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Abstract

Hairy and enhancer of split homolog-1 (HES1), regulated by the Notch, has been reported to play important roles in the
immune response and cancers, such as leukemia. In this study, we aim to explore the effect of HES1-mediated Notch1 sign-
aling pathway in chronic lymphocytic leukemia (CLL). Reverse transcription quantitative polymerase chain reaction and
Western blot assay were conducted to determine the expression of HES1, Notchl, and PTEN in B lymphocytes of periph-
eral blood samples of 60 CLL patients. We used lentivirus-mediated overexpression or silencing of HES1 and the Notchl
signaling pathway inhibitor, MW 167, to detect the interaction among HES1, Notchl, and PTEN in CLL MEC1 and HG3
cells. MTT assay and flow cytometry were employed for detection of biological behaviors of CLL cells. HES1 and Notchl
showed high expression, but PTEN displayed low expression in B lymphocytes of peripheral blood samples of patients
with CLL in association with poor prognosis. HES1 bound to the promoter region of PTEN and reduced PTEN expression.
Overexpression of HES1 activated the Notch1 signaling pathway, thus promoting the proliferation of CLL cells, increas-
ing the proportion of cells arrested at the S phase and limiting the apoptosis of CLL cells. Collectively, HES1 can promote
activation of the Notch1 signaling pathway to cause PTEN transcription inhibition and the subsequent expression reduction,
thereby promoting the proliferation and inhibiting the apoptosis of CLL cells.
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Introduction

Chronic lymphocytic leukemia (CLL) is regarded as the
most frequently occurring peripheral blood as well as bone
marrow cancer in developed countries [1]. It is a mature
B-cell malignancy relying on microenvironmental factors
for survival as well as proliferation [2]. Elevated lymphocyte
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counts were present in a large proportion of cases prior to
the diagnosis of CLL. CLL is genetically complicated and
afflicts a heterogeneous patient population [3]. It is known
that the elderly are more vulnerable to CLL, with a mean
age of more than70 years at diagnosis [4]. Only patients
with CLL showing active or symptomatic disorder or those
of advanced Binet or Rai stages are in need of therapy [5].
The treatment strategies for CLL have gained advancements
in the past decades, with the use of targeted agents in lieu of
chemoimmunotherapy [6]. Against such backdrop, it is of
significance to explore promising targets for the treatment
of CLL.

Our bioinformatics analysis predicted hairy/enhancer
of split 1 (HES1) to be a differential gene in CLL. HES1
is identified as an important helix-loop-helix transcrip-
tional suppressor [7]. Intriguingly, silencing of HES1 was
reported to inhibit chronic myelogenous leukemia cell
growth, thereby functioning as a crucial molecule in the
transition of blast crisis into chronic myelogenous leuke-
mia [8]. It is well known that HES1, a suppressor of cell
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cycle inhibitors, is a transcription factor triggered by the
Notch signaling pathway [9]. The bioinformatics analysis
conducted in this study also identified the notch receptor
1 (Notchl) signaling pathway as a pathway closely related
to HES1 in CLL and that HES1 is correlated with phos-
phatase and tensin homologue (PTEN)-related proteins.
The crucial role of abnormal Notch signaling in CLL has
been highlighted [10]. The activating mutations of Notchl
have been detected in 10% of patients with CLL, which is
accountable for an unsatisfactory prognosis [11]. Moreo-
ver, Gianfelici unfolded the activated Notchl pathway in
CLL [12]. Increased PTEN expression due to microRNA-
26a (miR-26a) and miR-214 inhibition induces the apopto-
sis of CLL cells in vitro [13]. Additionally, PTEN displays
lower mRNA expression in CLL patients and is negatively
correlated with Binet staging [14]. Of note, activated
Notchl pathway stimulated by B-cell receptor can con-
tribute to transcription of HES1 and c-Myc in CLL [15].
Rosati et al. have proved that Notch signaling plays a criti-
cal role in B-CLL cell survival and apoptosis resistance
[16]. Another previous study has implicated that c-myc as
a developmentally regulated direct downstream target of
Notchl that contributes to the growth of T-ALL cells [17].
Tottone et al. indicated that GSKJ4 may be a promising
therapeutic agent in Notchl- and TAL1-dependent T-ALL
[18]. Moreover, Notch1 has been found to upregulate the
PI3K-AKT pathway via HES1, which causes decreased
PTEN expression, thereby favoring the cell growth of
T-cell acute lymphoblastic leukemia [19]. Based on the
above findings, we conducted this study aiming to explore
whether the Notch1/HES1/PTEN signaling participates in
the development of CLL.

Materials and Methods
Ethics Statement

This study was approved by the Ethics Committee of our
Hospital and performed in strict accordance with the Dec-
laration of Helsinki. All specimens used in this study were
obtained with the informed consent of patients and their
families.

Bioinformatics Analysis

CLL-related dataset GSE26725 was retrieved from the Gene
Expression Omnibus database, followed by differential anal-
ysis using “limma” package of R language. GSE26725 data-
set includes 12 CLL samples and 5 normal samples. HES1
expression profile analysis was performed using GraphPad
Prism. A protein—protein interaction network of differentially
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expressed genes was plotted on STRING. HES1-related
signaling pathways were predicted on Wikipathways.

Study Subjects

We collected 60 peripheral blood samples from patients with
CLL admitted at our hospital from March 2014 to March
2017. In addition, 30 peripheral blood samples collected
from age-matched healthy volunteers were used as controls
whose indicators were detected to be normal in our physi-
cal examination center. All CLL patients were diagnosed
according to the 2008 World Health Organization diagnos-
tic criteria. All patients were newly diagnosed or had not
received any treatment within 6 months before specimen col-
lection. Of the 60 CLL patients, 39 cases were male and 21
cases were female; 25 cases were aged 60 years or older and
35 cases were younger than 60 years. Based on Rai stage,
14 cases were in Rai stage 0, 12 in stage I, 14 in stage II, 10
in stage III, and 10 in stage IV; and based on Benit stage,
26 cases in Benit stage A, 16 in stage B, and 18 in stage C.
Besides, 23 cases were with elevated lactate dehydrogenase
(LDH) and 37 with normal LDH; 16 cases with elevated 2
microglobulin (f2-MG) and 44 with normal f2-MG.

Isolation of Peripheral Blood Mononuclear Cells
(PBMCs)

PBMCs were isolated by density gradient centrifugation
(Ficoll-Paque; Pharmacia LKB Biotechnology) [20]. The
collected PBMCs were resuspended in 1 mL of normal saline
and counted using a counting plate under a microscope.

Immunomagnetic Bead Separation (MACS)

The magnetic activating-sorting column was placed in a
magnetic field and washed with 500 pL of phosphate buffer
saline (PBS). Next, PBMCs were resuspended in 10 mL
normal saline in a 10 mL centrifuge tube and then centri-
fuged for 10 min, followed by removal of the supernatant.
Afterward, every 5x 10° PBMCs were added with 10 pL
of CD19 magnetic beads and 90 pL of PBS. After 15 min
of incubation, every 1x 107 cells were supplemented with
1-2 mL of PBS and centrifuged for 5 min, with the super-
natant subsequently removed. The washed cells were resus-
pended in 50 pL of PBS and the cell suspension was slowly
added to the MS sorting column with a syringe. The cells
flowing out of the sorting column, namely CD19" cells, were
sorted out. After further cell sorting, a cell flow cytometer
was applied to ensure the proportion of CD19% cells above
95%. The sorted cells were resuspended in 1 mL of normal
saline, after which 20 pL of suspension was counted under
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a microscope. Cells were separately placed at a density of
1 x 107 cells per tube at — 80 °C in a refrigerator.

Reverse Transcription Quantitative Polymerase
Chain Reaction (RT-qPCR)

Total RNA was extracted utilizing the one-step method
according to the instructions of the TRIzol kit (15596-026,
Invitrogen, Carlsbad, CA). RNA was reversely transcribed
into complementary DNA (cDNA) following the instruc-
tions of the reverse transcription kit (K1621, Fermentas,
Glen Burnei, Maryland). Fluorescence PCR was performed
using a fluorescence qPCR instrument (ABI 7500, ABI,
Oyster Bay, NY) following the instructions of the SYBR®
Premix Ex Taq™ II kit (RR820A, Xingzhi Biotechnology
Co., Ltd., Huai’an, Jiangsu, China). Primer sequences are
shown in Table S1 and synthesized by Shanghai Genechem
Co., Ltd. (Shanghai, China). With glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) serving as the internal refer-
ence, the relative expression of each target gene is calculated
using the 2742 method.

Western Blot Assay

Total protein was extracted from tissues or cells in strict
accordance with the manual of highly efficient radioimmu-
noprecipitation assay lysis buffer (R0010, Beijing Solar-
bio Science & Technology Co., Ltd., Beijing, China). The
concentration of total protein in the collected supernatant
was determined using a bicinchoninic acid kit (20201ES76,
Yeasen Biotech Co., Ltd., Shanghai, China). After that, the
proteins were separated by 10% SDS-PAGE and transferred
onto a nitrocellulose membrane via the wet transfer method,
followed by blockade with 5% skim milk and 1 X Tris
-Buffered Saline with Tween 20 (pH 7.6) at room tempera-
ture for 2 h. Then, the membrane was incubated with the
diluted primary rabbit anti-human antibodies against HES 1
(1: 500; ab71559), Notch1 (1: 1000; ab52627), PTEN (1:
10,000; ab32199), c-Myc (1:1000; ab32072), c-Fos (1:2000;
ab190289), caspase-3 (1:500; ab13847), Bcl-2-associated
X protein (Bax) (1: 1000; ab32503), and B-cell lymphoma
2 (Bcl-2) (1: 500; ab59348) overnight at 4 °C. Afterward,
the membrane was incubated with the secondary goat anti-
rabbit polyclonal antibody (ab205718) diluted with 5% skim
milk at room temperature for 1 h. The used antibodies were
all purchased from Abcam (Cambridge, MA). The Bio-Rad
gel imaging system (MG8600, Beijing Thmorgan, Beijing,
China) was applied for development. Quantity One v4.6.2
software was applied for analysis. The ratio of the gray value
of the target band to that of internal reference GAPDH band
was recorded as the relative protein expression. The experi-
ment was repeated three times and the average values were
obtained.

Cell Culture and Screening

Five CLL cell lines (CLL-AAT, MEC2, 183-E95, MECI1,
and HG3) were selected (Cell Bank of Chinese Academy
of Sciences, Shanghai, China) and cultured with Iscove’s
Modified Dulbecco’s Medium (HyClone Company, Logan,
UT) supplemented with 10% fetal calf serum in an incubator
at 37 °C with 5% CO, under saturated humidity conditions.
The medium was renewed every 1-2 days, and subculture
was performed when the cell confluence reached 80-90%.
The culture medium was renewed every 24 h, and the pas-
sage was conducted every 2-3 days. RT-qPCR was used to
screen the two cell lines with the highest and lowest HES 1
expression for subsequent experiments.

Cell Treatment

According to the HES1 (NC_000003.12) information in the
National Center for Biotechnology Information database,
a lentiviral infection vector and an overexpression vector
of HES1 were designed and packaged. In this experiment,
the construction, identification, and sequencing of the len-
tiviral interference vector (GV118 [U6-MCSUbi-EGFP])
and overexpression vector of the HES1 gene (GV320 [Ubi-
MCS-3FLAG-SV40-Cherry]) [21], as well as the extraction
and packaging of the lentivirus-mediated RNA interference
were performed by Shanghai SunBio Biomedical Technol-
ogy (Shanghai, China). Cells were seeded into a 6-well
plate 24 h before transfection. When reaching about 50%
confluence, CLL cell lines were transfected using Lipo-
fectamine 2000 reagent (11668027, Invitrogen) with blank
vector, negative control (NC; the sequence is 5-CACCGT
TCTCCGAACGTGTCACGTTTCAAGAGAACGTGACAC
GTTCGGAGAA-3'), small hairpin RNA (sh)-HES1 (HES1
interference vector; the sequence is 5'-CCGGCCGGACTC
TAAACAGGAACTTCTCGAGAAGTTCCTGTTTAGAGT
CCGGTTTTT-3’), oe-HES1 (HES1 overexpression plas-
mid completed by Shanghai SunBio Biomedical Technol-
ogy, Shanghai, China), MW167 (Notch1 signaling pathway
inhibitor, Sigma-Aldrich Chemical Company, St Louis, MO,
treatment concentration of 50 uM), or sh-HES1+MW167
(HES1 interference vector and Notchl signaling pathway
inhibitor MW167).

Chromatin Immunoprecipitation (ChiIP)

Cells were treated with 4% formaldehyde (a final concen-
tration of 1%), sonicated, and incubated with anti-HES|1
antibody (1: 50; ab71559; Abcam) to bind to the PTEN pro-
moter (FW: TTTGAGAGTTGAGCCGCTGT; RV: ATG
CTTTGAATCCAAAAACCTTACT; product length=992).
Cells were treated with protein A-agarose/salmon sperm
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DNA to bind to HES1 antibody-HES 1-PTEN promoter com-
plex, followed by precipitation of the complex. The precipi-
tated complex was washed to remove non-specific binding.
After elution, enriched HES1-PTEN promoter complex was
obtained and the cross-linking was relieved. After purifica-
tion and enrichment of PTEN promoter fragments, gqRT-PCR
was performed to analyze the level of PTEN promoter [22].

3-[4,5-Dimethylthiazol-2-yl]-2,5-Diphenyltetrazo-
lium Bromide (MTT) Assay

The cells were seeded in a 96-well culture plate with 0.2 mL
of cell suspension (1 x 10* cells/mL) per well and three
duplicated wells were designed for each. After seeding, the
cells were cultured in an incubator with 5% CO, at 37 °C for
24, 48, 72, and 96 h; at each time point, 10 pL. 5 mg/mL of
MTT solution (M 1020, Solarbio) was added and incubated
in an incubator at 37 °C for 4 h in the dark. After removal
of the supernatant, 200 pL of dimethyl sulfoxide (D5879-
100ML, Sigma-Aldrich) was supplemented to each well to
dissolve the purple crystals formed by the cells. The optical
density value (490 nm) of each well was recorded for data
analysis.

Flow Cytometry

Propidium iodide (PI) staining was performed to detect cell
cycle distribution. Cells were collected based on the manual
of a cell cycle detection kit (CA1510, Solarbio). The cells
were fixed in pre-chilled 70% ethanol solution overnight at
4 °C and washed twice with PBS. Then, 100 pL of the cell
suspension (1 x 10° cells) was stained with 1 mL of 50 mg/L
PI staining solution containing RNAase. After 30 min of
staining in the dark at 4 °C, the cells were filtered through a
300-mesh nylon mesh. Finally, a flow cytometer (BD FAC-
SCalibur) was employed to record the red fluorescence at
488 nm.

Annexin V-fluorescein isothiocyanate (FITC)/PI dual-
label staining was used to detect cell apoptosis. Cells were
resuspended in 500 pL binding buffer solution with refer-
ence to the manual of cell apoptosis detection kit (556547,
BD Bioscience). Afterward, 5 pL FITC and 5 pL PI solution
were gently mixed and incubated with the cells at room tem-
perature for 15 min in the dark. Cell apoptosis was detected
with a flow cytometer (BD FACSCalibur).

Statistical Analysis

Data analysis was performed using SPSS 21.0 (IBM
Corp., Armonk, NY). Measurement data were presented as
mean + standard deviation. Data between two groups were
compared by unpaired ¢ test, while those among multiple
groups were compared by one-way analysis of variance
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(ANOVA) with Tukey’s post hoc tests. Data among mul-
tiple groups at different time points were compared by
two-way ANOVA with Tukey’s post hoc test. p < 0.05 was
considered to be statistically significant difference.

Results and Discussion

The Significance of HES1, Notch1 Signaling Pathway,
and PTEN in the CLL Development

We screened out 173 upregulated genes and 211 downreg-
ulated genes in the GSE26725 dataset downloaded from
the GEO database. A heat map of the top 30 differential
genes is shown in Fig. 1A and Table S2, among which
the top 10 differentially expressed genes were mainly
enriched in the Notch signaling pathway (Fig. 1A). HES1
has been reported as the main component of the Notchl
signaling pathway in association with multiple malignan-
cies [23-25] yet its implication in CLL remains under-
studied. Next, analysis in the GSE26725 dataset showed
that HES1 gene was significantly upregulated in patients
with CLL (Fig. 1B). Prediction results on Wikipathways
website revealed a close correlation between HES1 and
the Notchl signaling pathway (Supplementary Fig. 1A).
Afterward, the STRING website was used to plot the pro-
tein—protein interaction network of the first 30 differen-
tially expressed genes in the GSE26725 dataset, results
of which identified that HES1 was related to Notchl and
PTEN (Supplementary Fig. 1B). Therefore, we speculated
that HES1 may affect CLL progression by mediating the
Notchl signaling pathway.

Notch1/HES1 Signaling was Activated in CLL

Subsequently, we detected the mRNA and protein expression
of HES1, Notchl, Bcl-2, c-Myc, c-Fos, PTEN, caspase-3,
and Bax in human normal B lymphocytes and B lympho-
cytes of CLL patients by RT-qPCR and Western blot assay.
Results revealed that the mRINA expression and protein lev-
els of HES1, Notchl, Bcl-2, c-Myc, and c-Fos were higher in
B lymphocytes of CLL patients than those in human normal
B lymphocytes, while the mRNA expression and protein
levels of PTEN, caspase-3, and Bax displayed significant
declines (Fig. 2). These data demonstrated that Notch1/
HESI1 signaling pathway was activated in CLL.
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Fig. 1 Bioinformatics prediction of key genes involved in CLL. A A
heat map of the CLL-related GSE26725 dataset. The X-axis repre-
sents sample number, the Y-axis represents gene name, the dendro-
gram represents sample type clustering, the right color histogram
represents gene expression, and the left dendrogram represents gene
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Fig.2 NOTCHI/HESI signaling pathway is activated in CLL. A
mRNA expression of HES1, Notchl, Bcl-2, c-Myc, c-Fos, PTEN,
caspase-3, and Bax in B lymphocytes of normal controls (N=230)
and patients with CLL (N=60) as detected by RT-qPCR. B Protein
expression of HES1, Notchl, Bcl-2, c-Myec, c-Fos, PTEN, caspase-3,
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and Bax in B lymphocytes of normal controls (N=30) and patients
with CLL (N=60) as detected by Western blot assay. *p <0.05 vs.
human normal B lymphocytes. The experiment was repeated 3 times
independently
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HES1 Expression was Positively Correlated with Clin-
icopathological Staging of Patients with CLL

In addition, we analyzed the relationship between the mRNA
expression of HES1 and the clinicopathological character-
istics of patients with CLL. From the results (Table S3), the
mRNA expression of HES1 in patients with CLL of Rai
stage III and IV was notably higher than that in patients with
CLL of Rai stage 0, I, or II. Moreover, the more advanced
the Benit staging was, the higher the expression of HES1
mRNA was. LDH concentration was positively correlated
with HES1 mRNA expression. HES1 mRNA expression
showed no significant correlation with the age, gender, or
2-MG content.

HES1 Showed the Highest Expression in the MEC1
Cell Line and the Lowest Expression in the HG3 Cell
Line

Our experimental results of RT-qPCR demonstrated that in
five CLL cell lines (CLL-AAT, MEC2, 183-E95, MECI,
and HG3), the MECI cell line showed the highest mRNA
expression of HES1 and the HG3 cell line showed the low-
est mRNA expression of HES1 (Supplementary Fig. 2A). In
addition, Notch1 expression was lower while PTEN expres-
sion was higher in HG3 cell line than in MEC1 cell line
(Supplementary Fig. 2B). The above results showed the
highest expression of HES1 in the MECI1 cell line and the
lowest in the HG3 cell line.

HES1 Bound to the Promoter Region of PTEN

The results of ChIP assay showed that the enrichment of
HES1 in the PTEN promoter region was reduced in MEC1
and HG3 cell lines treated with sh-HES1, while it was
enhanced in the presence of oe-HES1 in addition to no sig-
nificant difference in cells incubated with anti-IgG antibody

(Fig. 3). The aforementioned results suggested that HES1
could bind to the promoter region of PTEN.

HES1 Activated the Notch1 Signaling Pathway in CLL
Cells

We then performed RT-qPCR and Western blot assay
(Fig. 4) to detect the mRNA and protein expression of
HESI1, Bcl-2, c-Myc, c-Fos, caspase-3, PTEN, and Bax in
MECI1 and HG3 cell lines treated with sh-HES1, oe-HES1,
MW167, or oe-HES1+MW167, and the trend between
MECI1 and HG3 cell lines was the same. The mRNA and
protein expression of HES1, Bcl-2, c-Myc and c-Fos were
decreased upon treatment with sh-HES1, but that of cas-
pase-3, PTEN, and Bax was increased. In contrast, oe-HES1
contributed to an increase in the mRNA and protein expres-
sion of HES1, Bcl-2, c-Myc, and c-Fos yet a decrease in
that of caspase-3, PTEN, and Bax. MW 167 treatment alone
led to diminished levels of Notchl, HES1, Bcl-2, c-MYC,
and c-fos and elevated levels of PTEN, caspase-3, and Bax.
Co-treatment of oe-HES1 and MW167 could reverse the
changes regarding the upregulation of Notchl, HES1, Bcl-
2, c-MYC, and c-fos as well as downregulation of PTEN,
caspase-3, and Bax caused by oe-HES1. Taken together,
HES1 can cause activation of the Notch1 signaling pathway
in CLL cells.

HES1 Activated the Notch1 Signaling Pathway
to Promote CLL Cell Proliferation and Cell Cycle Pro-
gression But to Suppress CLL Cell Apoptosis

We then focused on the effect of HES1 on the biological
functions of MEC1 and HG3 cell lines. As reflected by MTT
assay, after MEC1 and HG3 cells were cultured for 24 h,
no significant difference was detected in their proliferation
following varied treatment. However, after 48 and 72 h of
culture, cell proliferation was reduced in the presence of
sh-HES1 but it was notably enhanced upon oe-HES1. In
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Fig.3 HESI binds to the promoter region of PTEN. A Binding of
HES1 to the PTEN promoter region in MECI cell line analyzed by
ChIP assay. B Binding of HES1 to the PTEN promoter region in HG3
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cell line analyzed by ChIP assay. *p <0.05 vs. MEC1 or HG3 cell line
treated with sh-NC. #p <0.05 vs. MEC1 or HG3 cell line treated with
Vector. The experiment was repeated 3 times independently
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Fig.4 HESI activates the Notchl pathway in CLL cells. A, mRNA
expression of HESI1, Notchl, Bcl-2, c-Myc, c-Fos, PTEN, cas-
pase-3, and Bax in the MECI cell line treated with sh-HES1, oe-
HES1, MW167, or oe-HES1+MW167 as detected by RT-qPCR. B,
mRNA expression of HES1, Notchl, Bcl-2, c-Myc, c-Fos, PTEN,
caspase-3, and Bax in the HG3 cell line treated with sh-HES1, oe-
HES1, MW167, or oe-HES1+MW167 as detected by RT-qPCR. C,
Protein expression of HES1, Notchl, Bcl-2, c-Myc, c-Fos, PTEN,
caspase-3, and Bax in the MECI cell line treated with sh-HESI,
oe-HES1, MW167, or oe-HES1+MW167 as detected by Western

blot assay. D, Protein expression of HES1, Notchl, Bcl-2, c-Myc,
c-Fos, PTEN, caspase-3, and Bax in the HG3 cell line treated with
sh-HES1, oe-HES1, MW167, or oe-HES1+MW167 as detected by
Western blot assay. *p <0.05 vs. the MEC1 or HG3 cell line treated
with sh-NC. #p<0.05 vs. the MEC1 or HG3 cell line treated with
Vector. ¥p <0.05 vs. the MEC1 or HG3 cell line treated with DMSO.
@p<0.05 vs. the MEC1 or HG3 cell line treated with oe-HESI.
Treatment concentration of MW 167 was 50 uM. The experiment was
repeated three times independently
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Fig.5 HESI activates the Notchl signaling pathway to stimulate
the proliferation of CLL cells. A Proliferation of MEC1 cells treated
with sh-HES1, oe-HES1, MW167, or oe-HES1+MW167 detected
by MTT assay. B Proliferation of HG3 cells treated with sh-HESI,
oe-HES1, MW167, or oe-HES1+MW167 detected by MTT assay.
*p <0.05 vs. the MEC1 or HG3 cell line treated with sh-NC. *p <0.05

vs. the MEC1 or HG3 cell line treated with Vector. ¥p <0.05 vs. the
MEC]I or HG3 cell line treated with DMSO. ©p <0.05 vs. the MEC1
or HG3 cell line treated with oe-HES1. Treatment concentration of
MW167 was 50 uM. The experiment was repeated three times inde-
pendently
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addition, treatment with MW 167 attenuated cell prolifera-
tion. Lower cell proliferation was observed in the presence
of oe-HES1+MW167 than oe-HES1 alone (Fig. 5). The
above results indicate that overexpression of HES1 can acti-
vate the Notchl signaling pathway and thus promote the
proliferation of CLL cells.

Moreover, flow cytometric data revealed increased pro-
portion of MEC1 and HG3 cells arrested at the G1 phase
yet decreased proportion of MEC1 and HG3 cells arrested
at the S phase upon silencing of HES1, the effect of which
was abolished by overexpression of HES1. The proportion
of cells arrested at the G1 phase was increased, while that
of cells arrested at the S phase was reduced in response to
MW167. Notably, co-treatment with oe-HES1 and MW 167
counteracted the above effects induced by individual

A

Vector

sh-NC

sh-HES1

o
e
N

=
e

MW167 ©

Fig.6 HESI activates the Notchl signaling pathway to arrest
more cells at the S phase. A Detection on cell cycle distribution
of MECI1 cells treated with sh-HES1, oe-HES1, MW167, or oe-
HES1+MW167. B Detection on cell cycle distribution of HG3 cells
treated with sh-HES1, oe-HES1, MW167, or oe-HES1+MW167. C
Histogram for cell cycle distribution of MEC1 cells treated with sh-
HES1, oe-HES1, MW167, or oe-HES1+MW167. D Histogram for
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H

treatment with oe-HES1 (Fig. 6). Cumulatively, overexpres-
sion of HES1 could increase cells arrested at the S phase by
activating the Notch1 signaling pathway.

Subsequently, flow cytometric data suggested that MEC1
and HG3 cell apoptosis were promoted by silencing of HES1
or treatment with MW 167 but it was reduced by overex-
pression of HES1. Co-treatment with oe-HES1 and MW 167
could neutralize the effects triggered by oe-HES1 (Fig. 7).
The above results indicate that overexpression of HES1 can
activate the Notch1 signaling pathway and thus repress the
apoptosis of CLL cells.

CLL is a malignancy that entails the slow proliferation
of B-cell lymphocyte in the bone marrow and blood [26]. It
has become a global problem accounting for approximately
25% of total leukemia cases, which renders the necessity of
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cell cycle distribution of HG3 cells treated with sh-HES1, oe-HESI,
MW167, or oe-HES1+MW167. *p<0.05 vs. the MEC1 or HG3
cell line treated with sh-NC. #» <0.05 vs. the MEC1 or HG3 cell line
treated with Vector. ¥p <0.05 vs. the MEC1 or HG3 cell line treated
with DMSO. ©p<0.05 vs. the MEC1 or HG3 cell line treated with
oe-HES1. Treatment concentration of MW167 was 50 uM. The
experiment was repeated three times independently
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Fig.7 HESI activates the Notchl signaling pathway to prevent the
apoptosis of CLL cells. A Plots for apoptosis of MEC1 cells treated
with sh-HES1, oe-HES1, MW 167, or oe-HES1+MW167. B Plots for
apoptosis of HG3 cells treated with sh-HES1, oe-HES1, MW167, or
oe-HES1+MW167. C Apoptotic rates of MEC1 cells treated with
sh-HES1, oe-HES1, MW167, or oe-HES1+MW167. D Apoptotic
rates of HG3 cells treated with sh-HES1, oe-HES1, MW167, or oe-

development of novel targets for CLL treatment [27]. In this
study, we explored the role of Notch/HES1/PTEN signaling
in CLL and found that HES1 could activate the Notch1 path-
way and downregulate the expression of PTEN to promote
CLL cell progression.

Initial results of this study demonstrated upregulation of
HESI and Notchl expression, yet low expression of PTEN
in B lymphocytes in CLL patients. At present, a large num-
ber of previous studies have highlighted the upregulated
expression of HES1 in various types of leukemia. For exam-
ple, significant upregulation of HES1 was found in the most
primitive CD34 + Thy + subset of CD34 + cells in chronic
myeloid leukemia [28]. High HES1 expression was detected
in patients with chronic myelogenous leukemia in blast crisis
[29]. It was previously demonstrated that the Notch pathway,
interplaying with the NF-xB pathway, could be activated in

HES1+MW167. *p<0.05 vs. the MEC1 or HG3 cell line treated
with sh-NC. #p<0.05 vs. the MEC1 or HG3 cell line treated with
Vector. 4p <0.05 vs. the MEC1 or HG3 cell line treated with DMSO.
@p<0.05 vs. the MECI1 or HG3 cell line treated with oe-HESI.
Treatment concentration of MW 167 was 50 uM. The experiment was
repeated three times independently

CLL in an unmutated state [30]. In concert with our finding,
the inactivated Notch1 signaling pathway was found to aid
bepridil to exert anti-leukemic activity in a CLL xenotrans-
plant model, by diminishing the percentage of leukemic
cells infiltrating the spleen [31]. Similarly, a lack of PTEN
expression was detected by Kapoor et al. in ibrutinib-resist-
ant CLL cell lines [32]. In addition, Bailon et al. unfolded
reduced PTEN expression in CLL cells, which played a part
in stimulating development of the disease [33]. All the afore-
mentioned reports indeed support our finding regarding the
participation of Notch1/HES1/PTEN in CLL.
Mechanistically, we revealed that overexpression of
HES1 could decrease the expression of PTEN by binding
to the promoter region of PTEN, while treatment with the
Notchl signaling pathway inhibitor, MW167, could lead
to an opposite result. This result demonstrated that Notch1
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downregulates PTEN by upregulating HES1 expression in
CLL. The Notch-HES1-cylindromatosis-NF-kB axis played
a key role in maintaining T-cell acute lymphoblastic leuke-
mia, and cylindromatosis could aid to weaken the ability of
Notchl1 to induce the leukemia by knocking down HES1 tar-
geted by Notch or upregulating cylindromatosis targeted by
HESI [34]. Moreover, the Notch1-CCN3 signaling pathway
in chronic myeloid leukemia K562 cells led to decreased
expression of the Notchl target genes c-Myc and HESI1,
which could diminish formation of K562/CCN3 colonies
and thus induce the disease pathogenesis [35]. These previ-
ous reports revealed the upregulation of HES1 by Notchl in
leukemia. So far, the interaction among Notch-HES1-PTEN
has been highlighted in multiple cancers. For instance, the
modulation of PTEN expression by Notch via HES1 was
revealed; silencing of Notch or HES1 could upregulate
PTEN expression in human glioblastomas and thus both the
Notch and HES1 pathways could improve therapeutic effi-
cacy [36]. Additionally, Guo et al. reported the correlation
between silencing of Notchl and inhibited HES1 as well as
activated PTEN/p53 pathway in intrahepatic cholangiocar-
cinoma cells [37]. Of note, it was also reported by Hales
et al. that HES1 could inhibit PTEN in a transcriptional
manner and thus activate AKT, which could be neutralized
by Notchl inhibition using y-secretase inhibitors in T-cell
acute lymphoblastic leukemia [38]. Moreover, Palomero
et al. demonstrated the interplay between Notchl and HES1
to inactivate PTEN in T-cell acute lymphoblastic leukemia
[19]. In our study, we revealed the HES 1-mediated Notch/
PTEN signaling in CLL.

Furthermore, we found that silencing of HES1 or inac-
tivated Notchl signaling pathway inhibited the prolifera-
tion while facilitating apoptosis of CLL cells. HES1 is well
known for its capacity of regulating cell proliferation and
differentiation [39]. Consistently, downregulated HES1
by miR-182-5p can contain the development of myeloid
in chronic myeloid leukemia leukemic cells [40]. In line
with this finding, interfered Notch signaling could diminish
peripheral lymphocytes in lymph nodes in a rat model [41].
A prior study once identified that Notchl, with the ability
to target gene regulators of B-cell proliferation, was capable
of transactivating Myc by binding to B-cell-specific factors,
which thus serves as an oncogene in the progression of CLL
[42]. Similarly, nuclear PTEN expression could suppress
growth arrest while promoting apoptosis induction of CLL
cells, thereby acting as a promising anti-tumor factor in CLL
[43]. Moreover, downregulated PTEN by overexpressed
miR-22 was found responsible for proliferative B cells in
CLL [44]. In this study, we demonstrated that silencing of
HES1 by downregulated Notch1 could activate the expres-
sion of PTEN, thereby curbing the growth of CLL cells.
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Fig.8 Molecular mechanism regarding the HES1-mediated Notchl
signaling pathway in CLL. HES1 promotes the proliferation while
suppressing apoptosis of CLL cells by activation of the Notchl sign-
aling pathway

Conclusion

In summary, we demonstrated that HES1 promoted the
activity of Notchl to downregulate expression of PTEN,
thereby promoting proliferation and suppressing apoptosis
of CLL cells (Fig. 8). Despite of this, clinical trials are war-
ranted for validation of this finding.
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