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Purpose: The biological functions of BHLHE41 in the proliferation of glioblastoma
remained unexplored. We aimed to investigate the biological roles and underlying molecular
mechanisms of BHLHE41 in glioblastoma.

Materials and methods: We used multiple methods, including Western blot analysis, soft
agar colony-formation assay, CCK8 assay, and flow cytometry, to evaluate the changes in
multiple cellular functions after BHLHE41 knockdown or overexpression in U87 and U251
cell lines. The TCGA database was then used to analyze the associations between BHLHE41
expression with clinicopathological factors and the overall survival (OS) of glioma patients.
Results: This study determined that overexpression of BHLHE41 promoted glioma cell
proliferation and colony formation. Besides, BHLHE41 upregulated cyclinD1, cyclinD3, and
cyclinEl expression and drove phase transition from G1 to S and G2 phases by upregulating
these cyclins. In contrast, knockdown of BHLHE41 had an opposite effect on all of these
parameters. However, BHLHE41 had no effect on apoptosis. Moreover, BHLHE41 activated
MAPK/ERK signaling pathway to upregulate cyclinD1 expression. After the ERK signal
pathway was blocked by a specific inhibitor, SCH772984, cyclinD1 upregulation was
reversed. Furthermore, the median OS of low-grade glioma (LGG) patients with low to
median level of BHLHE41 was 22.6 months, longer than that of the patients with high level
of BHLHE41 (21.0 months).

Conclusion: BHLHE41 has an important role in the proliferation of glioblastoma and could
serve as a novel candidate for targeted therapy of glioblastoma.
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Introduction

Basic helix-loop-helix E41 (BHLHE41) is located in 12p12.1 and functions as a
transcription factor. It expresses in all human tissues and has the greatest expression
abundance in the central nervous system (GTEx database: https://gtexportal.org/).
In addition to regulating cell proliferation, apoptosis and hypoxia response, recent
studies show BHLHE41 is also involved in regulating invasion and metastasis.' > It
is not yet clear whether BHLHE41 is an oncogene or a tumor suppressor.
BHLHE41 regulation of either proliferation or apoptosis is not yet consistently
understood and is still being debated. In esophageal, osteosarcomas, prostate,
breast, and endometrial cancer cells, BHLHE41 functions as an anti-apoptotic
factor and promotes cell proliferation and invasiveness.® ' It suppresses cell pro-
liferation and metastasis, and also facilitates pancreatic as well as gastric cancer cell
apoptosis.'>'* These might be attributed to the different BHLHE41 regulatory
pathways in different cancers.
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The MAPK/ERK pathway plays a critical part in inte-
grating external signals from binding between a signaling
molecule and a receptor in the cell surface into signaling
events promoting cell growth and proliferation in many
mammalian cell types.'*'7 ERK phosphorylation results
in a cascade activation and leads to numerous downstream
target phosphorylations involved in cell proliferation
regulation.'”” In some tumors, sustained ERK activity
may activate downstream genes that induce cell cycle
entry, suppress negative cell cycle regulators, and lead to
excessive tumor cell proliferation.'®!? Targets include
cyclin D complexes with Cdk4 and Cdk6 (Cdk4/6),
which ERK phosphorylates.’*** This suggests that
BHLHE41 might regulate cyclinD1 and, possibly, cell
cycling via the ERK pathway.

Most studies of BHLHE41 functions focus on neuro-
development and the circadian rhythm. Little is known
about its role in central nervous system tumors. This
study analyzed BHLHE41 biological functions in U251
and U87 cells. Using bi-directional regulation of
BHLHE41, it was found that BHLHE41 increased cell
proliferation and colony formation. BHLHE41 also upre-
gulated cyclinD1, cyclinD3, and cyclinEl expression and
drove a phase transition from G1 to S and G2 phases.
Adding  SCH772984 BHLHE41-induced
cyclinD1 upregulation as well as ERK phosphorylation.
The results indicate that BHLHE41 promoted U87 and
U251 cell proliferation via the ERK/cyclinD1 axis.

reversed

Materials and methods

Cell culture

The U87 and U251 cell lines were obtained from the
Shanghai Genechem Co., Ltd. (Shanghai, China) and
were cultured in Dulbecco’s modified Eagle medium
(DMEM) (GibCo BRL, Grand Island, NY, USA) with
10% fetal bovine serum, and 100 U/mL penicillinstrepto-
mycin mixture (GibCo BRL) at 37°C, and 5 % CO,. The
medium was changed every 2-3 days, and cultures were
split using 0.25% trypsin. Since the data from Human
Protein Atlas showed that BHLHE41 had the highest
expression in U138, U251 and U87 cells, we select U251
and U87 cell lines for the experiments (Figure S1).

Plasmid and siRNA

Plasmid pcDNA3.1, pcDNA3.1-BHLHE41 was a generous
gift from Prof. Kijima and the efficiency was demonstrated in
the previous research. BHLHE41-siRNA and non-coding

(NC)-siRNA were constructed by Taihe Biotechnology Co.,
Beijing, China. The sequences for the sense and antisense
BHLHE41 siRNA#1 were 5'-r(CGACAGGCAUAAACAA
GAA) d (TT)-3' and 5-r(UUCUUGUUUAUGCCUGUCG)
d (TG) —3'. The sequences for the sense and antisense
BHLHE41 siRNA#2 were 5-t(CGUUGCAACCUAUUCU
GAA) d (TT)-3' and 5"-r((UUCAGAAUAGGUUGCAACG)
d (TG)-3'. The sequences for the sense and antisense
BHLHE41 siRNA#3 were 5'-1(GCCUAACCAUUAGUACU
UA) d (TT)-3" and 5-r((UAAGUACUAAUGGUUAGGC) d
(TG)-3". U251 and U87 cells were seeded at 1x10° cells per
35 mm well. After 24 h, BHLHE41 were transfected into the
cells using Lipofectamine LTX (Invitrogen). After transfec-
tion, the cells were incubated for 24 h and subjected to various
analysis. For the siRNA transfection experiments, U251 and
U87 cells were seeded at 5x10* cells per 35 mm well. Twenty-
four hours later, the siRNA was transfected into the cells using
Lipofectamine 3000 reagent (Invitrogen) according to the
manufacturer’s instructions. Transfected cells were incubated
for another 48 h and subjected to various analyses. Total
amounts of siRNA were adjusted with NC siRNA.

Western blot (WB)

Total protein was extracted using lysis buffer (Pierce,
Rockford, IL) and quantified with the Bradford method.*®
A total of 50 pg total protein per sample were separated via
15%, 10%, or 8% SDS-PAGE, and transferred onto polyvi-
nylidene fluoride membranes (PVDF; Millipore, Billerica,
MA). Membranes were incubated overnight at 4°C with the
following primary antibodies: BHLHE41(1:500, Abcam,
Cambridge, UK), GAPDH (1:2000, Abcam, Cambridge,
UK), His-tag (1:1000, CWBio, Shanghai, China), Myc-tag
(1:1000, ImmunoWay Biotechnology Company, Plano, TX),
cyclinA2, cyclinB1, cyclinD1, cyclinD2, cyclinD3,
cyclinEl, cyclinE2, cyclinH (1:1000, #9869, CST). ERK
(1:1000, #4695, CST), phospho (p)-ERK (1:1000, #4370,
CST). PI3K (1:1000, #4249, CST), phospho (p)-PI3K
(1:1000, #4228 CST). AKT (1:1000, #4691, CST), phospho
(p)-AKT (1:1000, #13038, CST). I-«xB (1:1000, #4812,
CST), NF-«xB (1:1000, #8242S CST), Bax (1:1000, 50599-
2-lg Proteintech), Bcl-2(1:1000, 12789-1-AP Proteintech).
Membranes were washed and incubated with peroxidase-
conjugated anti-mouse or anti-rabbit IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) at 37°C for 2 h. Bound
proteins were visualized using electrochemiluminescence
(Pierce, Rockford, IL) and detected with a bio-imaging sys-
tem (DNR Bio-Imaging Systems, Jerusalem, Israel).
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CCKS8 assay

Cell proliferative rates of U87 and U251 cell lines were eval-
uated with the CCKS8 assay (MedChemExpress, China)
according to the instruction of the manufacturer. The above
glioma cells were transfected with pcDNA or BHLHE41, or
glioma cells transfected with NC-siRNA or BHLHE41-
siRNA, and plated into 96-well plates (2x10* cells per well)
containing media. Then, the glioma cells were cultured for
24 h, 48 h, 72 h and 96 h and incubated with CCK-8 regent
at a final concentration of 10 pL/mL for 4 h at 37°C. Before
reading the plate, it is important to mix gently on an orbital
shaker for 1 min to ensure homogeneous distribution of color.
Then, the absorbance was measured at 450 nm with a
(Molecular
Sunnyvale, CA, USA). Each experiment was repeated three

Thermomax microplate reader Devices,

times.

Flow cytometry analysis of cell cycle

Flow cytometry was used to analyze the cell cycle according to
standard methods on a FACS Calibur cytometer (Becton-
Dickinson Biosciences, San Jose, CA, USA). For DNA con-
tent analysis, U87 and U251 cells transfected with NC-siRNA
or BHLHE41- siRNA, or U87 and U251 cells transfected with
either pcDNA or Myc-His-BHLHE41. Then we seeded U87
and U251 cells in 6-cm dishes in growth medium with 10%
Fetal bovine serum (FBS) overnight. The cultures were rinsed
by phosphate buffered saline (PBS) and changed to serum-free
medium. After serum starvation for 24 h, the cells were
released into cell cycle by addition of 10% FBS. For flow
cytometrical analysis of cell cycle distribution, cells were
collected and fixed in 70% ethanol overnight at 4°C, washed
with PBS, and then incubated with 1 mg/mL RNase A for
30 min at 37°C. DNA staining was performed by treating the
cells with RNase A (10 mg/ml) for 30 mins and with propi-
dium iodide (10 pg/ml; Sigma) for 5 mins.

Flow cytometry analysis of cell apoptosis
The Annexin V-fluorescein isothiocyanate (FITC)-binding
assay was used to quantify the percentage of early and late
apoptosis. We seeded U87 and U251 cells in 6-cm dishes and
then transfected with pcDNA or Myc-His-BHLHE41.
Following 24 h of transfection, the cells were cultured with
DMSO or 50 pg/ml, 100 pg/ml, 150 pg/ml cisplatin for
another 20 h. For flow cytometrical analysis of cell apoptosis
distribution, cells were washed with PBS. And then, add 5 pl
of Annexin Vand 5 pl PI to each tube. After 15-min incubation
at room temperature in the dark, add 400 pl of 1x Binding

Buffer to each tube. Both adherent and nonadherent cells were
harvested prior to staining with Annexin V-FITC and PI
according to the manufacturer’s instructions.

Plate colony formation assay

U87 and U251 cells transfected with NC-siRNA, BHLHE41-
siRNA, pcDNA, and Myc-His-BHLHE41 (800 cells/plate)
were cultured in 5 mL of DMEM supplemented with 10%
FBS in a 6-cm plate. After 14 days, colonies were washed
with PBS, fixed with methanol for 30 min, and stained with
crystal violet for 30 min. Clearly visible colonies (>50 mm in
diameter) were counted as positive for growth.

The cancer genome atlas (TCGA) analysis
A total of 662 patients were enrolled in this study. BHLHE41
expression level and clinicopathological characteristics in
509 LGG patients (281 men and 228 women, TCGA-LGG)
was obtained from TCGA-LGG (https://portal.gdc.cancer.
gov/projects/TCGA-LGG). BHLHE41 expression level and
clinicopathological characteristics in 153 GBM (glioblas-
toma) patients (99 men and 54 women, TCGA-GBM) were
obtained from TCGA-GBM (https://portal.gdc.cancer.gov/
projects/ TCGA-GBM). GBM Patients were between 21
and 89 years of age, and most of them received chemother-
apy and radiotherapy. LGG Patients were between 14 and
87 years old. Correlation between BHLHE41 expression and
clinicopathological features in GBM and LGG patients was
plotted using GraphPad Prism 6 and SPSS software.

Statistical analysis

SPSS version 22.0 for Windows (SPSS, Chicago, IL,
USA) and GraphPad Prism 7.0 (USA, GraphPad
Software) for Windows was used for all analyses. Ratio
paired #-test was employed to analyze differences in the
protein expression of cyclins and BHLHE41. Mann-
Whitney U test was employed to analyze differences in
CCKS8 and plate colony formation assay. P<0.05 was
considered statistically significant. Prognosis about LGG
and GBM patients were analyzed by UALCAN database
(http://ualcan.path.uab.edu/index.html).**

Results
BHLHE4| overexpression enhances U87
and U251 cell proliferation and colony

formation
U87 and U251 cell lines were transfected with Myc-His-
BHLHE41, which used the vector (pcDNA) as a control to
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verify BHLHE41 functions in glioblastoma cell proliferation.
BHLHEA41 plasmid validity was confirmed using Western blot
(WB) (Figure 1A). CCKS assays and Soft agar colony-forma-
tion assays were performed to analyze the BHLHE41 role in
cell proliferation and colony formation (Figure 1B and C).
Compared with the control group, BHLHE41 significantly
enhanced U87 and U251 cell proliferation and colony forma-
tion along with foci number (U87: pcDNA vs BHLHEA41, 10.7
+1.5 vs 36.3+4.5, p<0.05; U251: pcDNA vs BHLHE41, 31.3
+3.5 vs 86.349.1, p<0.01).

Flow cytometry was performed after transfection with
Myc-His-BHLHE41 and pcDNA to measure BHLHE41
effects on cell cycles. Cell percentages in the G1/GO
phase decreased from 64.89+1.31% to 54.74+0.30%
(U251) and from 33.99+2.98% to 25.70+4.21% (U87). S
and G2 phase cell percentages increased from 35.11
+1.31% to 45.26+£0.30% (U251), and 66.01£2.98% to
74.30+4.21% (U87) in the BHLHE41 transfected group
compared to control group (Figure 1D and E). This sug-
gests that BHLHE41 might drive phase transition from G1
to S and G2 phases or promote S-phase entry in U87 and
U251 cells.

BHLHE4 | silence lessens U87 and U251

cell proliferation and colony formation
Three kinds of siRNA were prepared for use with
BHLHE41. Their efficiencies were confirmed by WB
analysis (Figure 2A). BHLHE41 siRNA#2 was selected
as it had the greatest inhibitory effect. CCKS8 assays
showed that BHLHE41 knockdown inhibits U87 and
U251 cell growth. Colony-formation assays showed that
BHLHE41 silencing attenuates U87 and U251 cell pro-
liferation, colony formation, and foci number (U87:
pcDNA vs BHLHE41, 34.3+7.0 vs 4.5£2.5, p<0.01;
U251: pcDNA vs BHLHE41, 73.7+#11.2 vs 28.3+7.0,
p<0.05) (Figure 2B and C).

Flow cytometry revealed that siRNA-induced
BHLHE41 silence had higher cell proportions in the Gl
phase (U251: 59.06+£7.90% vs 69.94+11.60%; U87: 29.74
+1.17% vs 34.48+1.83%) and a lower proportion in the S
and G2 phase (U251: 40.94+7.90% vs 30.06+11.60%;
US87: 70.26+1.17% vs 65.52+1.83%) compared with the
control group (Figure 2D and E).

BHLHE4| regulates cyclin expression
BHLHE41 was noted as possibly causing cell decrease in G1/
GO-phase cells and facilitating cell entry in the S phase

compared with the controls. Differing cyclin expression levels
are known to cause differing cell cycle distributions. Cyclin
expression in U87 and U251 cells was detected using WB
analysis. CyclinD1 and cyclinEl were significantly upregu-
lated after BHLHE41 transfection in U251 cells. CyclinD1
and cyclinD3 were significantly upregulated in U87 cells
(Figure 3A and B). Silencing BHLHE41 obtained the opposite
results. CyclinD1 and cyclinEl were significantly downregu-
lated in U251 cells. CyclinA2, cyclinD1, cyclinD3, and
cyclinEl were significantly downregulated in U87 cells. The
other cyclins were either unchanged or only slightly changed
after BHLHE41 bi-directional regulation (Figure 3C and D).

BHLHE4| promotes cell proliferation
through the ERK/cyclinD| pathway

A set of core signaling pathway-related proteins was examined
to determine by which molecular mechanism BHLHE41
enhanced proliferation. As shown in Figure 4A—C, overexpres-
sion of BHLHE41 significantly enhanced MAPK-ERK path-
way activation in U87 and U251 cells (Figure 4A—C), while
BHLHE41 knockdown decreased the phosphorylation of ERK
(Figure 4D—F). Other signaling pathways involved in regulat-
ing proliferation, such as NF-kB and PI3K-Akt-mTOR, were
examined. No changes in p-AKT, p-PI3K or I-kB were found.
This suggests MAPK/ERK might be one of the pathways
correlated with the BHLHEA4I-induced upregulation of
cyclinD1. Pathway inhibitors were used to analyze ERK path-
way effects on the BHLHE41-induced upregulation of
cyleinD1.

SCH772984 significantly reduced p-ERK expression
(Figure 4G-I). The BHLHE41-induced cyclinD1 upregu-
lation was reversed after blocking ERK pathway in both
U87 and U251 cells (Figure 4G-I). This suggests that
BHLHE41 promoted cell proliferation through the ERK/
cyclinD1 pathway in U87 and U251 cells.

BHLHE4| overexpression has no effect
on cell apoptosis in U87 and U251 cells

To determine whether the overexpression of BHLHE41
affected cell apoptosis, U87 and U251 cells were trans-
fected with pcDNA or BHLHE41 expression plasmid after
treatment with DMSO or cisplatin (50, 100, or 150 pg/mL).
Apoptosis was quantified at 20 h by Annexin V-FITC/PI
double staining assay and WB analysis after DMSO or
cisplatin treatment in U87 and U251 cells. As shown in
Figure 5A and B, cisplatin administration at 50 pg/mL or
DMSO failed to induce cell apoptosis in U87 and U251
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Figure | BHLHE4| overexpression enhances U87 and U251 cell proliferation and colony formation.

Notes: (A) BHLHE4! plasmid validity was confirmed using VB analysis, GAPDH served as the internal control; (B and C) CCK8 assays and Soft agar colony-formation assays were
performed to analyze the BHLHE4| role in cell proliferation and colony formation. Compared with the control group, BHLHE4| overexpression significantly enhanced U87 and U251

cell proliferation and colony formation; (D and E) Cell cycle analysis of U87 and U251 cell lines with BHLHE4 | overexpression. The x-axis represents the cell cycle distribution, and the y-
axis represents the cell number. Cell percentages in G1/GO phase was decreased, while S and G2 phase percentages increased after transfected with BHLHE4|. A representative image of
at least three independent experiments with similar results is shown. Each value represents the mean * SD (bars) of three independent experiments; *P<0.05, **P<0.01, **P<0.001.

Abbreviations: BHLHE41, Basic helix-loop-helix family member e41; WB, Western blot.
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Figure 4 BHLHE4| promotes cell proliferation through the ERK/cyclinD 1 pathway.
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U87 and U251 cell lines; (G-1) U87 and U251 cells were treated with 2000 nM SCH772984 for 6 h, then ERK, p-ERK, BHLHE41 and cyclinD| were tested using WB analysis.
GAPDH served as the internal control. SCH772984 significantly reduces p-ERK expression. The BHLHE4|-induced cyclinD| upregulation was reversed after blocking ERK
pathway in both U87 and U251 cells. A representative image of at least three independent experiments with similar results is shown. Each value represents the mean + SD
(bars) of three independent experiments; *P<0.05, **P<0.01.

Abbreviations: BHLHE41, Basic helix-loop-helix family member e41; WB, Western blot.

cells, while treatment with a higher dose of cisplatin (100 or  the control group, the number of apoptosis cells in U87 and
150 pg/mL) significantly induced cell apoptosis in both U87 U251 cells was only slightly changed after transfected with
and U251 cells (Figure 5A and B). However, compared with BHLHE41. To further study the effect of BHLHE41 on cell
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apoptosis, we detected the cellular levels of apoptosis-
related proteins such as Bax and Bcl-2 by WB analysis.
As expected, we found that BHLHE41 overexpression in
the absence or presence of cisplatin (50, 100 or 150 pg/mL)
showed little effect on the expression of Bax and Bcl-2
(Figure 6A and B). Our results demonstrate that
BHLHE41 overexpression had no effect on cell apoptosis
in U87 and U251 cells.

Correlation between BHLHE4| expression
and clinicopathological factors in 509 cases

of LGG and 153 cases of GBM

Since we found that BHLHE41 expression enhanced cell
proliferation in glioblastoma cells, we further investigated
the association of BHLHE41 expression with clinical and
pathological characteristics in LGG and GBM patients by
TCGA analysis. The correlation between the BHLHE41
expression levels and clinicopathological characteristics in
LGG is summarized in Table 1. The data demonstrated that
BHLHEA41 expression was significantly correlated with his-
tological type (p<0.001), but did not significantly vary
depending on age (p=0.352), gender (p=0.715), or WHO
grading (p=0.109). The high level of BHLHE41 was
observed more frequently in astrocytoma compared with
oligodendroglioma. As shown in Figure 7A, the overall
survival of LGG patients with the high level of BHLHE41
was much lower than that of group with the low to median
level of BHLHE41 (Figure 7A, p=0.0019). In GBM patients’
group, as shown in Table 2, there was no correlation between
BHLHE41 expression and age (p=0.722) or gender

A
U251
Cisplatin (ug/ml) 0 50 100 150
BHLHE41 T T
Myc — — — (S
BCL-2 ™ s e o o e o =

Bax

- o o > = =

GAPDH

(»p=0.559). As shown in Figure 7B, the overall survival of
GBM patients with the high level of BHLHE41 was also
lower than that of the patients with the low to median level of
BHLHEA41 (Figure 7B), but without a statistical difference
(»=0.17). As shown in Figure 7C, the high level of
BHLHE41 indicates poor prognosis of patients with WHO
grades 2 and 3 (Figure 7C, p<0.0001).

Discussion

BHLHE41, also known as SHARP-1/DEC2/BHLHB3, is a
member of the DEC subfamily within the bHLH gene family.
DEC subfamily contains two highly conserved members:
BHLHE40 and BHLHE4I1. Initial studies on them have
focused on embryonic development and tissue
differentiation.® Recent studies have shown that the dereg-
ulation of their expression is associated with tumor
progression.>”>*!*1213 Unlike BHLHE40, which is broadly
expressed in many tissues, BHLHE41 showed a more
restricted pattern of mRNA expression. It has the greatest
expression abundance in the central nervous system.*’
Recent studies indicate that oscillatory bHLH factor expres-
sion is important in nervous system development.”**” Sun et
al demonstrated that BHLHE41 plays critical roles in regu-
lating cell death and Neuro2a cell neurite outgrowth.®
BHLHE41 has been identified as a likely regulator of neu-
ronal differentiation. However, its function remains largely
unknown. This is particularly true for its roles in oncogenesis
and central nervous system tumor progression. This study
suggests the importance of BHLHE41 in regulating glioblas-
toma cell proliferation. In U251 and US87 cells, BHLHE41

overexpression significantly increases cell proliferation and

B
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Figure 6 BHLHE4| overexpression has no effect on cell apoptosis in U87 and U251 cells. (A, B) WB analysis was performed to assess apoptosis-related protein expression
levels of Bax and Bcl-2 expression in BHLHE4| overexpression plasmid or pcDNA transfected U87 and U251 cells after treated with DMSO or cisplatin (50, 100, 150 pg/ml).
GAPDH served as the internal control. Data are presented as the mean + standard deviation, from three independent experiments.

Abbreviations: BHLHE4 |, Basic helix-loop-helix family member e4l; WB, Western blot.
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Table | Correlation of BHLHE4| expression with clinicopathological features in 509 LGG cases
Clinicopathological Case (509) BHLHE4I| expression P-value
characteristics
High(129) Low-Median(380)
Age (years)
<43 274 74 200 0.352
>43 235 55 180
Gender
Female 228 56 172 0.715
Male 281 73 208
Histological type
Astrocytoma 192 77 115 <0.001
Oligoastrocytoma 127 33 94
Oligodendroglioma 190 19 171
Differentiation
G2 248 55 193 0.109
G3 261 74 187

Notes: The data demonstrated that BHLHE4| expression was significantly correlated with the histological type (P<0.001), but did not significantly vary depending on age

(P=0.352), gender (P=0.715) and WHO grading (P=0.109).

Abbreviations: BHLHE41, Basic helix-loop-helix family member e4l; LGG, low-grade glioma.

colony formation. CyclinD1 and cyclinEl expression also
increased after BHLHE41 overexpression treatment, which
resulted in cell cycle acceleration. The results indicate
BHLHEA41 is a positive regulator for glioblastoma cell pro-
liferation. Silencing endogenous BHLHE41 confirmed this.
In many tumors, BHLHE41 has been found to promote cell
proliferation, migration, and invasion,”'***3°

Cell proliferation is driven by a series of proteins
called cyclins, which are the key components of cell
cycle machinery. They operate in the cell nucleus and are
involved in binding, activating, and providing substrate
(CDKs).*!
CyclinD1 is frequently deregulated in cancer and is a

specificity to cyclin-dependent kinases
cancer phenotype and disease progression biomarker.>
Previous findings suggest that cyclinD1 expression upre-
gulation and CDK4 activation directly lead to some cancer
hallmarks by inducing proliferation.>*> Of the cyclins,
the variation among cyclinD1, cyclinD3, and cyclinEl
expression is the most apparent after BHLHE41 treatment.
BHLHE41 transfection increased cell percentages in the S
and G2 phases, while decreasing it in the G1 phase. This
indicates that the BHLHE41 presence facilitated cell pro-
liferation and is consistent with results of the CCKS8 and
colony assay. Consistent with this is the fact that silencing
endogenous BHLHE41 led to significant cyclin (cyclinD1
and cyclinEl) decreases in both U251 and US87 cells.
Correspondingly, the proportion of the cells in S and G2

phase decreased and in Gl phase increased. Silencing
BHLHE41 suppressed proliferation and colony formation.

Cell growth is determined by the balance between
proliferation and apoptosis. Since we have found the effect
of BHLHE41 on cell proliferation, next we performed
Annexin V and PI double staining by flow cytometry to
measure whether BHLHE41 may suppress apoptosis, and
therefore promoted cell growth. However, our results
demonstrate that BHLHE41 has no effect on apoptosis in
U251 and U87 cells. Consistent with the data of flow
cytometry, Bax and Bcl-2 expression did not change
much after BHLHE41 overexpression.

Several signaling pathways have been reported to be
involved in regulating cell proliferation, including Ras-
MAPK, JAK-STAT, and PI3K-Akt-mTOR.'>*> MEK/
ERK signaling pathway activation plays a crucial role in
almost all cell functions, such as apoptosis, autophagy, and
senescence. It also enhances cell cycle progression and
proliferation.'” Wu et al suggested that BHLHE41 was a
target gene of the PI3K/AKT signaling pathway and pro-
moted cell proliferation by upregulating c-Myc.'® In our
study, the phosphorylation status of several key factors of
these pathways, such as p-AKT, p-ERK, p-PI3K, and I-xB,
was measured to analyze how BHLHE41 regulated
cyclins. The phosphorylation status of most proteins was
unchanged. The only exception to this was p-ERK. After
blocking the MAPK/ERK signaling pathway with the
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Figure 7 Correlation between BHLHE4| expression and the OS of 509 LGG cases and 153 GBM cases.

Notes: (A) The OS of LGG patients with high level of BHLHE4| was much lower than that of group with low to median level of BHLHE41(P=0.0019); (B) The OS of GBM
patients with high level of BHLHE4| was lower than that of the patients with low to median level of BHLHE41, but without statistical difference (P=0.17); (C) High level of
BHLHE4! indicates poor prognosis of the patients with WHO grades 2 and 3 (P<0.0001).

Abbreviations: BHLHE41, Basic helix-loop-helix family member e41; LGG, low-grade glioma; GBM, glioblastoma; OS, overall survival.

inhibitor SCH772984, the BHLHE41-induced upregula-
tion of cyclinD1 reversed. This indicates that BHLHE41
mediated the MAPK/ERK signaling pathway and facili-
tated cell proliferation by upregulating cyclinD1.

The TCGA analysis demonstrated that the high level of
BHLHEA41 is closely associated with poor prognosis in LGG.
In GBM group, we also found the same situation, but without
statistical difference. It should be noted that the patients in
GBM group generally undertook preoperative radiotherapy

and temozolomide treatment. We speculate these preopera-
tive therapies might have affected BHLHE41 transcription
and caused a divergence in the statistical result.

Conclusion

In conclusion, this study is believed to be the first to
demonstrate that BHLHE41 enhances U251 and U87 cell
proliferation and colony formation abilities. This positive
regulation was obtained through the ERK signaling
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Table 2 Correlation of BHLHE4| expression with clinicopathological features in 153 GBM cases
Clinicopathological Case (153) BHLHE4| expression P-value
characteristics
High(41) Low-Median(112)
Age (years)
<59 71 20 51 0.722
>59 82 21 61
Gender
Female 99 25 74 0.559
Male 54 38

Note: The data demonstrated that there was no correlation between BHLHE4| expression and age (P=0.722) and gender (P=0.559).
Abbreviations: BHLHE41, Basic helix-loop-helix family member e41; GBM, glioblastoma.

pathway and caused cyclinD1 upregulation, which was
followed by a cell cycle acceleration. In addition, the
high level of BHLHE41 was correlated with poor prog-
nosis. These results suggest that targeting the BHLHE41/
ERK/cyclinD1 axis may provide a new diagnostic and
therapeutic approach for managing glioblastoma patients.
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Figure S| Expression of BHLHE4! in different organs.

Notes: Reproduced from Human Protein Atlas. Available from: https://www.proteinatlas.org/ENSG00000123095-BHLHE4 | /tissue. Creative Commons license and dis-
claimer available from: http://creativecommons.org/licenses/by/4.0/legalcode.' The data demonstrated that BHLHE4| had the highest expression in U138, U251 and U87 cell

lines in brain.

Abbreviation: BHLHE41, Basic helix-loop-helix family member e41.
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