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The bHLH-Orange transcriptional repressor BHLHE41 is considered a member of the fifth clock gene family. Diverse mechanisms of gene
expression regulation and interaction with numerous transcription factors, epigenetic modifiers and master regulators often in feedback
loops characterize BHLHE41 activity. BHLHE41 may be involved in oncogenesis by various mechanisms due to its pleiotropic functions.
Responsive to various signals such as hypoxia or chemotherapeutics, BHLHE1 controls cell fate as a regulator of proliferation, differentia-
tion, DNA damage repair and apoptosis. Conflicting reports of pro- and anti-tumoral effects suggest context-dependent and tumor-specific
effects. BHLHE1 involvement in key mechanisms repeatedly reported include the hypoxia response and the inhibition of apoptosis and
epithelial-mesenchymal transition. The sensitive balance between BHLHE41 and its paralog BHLHE40, characterized by shared and non-
redundant complementary or opposing moonlighting functions, may be critical in oncogenesis. Addressing the functional complexity and
heterogeneity as well as the short and long term dynamics of BHLHE41 biology by emerging spatial and temporal omics technologies may
be of practical importance for precision oncology and personalized care, drug development and selection, early diagnosis and patient moni-

toring, or chrono-chemotherapy.
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Introduction
Members of the large superfamily of bHLH (basic helix-
loop-helix) transcription factors have pivotal roles in vari-
ous processes including the circadian clock and cell fate
decision, crucial for diverse conditions from embryonic
development to oncogenesis. The bHLH transcriptional
repressors BHLHE40 (DEC1, SHARP2) and BHLHE41
(DEC2, SHARP1) are encoded by the fifth clock gene
family, acting as an ancillary transcriptional-translational
feedback loop of the molecular clock mechanism [1]. In
addition to the shared effects, the two paralogs have several
non-redundant complementary or opposing moonlighting
functions related to differences in their structure, gene ex-
pression pattern and interactions with other proteins [2].
Circadian disruption increases the risk of disease devel-
opment, and clock transcription factors may be implicated
in various pathologies including tumorigenesis [3]. Inves-
tigation of BLHLE41 involved in the regulation of the
circadian rhythm, sleep homeostasis and immunity may
offer insight to the relationship of the molecular clock and
disease development, as succinctly phrased by Kurien et
al. “Genes that make you tick can make you sick” [4]. The
contradictory findings about the presumed context-depen-
dent pro- or anti-tumoral effects remain, however, incom-
pletely clarified. BLHLE41 structural characteristics, gene
expression regulatory mechanisms and role in oncogenesis
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is reviewed. Possible sources of conflicting observations
and research gaps, as well as opportunities for new studies
associated with potential clinical implications using emerg-
ing technologies are addressed.

I. Gene and protein structure and function

The gene BHLHE41 or BHLHB3 encodes a basic helix-
loop-helix (bBHLH) transcription factor, which contains an
Orange domain (BHLHE), and binds to E-box sequences
(BHLHB) [5]. (Table I) Due to the presence of the Orange
domain, BHLHE41 is a member of the forth subfamily
of bBHLH-O proteins, the repressor family of bHLH tran-
scription factors. Unlike the other class members, however,
BHLHE41 contains no WRPW (Trp-Arg-Pro-Trp) tetra-
peptide sequence necessary for recruiting the co-repressor
Grouchy [6].

The N-terminal half comprises the bHLH region (po-
sition 44-99) necessary for DNA-binding and homo- or
hetero-dimerization. It includes also the LXXLL motif
(position 67-71) responsible for the interaction with reti-
noid nuclear receptors [5,7]. The Orange domain is situ-
ated towards the central region (position 131-166), and
possibly serves target specificity and transcriptional re-
pression by interaction with other proteins [5,6]. The C-
terminal half is required for interaction with HDACI. It
contains a proline-rich region towards the end including
also the P384R mutation critical for sleep length, which is
preceded by a region rich in alanine and glycine absent in
BHLHEA40 [2,5,7,8].
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Table 1. Gene and protein characteristics [5]

Symbol Name Cytogenetic  Genomic location Gene size Number of Protein size Molecular

(Aliases) locus (GRCh38) exons mass

BHLHE41 Basic Helix-Loop-Helix Family, Member E41 12p12.1 chr12: 5008 bases 5 482 50498 Da

BHLHB3 Basic Helix-Loop-Helix Domain-Containing 26119000-26127601 amino acids

Protein, Class B, 3
DEC2 Differentially Expressed In
Chondrocytes Protein 2
SHARP1 Homolog Of Enhancer of Split-

and Hairy-Related Protein 1

The paralogs share an overall homology of approximate-
ly 42%, with a high similarity in the conserved bHLH re-
gion (-97%) and a more diverse structure in the rest of
the proteins, including moderate similarities in the Orange
domain (52%) [8]. While the highly conserved bHLH do-
main may explain the redundant paralog functions carried
out by direct DNA binding at E-box sequences, the major
differences in the rest of the protein structures may explain
the non-redundant effects dependent on interactions with
various transcription factors and epigenetic modifiers.
(Figure 1)

The conserved bHLH domain is necessary for DNA-
binding and formation of homodimers or heterodimers
with BHLHE40 or other bHLH proteins [9,10]. Muta-
tion analysis demonstrated that the basic region is essential
for the suppressive activity. 57Arg is conserved among the
group B bHLH proteins which can bind to the CACGTG
sequence characteristic for the regulatory E-box of target
genes; 57Arg but not 48Pro was found essential for the
BHLHE41 suppressive activity on the CLOCK:BMAL-
mediated trans-activation [10]. Post-translational modi-
fications include ubiquitination and sumoylation [2,9].
Ubiquitination leads to proteasomal degradation, while
sumoylation at evolutionarily conserved sites inhibits
ubiquitination. Sumoylation promotes the repressor activ-
ity by assisting the association with chromatin-modifying

Orange
domai

Homo-/
bli::lNd‘itr\{g hetero-
dimerization

enzymes such as the methyl-transferase G9a, critical for
specific functions [10-12].

BHLHEFE4] is widely expressed, though the expression
pattern is more restricted compared to the ubiquitous ex-
pression of BHLHE40 [2,8]. Expression starts during em-
bryonic development, increasing until adulthood, and is
highest in the brain [13-15]. BHLHE41 presents circadian
expression both in the central clock and the peripheral
clocks [1,16].

The BHLHE41 promoter harbors two E-boxes
(5°-CACGTG-3’) which allow the core clock activator
binding dictating its expression with a circadian rhyth-
micity. By binding to the E-box regulatory sequences
within the promoter, BHLHE4] transcription is un-
der the control of the core clock transcriptional activator
CLOCK(NPAS2):BMAL1(BMAL2) heterodimer and the
repressor PER:CRY inhibiting transactivation, following
a repressor-precedes-activator pattern [1,17]. Creating an
auxiliary transcriptional-translational feed-back loop (DEC
loop), BHLHE40 and BHLHE41 repress their own and
their paralog’s transcription through E-box binding [18].

The promoter of BHLHF4I contains no TATA-box,
but two E-box sequences at -0.3 and -1.8 kb [2]. Various
response elements (RE) render gene expression responsive
to various transcription factors and stimuli, though less
numerous than in case of BHLHE40 [2,19]. Hypoxia,
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Fig. 1. BHLHE40 and BHLHE41 structure: conserved domains and major differences
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nutrients, cytokines and growth factors may modulate
gene expression, suggesting BHLHE41 involvement in
diverse physiological responses and various moonlighting
functions with pathological implications. BHLHE41 was
identified in a model for neurite growth studies induced
by NGE being considered an important factor for neu-
ronal growth, differentiation and survival [13]. The clock
nuclear receptor activator ROR-alpha regulates BHLHE41
gene activity through the regulatory sequences RORE,
which gains special importance during adipogenesis [20].
The Kruppel-like zinc finger transcription factors GLI1
and GLI2 modulate BHLHE4I expression through GLI-
binding site, leading to repressed mismatch repair (MMR)
in cancer cells [21]. BHLHEA41 is required for the initial
Th2 lineage commitment induced by GATA3 [22]. BHL-
HE41 plays a key role in the hypoxia response through
its two HREs, binding HIF-1 rapidly, with higher affinity
than BHLHEA40 [23].

BHLHE41 may repress gene expression by various
mechanisms. Transcriptional regulation is highly de-
pendent on protein structure, and involves the conserved
domain responsible for direct DNA binding, or less
conserved domains allowing protein interactions with epi-
genetic modifiers and other transcription factors. Acting
in the nucleus as a transcription factor, BHLHE41 may
carry out the repression of gene expression in various and
combined ways, by active and passive mechanisms, both
by binding to DNA and interacting directly or indirectly
with other transcription factors and epigenetic writers or
erasers [9,11-12,18,24-30]. BHLHE41 may act, however,
also at post-transcriptional level in the cytoplasm, regu-
lating target protein stability and activity. Interestingly, it
may demonstrate even earlier and higher repression activ-

ity than BHLHE40 [24].

Il. BHLHE41 in oncogenesis-

I.1. Reports of pro- and anti-tumoral effects

By regulating the circadian clock and sleep, hypoxia and
DNA-damage response, cell cycle progression and apop-
tosis, EMT (epithelial-mesenchymal transition) and cell
migration, angiogenesis and immunity, or even drug me-
tabolism, BHLHE41 may contribute to tumor develop-
ment, malignant progression and therapeutic response by
multiple mechanisms [2,3,4,30]. BHLHE41 dysregula-
tion was identified in various tumors, however, the nu-
merous studies reported also conflicting observations.
BHLHE41 was reported both as cancer promoting and
suppressive [31]. Though considered a tumor suppressor,
it may act also as a driver of tumor progression. It was
also suggested that BHLHE41 might be critical for cancer
development, but not always necessary for maintaining
advanced tumors [32].

I.1.1. Breast, ovarian, endometrial and prostate cancer
In breast cancer, BHLHE41 may serve as a tumor suppres-
sor. Its lower expression is associated with a more aggres-
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sive pathogenic grade and poor overall survival in ER- and
HER2-positive cases [33]. In triple-negative breast cancer,
BHLHE41 is considered a crucial regulator of the inva-
sive and metastatic phenotype. Regulated by the metastasis
suppressor P63, member of the P53 family, BHLHE41
inhibits cancer aggressiveness by blunting the HIF-in-
duced malignant cell behavior [34]. It may oppose the
HIF-dependent cancer cell migration through inhibition
of HIF-1-alpha and HIF-2-alpha, promoting the protea-
somal degradation of HIF [24,33]. Investigation of the
hypoxia-induced expression of BHLHE40 and BHLHE41
in MCF-7 human breast cancer cells, however, found that
the expression pattern of BHLHE41 and HIF-2-alpha
was identical, and over-expression of BHLHE41 increased
proliferation under both normoxic and hypoxic conditions
[35]. As a target gene for the PI3K/Akt signaling path-
way, BHLHE41 over-expression due to hypoxia exposure
resulted in up-regulated expression of c-Myc, and thus
hypoxia-induced cell proliferation [35].

In MCF-7 breast cancer cells, the expression of both
BHLHE40 and BHLHE41 is increased by Paclitaxel in
a dose-dependent manner, but BHLHE41 up-regulation
is higher than that of BHLHE40. BHLHE41 was found
having anti-apoptotic effect both with and without Pacli-
taxel treatment, its knock-down leading to increased apop-
tosis [36,37]. The therapeutic effect of the RXR-selective
vitamin A analogs in ER-negative mammary tumorigenesis
also involves BHLHE41. Bexarotene represses cyclin D1
by inducing the expression of BHLHE41, and BHLHE41
represses the transcription of the gene encoding cyclin D1
by HDACI recruitment to the promoter [38].

BHLHEA4] is considered a characteristic gene of ovarian
clear cell carcinoma and high-grade serous carcinoma [39].
In endometrial carcinogenesis and tumor phenotype devel-
opment, activation of the HIF-1 pathway and BHLHE41
have key roles. Hypoxia causes an increase in HIF-1 alpha
expression and the expression of its target genes, includ-
ing BHLHE41. The expression of BHLHE41 was found
significantly higher in atypical hyperplasia tissues and car-
cinoma compared to normal cells [40]. However, in endo-
metrial cancer also suppression of EMT by BHLHE41 was
described, linked to the NOTCHI signaling pathway. The
over-expression of BHLHE41 attenuated EMT, and lead to
inhibited cell migration, invasion and metastasis [41]. In ad-
dition, in endometrial cancer cells BHLHE41 was found in-
hibiting invasion and EMT also by regulation of TWIST1,
competing with SP1 for promoter binding sites [42].

In prostate cancer, BHLHE40 and BHLHE41 demon-
strate opposite effects on apoptosis and TGF-beta induced
EMT [43, 44]. When investigated in human prostate
cancer DU145 and PC-3 cells, under Paclitaxel treat-
ment, BHLHE40 and BHLHE41 expression decreased
in DU145 cells and increased in PC-3 cells. BHLHE41
was found exerting anti-apoptotic effect on the Paclitaxel-
induced apoptosis, the knock-down of BHLHE41 increas-
ing, while that of BHLHE40 decreasing the amount of



Acta Marisiensis - Seria Medica 2026;72(2)

cleaved PARP [43]. In PC-3 cells, TGFp increased BHL-
HE40, but decreased BHLHE41 levels. The knock-down
of BHLHEA40 decreased, while that of BHLHE41 pro-
moted a more metastatic phenotype, associated with the
opposite effects on EMT, as shown by the mesenchymal
marker N-cadherin and vimentin activation and epithelial
marker E-cadherin suppression [44].

11.1.2. Osteosarcoma
BHLHE41 is expressed at higher levels in chondroblas-
tic than osteoblastic osteosarcoma, and has a key role in
cell proliferation and apoptosis resistance. In the human
chondroblastic-like osteosarcoma cell line MNNG/HOS,
over-expression of BHLHE41 affects the proliferation of
the cells by activating the VEGFC/VEGFR2 signaling
pathway. The enhanced BHLHE41 expression leads to
increased VEGFR2 expression, as well as increased phos-
phorylation levels at sites Y951 and Y1175 of VEGFR2
[45]. While activation of VEGFR2y,,,5 was found in-
creasing cell proliferation through VEGFR2y,,,5-PLCy1-
PKC-SPHK-MEK-ERK signaling, the activation of VEG-
FR2y,s, decreased mitochondria-dependent apoptosis rate
through VEGFR2,,s,-VARP-PI3K-AKT signaling [45].
Interestingly, while BHLHE41 is known to promote
HIF-1-alpha degradation, in osteosarcoma it facilitates
HIF-1-alpha stabilization and promotes HIF-1 activation.
In a tumor-specific manner, in human osteosarcoma BHL-
HE41 expression is positively correlated with HIF-1-alpha
levels and a poor prognosis, contributing to progression and
metastasis though a BHLHE41-HIF-1 vicious cycle [46].
In tumorigenesis, BHLHE41 may be involved also as
the target of various miRNAs, and the mutual regulation
between BHLHE41 and miRNAs may have potential
therapeutic implications. For instance, in osteosarcoma
miR-138 or miR-301 inhibit cell proliferation and inva-
sion at least in part by regulation of BHLHE41 [47,48].

11.1.3. Renal cell carcinoma
BHLHE41 polymorphisms were described in association
with renal cell carcinoma risk.

In the development of renal cell carcinoma, HIFs play
essential roles, and rs12814794 by A>G leads to a modi-
fied BHLHE41 promoter sequence introducing a novel
HIF-1 binding site, which may allow increased expression
by the hypoxia-induced transcription factor [49].

Associated with clear cell renal carcinoma, independent
of HIF involvement, rs7132434 was described introducing
an additional AP-1 binding site, while a lower frequency
methylation in the 3’-UTR was reported, correlating with
BHLHE41 over-expression and tumor growth promotion

(32,50,51].

I.1.4. Gastrointestinal tumors

BHLHE41 may modulate tumor cell dormancy. In sali-
vary adenoid cystic carcinoma, BHLHE41 over-expression
was found limiting tumor growth, inhibiting cell prolifera-
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tion and increasing the cell population arrested in G0/G1
phase. Decreased BHLHE41 levels were found associated
with dormancy exit resulting in primary tumor growth and
lung metastasis, possibly related to hypoxia and EMT ac-
tivation [52]. In oral cancer HSC-3 but not CA9-22 cells,
BHLHE41 expression was shown to be up-regulated by
Cisplatin treatment, and BHLHE41 over-expression asso-
ciated with the inhibition of the pro-apoptotic factor Bim,
explaining the inhibition of medication-induced apoptosis
(53].

In esophageal squamous cell carcinoma, besides the
marked inhibition of the proapoptotic Bim, a slight in-
crease of the antiapoptotic BelxL expression may also con-
tribute to antagonizing the Cisplatin-induced apoptosis
and improved cell viability by BHLHE41 [54]. miR-873,
which acts as a tumor suppressor by targeting BHLHE41,
and inhibits cancer cell growth, migration and invasion, is
under-expressed in esophageal cancer [55].

In gastric cancer, BHLHE41 expression appears lower,
negatively correlated with malignancy progression. BHL-
HE41 inhibits proliferation, induces apoptosis, shows
positive correlation with the EMT regulator E-cadherin.
The anti-metastatic effect is mediated by inhibition of the
ERK/NF-kB pathway [56].

In pancreatic cancer, BHLHE41 levels appear low com-
pared to the significant amounts found in the adjacent
non-cancerous pancreatic tissues. BHLHE41 may inhibit
the progression of pancreatic cancer involving TGF-beta
and SLUG. In the presence of TGF-beta, BHLHE41 over-
expression decreased the migration and invasion of BxPC-
3 cells, while knock-down of BHLHEA41 in the presence of
TGEF-beta significantly increased the expression and nucle-
ar concentration of SLUG [57]. Activation of GLI1, a key
molecule of the Hedgehog signaling pathway, represses
the MMR activity, contributing to the development and
progression of pancreatic cancer through the BHLHE41-
dependent suppression of MLH1 [21]. Tumor hypoxia
may also cause a functional loss of MMR through the
HIF-induced BHLHE41 down-regulation of MLH1 ex-
pression [58].

In colon cancer models, BHLHE41 over-expression
blocked the cell cycle, induced apoptosis, decreased migra-
tion and invasion, by reducing the level of HIF-1-alpha
and EMT-related proteins [59].

11.1.5. Other malignancies

In lung cancer, BHLHE41 was proposed as a tumor sup-
pressor, inhibiting colony formation mainly through the
down-regulation of CCDNI encoding cyclin D1 [60].
Compared to the normal tissue, a decreased expression
characterizes the adenocarcinoma cells, while a better
prognosis may associate with higher expression. Prevent-
ing early malignant progression by inducing autophagic
cell death, BHLHE41 expression constitutes a favorable
prognostic factor in non-small cell lung cancer develop-
ment [61].
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In glioma and glioblastoma, pro-tumoral effects of
BHLHE41 is suggested by promotion of proliferation in
U87 and U251 cell lines through the ERK/cyclinD1 sig-
naling pathway [62].

BHLHE41 was reported significantly down-regulated in
TT and TPC-1 thyroid cancer cell lines, and up-regulated
in other thyroid cancer cell lines. Over-expression in TT
and TPC-1 cells inhibited cell viability, migration and in-
vasion associated with decreased HIF-1-alpha, suggesting
a tumor suppressor role through HIF-1-alpha effects [63].

According to RNA interference viability assay screening,

BHLHE41 appears as an essential gene in hematological
malignancies [30]. Increased BHLHE41 expression as-
sociates with poor survival of patients with leukemia and
myeloma. A unique oncogenic role of BHLHE41 was de-
scribed in acute myeloid leukemia with a rearrangement in-
volving the large histone methyltransferase encoding MLL,
by the translocation t(6;11)(q27;p23) named MLL-AF6
(32, 64]. BHLHEA41 is considered an oncogenic driver in
the MLL-AF6 acute myeloid leukemia characterized by the
worst prognosis of MLL rearrangement associated forms.
As a target of MLL-AF6, BHLHE41 over-expression is
involved in disease promotion by activating genes critical
for cell survival, crucial for maintaining clonogenic growth
and preventing apoptosis. The suppression of BHLHE41
was found robustly inducing apoptosis, reducing growth
and colony formation of blast cells, without affecting nor-
mal hematopoiesis [64].

Breast cancer [24, 33, 34]1
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Il. 2. Possible sources of conflicting observations and
future perspectives

I1.2.1. Tumor-specific effects resulting from dynamic con-
text-dependent changes

Interpreting the available data, the pro-tumoral and an-
ti-tumoral effects observed in various types of neopla-
sia remains challenging. (Figure 2) According to current
GEPIA data, the highest BHLHE41 expressions charac-
terize ovarian serous cystadenocarcinoma, thyroid carci-
noma, stomach adenocarcinoma and clear cell renal cell
carcinoma [65]. Systematic analysis of knockout mice, in
vitro models, genetic analysis of tumor cells and immuno-
histochemical studies of clinical samples demonstrate the
complexity of BHLHE41 functions and involvement in
oncogenesis, and suggest that the contradictory findings
may be related to the context-dependent actions and the
limitations of study design in case of a circadian transcrip-
tion factor influenced by stress factors [31,32].

A high degree of complexity characterizes BHLHE41.
BHLHE41 may be the target of multiple signaling path-
ways, and may have tumor-specific effects. The context-
dependent BHLHE41 molecular function may be the
result of environmental changes and varying interacting
molecules. Situated at the intersection of key signaling
pathways and fundamental mechanisms involved in onco-
genesis, BHLHE41 may act as a molecular switch critical
for health or disease development.
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Fig. 2. Pro-tumoral (red) and anti-tumoral (green) effects of BHLHE41 reported in various tumors
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Reports of involvement in oncogenesis suggest diverse
mechanisms of activation and pleiotropic functions. For
instance, it may act as a target for the histone methyltrans-
ferase MLL, and key pathways such as PI3K/Akt or Shh
signaling [21,35,64]. In addition to cytokines and growth
factors, various types of stress like exposure to hypoxia
or chemotherapeutic agents affect BHLHE41 expression
[16,23,24,28,38,40,53]. Finally, BHLHE41 is a mul-
tifaceted regulatory protein, and in response to the vari-
ous signals, it may regulate directly and indirectly crucial
elements of tumor development and progression, like the
master regulators of cell proliferation, DNA damage re-
pair, apoptosis, EMT, cell migration, invasion, angiogen-
esis or immunity [21,22,34-38,43,45,53,57,58,62].

BHLHEA41 and apoptosis

Apoptosis appears as the major process involved in tumori-
genesisaffected by BHLHEA41. Its complex role in apoptosis
regulation may be critical for both tumor development and
therapeutic response. With or without treatment, BHL-
HE41 has an anti-apoptotic effect demonstrated in various
breast, prostate, oral and esophageal cancer cell lines; how-
ever, tumor-specific and context-dependent pro-apoptotic
effects were attributed to BHLHE41 in acute myeloid leu-
kemia or gastric cancer [36,37,43,53,54,56,64].

The tightly regulated cell death program may be modu-
lated by BHLHE41 in various ways. Firstly, BHLHE41
may reduce the expression of such pro-apoptotic proteins
as Bim [53,54]. Induced by TNF-alpha, BHLHE41 over-
expression leads to reduced caspase-8 and cleaved PARP by
repressed expression of the pro-apoptotic proteins Fas and
Bax, possibly through the E-box elements present in their
regulatory sequences [36]. BHLHE41 over-expression
may also associate with a slight increase in the expression
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of the anti-apoptotic Bcl-xL [54]. In case of BHLHEA41
knock-down, an increased amount of cleaved Bid was ob-
served after treatment with TNF-alpha [36]. In addition,
BHLHE41 may modulate apoptosis indirectly, regulat-
ing the expression of such key molecules as cyclin D1, c-
myc or VEGEFR involved in regulating tumorigenesis by
controlling the cell cycle, proliferation or angiogenesis
(35,38,45,62] (Figure 3). Moreover, BHLHE41 levels may
change after the administration of chemotherapy, and the
efficacy of intervention may be modulated by its anti-ap-

optotic effects [37,43,53,54].

BHLHE40 and BHLHEA41 interplay

BHLHE40 and BHLHE41 interplay adds a further layer
to complexity, and the paralog dominance could be crucial
also for the cell fate. While BHLHE40 appears critical for
cell senescence regulation, BHLHE41 seems important for
apoptosis control. Interestingly, the differences between the
paralogs become most evident during oncogenesis, when
BHLHE40 and BHLHE41 may demonstrate opposite ef-
fects on processes such as apoptosis or EMT [31,43,44].
Similarities and differences of BHLHE40 and BHLHE41
structure, expression pattern, response to external and in-
ternal stimuli, protein interactions, and mutual regulation
may explain the complex redundant, complementary or
antagonistic effects.

The similar structure in the conserved bHLH domain
may determine the shared functions, while structural dif-
ferences in the C-terminal half may be responsible for the
non-redundant functions related to different interactions.
Coordinated interactions and complementary collabora-
tions of the paralogs have been identified in case of the fine
regulation of the circadian rhythm or hypoxia response
[23,24], while functional antagonism or opposing effects
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Fig. 3. BHLHE41 regulatory roles of apoptosis in oncogenesis
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have been described in apoptosis and EMT regulation
(43,44]. Opposing roles during tumor development could
be related to different protein-protein interactions, and
mutual transcriptional repression could lead to antagonis-
tic effects.

Paralog levels present opposing tendencies in tumor
cells, and the sensitive balance between BHLHE40 and
BHLHE41 could have important functional conse-
quences during carcinogenesis [31,44]. Dysregulation by
different stimuli and regulatory pathways of BHLHE40
and BHLHE41 may lead to an altered balance, and the
predominant form and mutual down-regulation could
determine the ultimate effect on cell fate or tumor devel-
opment. Paralog dominance in tumor cells, tumor mi-
cro-environment, or distant cells with indirect effects on
tumor development and progression, changing over time
and in constant mutual regulation could be an important
aspect in oncogenesis, and needs to be addressed by fur-
ther systematic analyses.

I1.2.2. From investigational challenges to novel opportuni-
ties in research and patient care

Contradictory observations may be related to the limited
possibilities of previous investigations, and aspects not
addressed in case of sampling and analyzing a transcrip-
tion factor manifesting rhythmic circadian expression and
modulated by various stress factors [31,32]. At the advent
of a new paradigm shift in understanding oncogenesis by
using innovative technologies, addressing former analytical
challenges and current research gaps in BHLHE41 biology
appears promising.

BHLHEA41 biology research

BHLHEA41 is a transcription factor with pleiotropic func-
tions, acting in the context of a complex gene interac-
tion network. Perturbed communication is a key aspect
of carcinogenesis, and BHLHE41 involvement could be
critical in the process, since it acts as a regulatory hub for
sleep, cell cycle, DNA repair, apoptosis and immunity
through numerous interactions. Molecular heterogeneity
is an important characteristic of neoplastic processes, and
BHLHE41 changes could vary, and its involvement may
be tumor-specific. BHLHE41 role could be different in
the various tumor cells, in the tumor micro-environment,
or distant cells associated with indirect effects on onco-
genesis. In addition, BHLHE41 expression is modulated
by various stress factors, so investigation results could be
affected by the conditions of sampling or the analytical
methods used. Novel techniques like spatial multiomics
may address functional complexity and molecular hetero-
geneity. Single-cell multi-omics analysis of tissue-specific
interactomes may elucidate the importance of the balance
between BHLHEA41 and its paralog or other interacting
proteins. Perturbomics may allow accurate identification
of gene signatures and phenotypes associated with altered
interactions dependent on different signals received.
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Beyond the static snapshots offered by modern genomic
investigations, however, temporal changes must be also
clarified. BHLHEA4]1 is a circadian clock transcription fac-
tor characterized by dynamic changes, orchestrating the
oscillating synthesis of numerous gene products often cru-
cial for carcinogenesis. Previous investigations had very
limited possibilities to address this aspect. Time notation
associated with sampling is necessary, but limited. Repeat-
ed sampling is often practically and ethically unfeasible.
Novel data-driven possibilities and machine learning may
overcome such difficulties [66]. Transcription factor re-
porter assays allow monitoring transcription factor activity
in individual cells in real time, and the emerging live-omics
technologies may ultimately clarify the temporal changes
of the complex regulatory network and the importance
of BHLHE41. Nevertheless, the time factor must be ad-
dressed also on the long term, since tumors develop in
time, associated with characteristic molecular changes and
adaptive processes [67]. Repeated investigations during
follow-up by non-invasive methods like liquid biopsy and
circulating tumor cell analysis may contribute with valu-
able information to understanding long term changes and
implications.

BHLHEA41 biology and patient care

Understanding BHLHE41 biology may contribute with
valuable information to personalized management and
precision oncology. It may clarify its biomarker potential,
contribute to drug development, and selection of the most
appropriate treatment or the optimal drug administration
schedule. Since BHLHE41 may be critical for cancer de-
velopment, but perhaps not always required for maintain-
ing the process at advanced stages, BHLHFE41 could act as
a potential stratifying marker gene of early diagnosis [32].
Since BHLHE41 regulates DNA repair by controlling
MMR, and influences microsatellite instability and the
mutation burden, it could affect the response to immuno-
therapy, and might guide selection of the most appropriate
treatment.

BHLHE41 biology may also reveal novel therapeutic
strategies, or the need of personalized dosing regimens for
existing therapies. To improve immune checkpoint inhibi-
tor therapy in colorectal cancer, for instance, the possible
blockade of myeloid-derived suppressor cells involves the
epigenetic writer METTL3 (methyltransferase like 3) and
the m°A-BHLHE41-CXCL1/CXCR2 axis [68].

BHLHEA41 also participates in the circadian control of
CYP2D6 expression, and the effect may be relevant for
the administration of drugs like Tamoxifen [69]. Chrono-
modulated chemotherapy has great potential in decreas-
ing side-effects and increasing efficacy, and BHLHE41
investigations may have special chrono-chemotherapeutic
importance due to its role in the coordinated regulation
of circadian rhythm, sleep length and architecture, stress
response, DNA damage repair, cell differentiation, ap-
optosis, immunity and drug-metabolizing enzymes. For
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instance, chrono-modulated chemotherapy appears espe-
cially important in case of Cisplatin, and while Cisplatin
administration influences BHLHE41 levels, BHLHE41
affects the Cisplatin-induced apoptosis [53,54].

Conclusion

The circadian clock transcription factcor BHLHE41 may be
involved in oncogenesis and may affect therapeutic efficacy
by various mechanisms due to its pleiotropic functions,
such as the regulation of the cell cycle, DNA repair, apopto-
sis, angiogenesis, immunity, or drug metabolization. Lim-
ited possibilities of previous studies to investigate context-
dependent functions or temporal changes may explain the
conflicting observations of pro- and anti-tumoral effects.
The dynamic tumor-specific dysregulation of BHLHE41
and the complex paralog interplay may be critical in tumor
development and progression, and needs further investi-
gations. Innovative real-time in vivo multi-omics analyses
addressing the complexity and time-dependent changes
characteristic for BHLHE41 may clarify the reported dis-
crepancies. Understanding BHLHE41 biology may con-
tribute to an improved personalized care and precision on-
cology by assisting early diagnosis and patient monitoring,
drug development, selection and chrono-chemotherapy.
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