 467:711–16. https://doi.org/10.1016/j.
bbrc.2015.10.077. PMID:26498531

122. Morikawa M, Derynck R, Miyazono K. TGF-β and the
TGF-β Family: Context-Dependent Roles in Cell and
Tissue Physiology. Cold Spring Harb Perspect Biol. 2016;
8:a021873. https://doi.org/10.1101/cshperspect.a021873.

111. Yi G, He Z, Zhou X, Xian L, Yuan T, Jia X, Hong J, He
L, Liu J. Low concentration of metformin induces a p53dependent senescence in hepatoma cells via activation of the

www.Genes&Cancer.com

18

Genes & Cancer

PMID:27141051

under hypoxia by promoting Survivin expression. Gastric
Cancer. 2018; 21:632–42. https://doi.org/10.1007/s10120017-0780-z. PMID:29204860

123. Wu Y, Liu Q, Yan X, Kato Y, Tanaka M, Inokuchi S,
Yoshizawa T, Morohashi S, Kijima H. Podoplanin-mediated
TGF-β-induced epithelial-mesenchymal transition and
its correlation with bHLH transcription factor DEC in
TE-11 cells. Int J Oncol. 2016; 48:2310–20. https://doi.
org/10.3892/ijo.2016.3445. PMID:27035755

133. Wang XP, Wang QX, Lin HP, Chang N. Anti-tumor
bioactivities of curcumin on mice loaded with gastric
carcinoma. Food Funct. 2017; 8:3319–26. https://doi.
org/10.1039/C7FO00555E. PMID:28848967

124. Ehata S, Hanyu A, Hayashi M, Aburatani H, Kato Y,
Fujime M, Saitoh M, Miyazawa K, Imamura T, Miyazono
K. Transforming growth factor-beta promotes survival
of mammary carcinoma cells through induction of
antiapoptotic transcription factor DEC1. Cancer Res. 2007;
67:9694–703. https://doi.org/10.1158/0008-5472.CAN-071522. PMID:17942899

134. Peng Y, Liu W, Xiong J, Gui HY, Feng XM, Chen RN, Hu
G, Yang J. Down regulation of differentiated embryonic
chondrocytes 1 (DEC1) is involved in 8-methoxypsoraleninduced apoptosis in HepG2 cells. Toxicology. 2012;
301:58–65.
https://doi.org/10.1016/j.tox.2012.06.022.
PMID:22796345
135. Xiong J, Yang H, Luo W, Shan E, Liu J, Zhang F, Xi T, Yang
J. The anti-metastatic effect of 8-MOP on hepatocellular
carcinoma is potentiated by the down-regulation of
bHLH transcription factor DEC1. Pharmacol Res. 2016;
105:121–33. https://doi.org/10.1016/j.phrs.2016.01.025.
PMID:26808085

125. Maxwell PH, Pugh CW, Ratcliffe PJ. Activation of the HIF
pathway in cancer. Curr Opin Genet Dev. 2001; 11:293–
99.
https://doi.org/10.1016/S0959-437X(00)00193-3.
PMID:11377966
126. Pugh CW, Ratcliffe PJ. The von Hippel-Lindau tumor
suppressor, hypoxia-inducible factor-1 (HIF-1) degradation,
and cancer pathogenesis. Semin Cancer Biol. 2003; 13:83–
89.
https://doi.org/10.1016/S1044-579X(02)00103-7.
PMID:12507560

136. Murakami K, Wu Y, Imaizumi T, Aoki Y, Liu Q, Yan X,
Seino H, Yoshizawa T, Morohashi S, Kato Y, Kijima H.
DEC1 promotes hypoxia-induced epithelial-mesenchymal
transition (EMT) in human hepatocellular carcinoma
cells. Biomed Res (Aligarh). 2017; 38:221–27. https://doi.
org/10.2220/biomedres.38.221. PMID:28794399

127. Zünd G, Nelson DP, Neufeld EJ, Dzus AL, Bischoff
J, Mayer JE, Colgan SP. Hypoxia enhances stimulusdependent induction of E-selectin on aortic endothelial
cells. Proc Natl Acad Sci USA. 1996; 93:7075–80. https://
doi.org/10.1073/pnas.93.14.7075. PMID:8692947

137. Kaufman HL, Russell J, Hamid O, Bhatia S, Terheyden
P, D’Angelo SP, Shih KC, Lebbé C, Linette GP, Milella
M, Brownell I, Lewis KD, Lorch JH, et al. Avelumab in
patients with chemotherapy-refractory metastatic Merkel
cell carcinoma: a multicentre, single-group, open-label,
phase 2 trial. Lancet Oncol. 2016; 17:1374–85. https://doi.
org/10.1016/S1470-2045(16)30364-3. PMID:27592805

128. Wenger RH. Mammalian oxygen sensing, signalling
and gene regulation. J Exp Biol. 2000; 203:1253–63.
PMID:10729275
129. Currie MJ, Hanrahan V, Gunningham SP, Morrin HR,
Frampton C, Han C, Robinson BA, Fox SB. Expression
of vascular endothelial growth factor D is associated with
hypoxia inducible factor (HIF-1alpha) and the HIF-1alpha
target gene DEC1, but not lymph node metastasis in primary
human breast carcinomas. J Clin Pathol. 2004; 57:829–34.
https://doi.org/10.1136/jcp.2003.015644. PMID:15280403

138. Li C, Zhu B, Son YM, Wang Z, Jiang L, Xiang M, Ye Z,
Beckermann KE, Wu Y, Jenkins JW, Siska PJ, Vincent
BG, Prakash YS, et al. The Transcription Factor Bhlhe40
Programs Mitochondrial Regulation of Resident CD8+ T
Cell Fitness and Functionality. Immunity. 2019; 51:491–
507.e7.
https://doi.org/10.1016/j.immuni.2019.08.013.
PMID:31533057

130. Van den Eynden GG, Van der Auwera I, Van Laere SJ,
Colpaert CG, Turley H, Harris AL, van Dam P, Dirix LY,
Vermeulen PB, Van Marck EA. Angiogenesis and hypoxia
in lymph node metastases is predicted by the angiogenesis
and hypoxia in the primary tumour in patients with
breast cancer. Br J Cancer. 2005; 93:1128–36. https://doi.
org/10.1038/sj.bjc.6602828. PMID:16251878

139. Liu T, Liu F, Peng LW, Chang L, Jiang YM. The Peritoneal
Macrophages in Inflammatory Diseases and Abdominal
Cancers. Oncol Res. 2018; 26:817–26. https://doi.org/10.37
27/096504017X15130753659625. PMID:29237519
140. Jarjour NN, Bradstreet TR, Schwarzkopf EA, Lin C, Cook
ME, Huang SC, Taneja R, Randolph GJ, Urban JF, Edelson
BT. The transcription factor Bhlhe40 is a novel regulator
of large peritoneal macrophages and type 2 immunity. The
Journal of Immunology. 2018; 200: 52.38-52.38.

131. Campo L, Turley H, Han C, Pezzella F, Gatter KC, Harris
AL, Fox SB. Angiogenin is up-regulated in the nucleus
and cytoplasm in human primary breast carcinoma and
is associated with markers of hypoxia but not survival.
J Pathol. 2005; 205:585–91. https://doi.org/10.1002/
path.1740. PMID:15776477

141. Ming X, Bao C, Hong T, Yang Y, Chen X, Jung YS, Qian Y.
Clusterin, a Novel DEC1 Target, Modulates DNA DamageMediated Cell Death. Mol Cancer Res. 2018; 16:1641–
51.
https://doi.org/10.1158/1541-7786.MCR-18-0070.
PMID:30002194

132. Jia Y, Hu R, Li P, Zheng Y, Wang Y, Ma X. DEC1 is
required for anti-apoptotic activity of gastric cancer cells
www.Genes&Cancer.com

19

Genes & Cancer

