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LW-213 induces cell apoptosis in human cutaneous T-cell
lymphomas by activating PERK—eIF2a-ATF4-CHOP axis

Xiao-xuan Yu'?, Meng-yuan Zhu', Jia-rong Wang', Hui Li', Po Hu', Ying-jie Qing', Xiang-yuan Wang', Hong-zheng Wang',

Zhan-yu Wang', Jing-yan Xu?, Qing-long Guo' and Hui Hui'

Cutaneous T-cell ymphoma (CTCL) is characterized by a heterogeneous group of extranodal non-Hodgkin lymphomas, in which
monoclonal T lymphocytes infiltrate the skin. LW-213, a derivative of wogonin, was found to induce cell apoptosis in chronic
myeloid leukemia (CML). In this study, we investigated the effects of LW-213 on CTCL cells and the underlying mechanisms. We
showed that LW-213 (1-25 uM) dose-dependently inhibited human CTCL cell lines (Hut-102, Hut-78, MyLa, and HH) with ICsq
values of around 10 uM, meanwhile it potently inhibited primary leukemia cells derived from peripheral blood of T-cell
lymphoma patients. We revealed that LW-213-induced apoptosis was accompanied by ROS formation and the release of
calcium from endoplasmic reticulum (ER) through IPsR-1channel. LW-213 selectively activated CHOP and induced apoptosis in
Hut-102 cells via activating PERK-elF2a-ATF4 pathway. Interestingly, the degree of apoptosis and expression of ER stress-
related proteins were alleviated in the presence of either N-acetyl cysteine (NAC), an ROS scavenger, or 2-aminoethyl
diphenylborinate (2-APB), an IPsR-1 inhibitor, implicating ROS/calcium-dependent ER stress in LW-213-induced apoptosis. In
NOD/SCID mice bearing Hut-102 cell line xenografts, administration of LW-213 (10 mg/kg, ip, every other day for 4 weeks)
markedly inhibited the growth of Hut-102 derived xenografts and prolonged survival. In conclusion, our study provides a new

insight into the mechanism of LW-213-induced apoptosis, suggesting the potential of LW-213 as a promising agent

against CTCL.
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INTRODUCTION

Cutaneous T-cell lymphoma (CTCL) represents a heterogeneous
group of extranodal non-Hodgkin lymphomas in which mono-
clonal T lymphocytes infiltrate the skin [1, 2]. Mycosis fungoides
and Sézary Syndrome (SS) are the most common types of CTCL [3].
Characterized by a wide variety of clinical findings and histological
findings, CTCL often demonstrates skin localization and progres-
sion to erythroderma, with subsequent involvement of the lymph
nodes, peripheral blood, and visceral organs, such as the spleen
[4]. Given the development of multidrug resistance or drug-
related adverse reactions during treatment, the prognosis of CTCL
remains poor, with a 5-year survival rate of <50% [5, 6].

As a crucial organelle in eukaryotic cells, the endoplasmic
reticulum (ER) regulates a wide array of fundamental cellular
processes, including transmembrane and secretory protein fold-
ing, lipid biosynthesis, drug detoxification, calcium storage, and
signaling [7]. Hypoxia, oxidative disorder, changes in pH, Ca?
*dislocation, starvation, hypoglycemia, ATP depletion, and viral
infection impact ER homeostasis [8]. All these events can disturb
correct protein folding, leading to the accumulation of misfolded

or unfolded proteins and the evolution of a stress-induced
signaling cascade signal transduction pathway called the unfolded
protein response (UPR) [9]. Once misfolded proteins accumulate
beyond the tolerance threshold of the ER, a cell will undergo
apoptosis [10]. The UPR has been documented in most major
types of human cancer, including T-cell lymphoma, suggesting it
has a significant role in tumor progression [11-13]. This feature
endows cancer cells with vulnerabilities that can be harnessed to
secure a therapeutic advantage. Unfolded and misfolded proteins
that accumulate in the ER can be detected by three ER
transmembrane sensors, inositol requiring enzymela, protein
kinase RNA-like ER kinase (PERK), and activating transcription
factor 6 [8].

PERK is an ER transmembrane protein that is activated by
oligomerization and autophosphorylation in response to UPR
triggering, and it is required at the ER-mitochondrial constant sites
to convey apoptotic signalings after reactive oxygen species
(ROS)-based ER stress [14, 15]. Once activated, PERK reduces
MRNA translation and prevents the arrival of new proteins into the
ER compartment, which is mediated by phosphorylation of
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eukaryotic translation initiation factor 2 (elF2a). Phosphorylated
elF2a blocks the recycling of elF2a in its active GTP-bound state,
which is needed for starting polypeptidechain synthesis, leading
to the attenuation of general protein translation [16]. However,
elF2a phosphorylation also regulates the expression of activating
transcription factor 4 (ATF4), a member of the ATF/CREB family of
transcription factors that regulates the expression of genes
involved in the restoration of normal cellular homeostasis
[16, 17]. The transcription factor ATF4 binds the promoter region
of the proapoptotic C/EBP homologous protein (CHOP) gene,
increasing its mRNA expression and subsequently its protein levels
[18]. Once ER stress is irreversible, ATF4-CHOP activation can
induce the apoptotic pathway [19].

Natural compounds, which are characterized by antioxidant,
anticarcinogenic, antimutagenic, and detoxification properties,
constitute a promising intervention to prevent carcinogenesis
[20, 21]. Several natural compounds, such as curcumin, resveratrol,
green tea polyphenols, garcinia, and tocotrienols, induce apopto-
sis in cancer by modulating ER stress [22-26]. LW-213 is a
derivative of wogonin that induces G2/M cell cycle arrest and
apoptosis in human breast cancer and chronic myeloid leukemia
(CML) [27, 28]. In this study, we examined the effect of LW-213 on
CTCL apoptosis and the PERK-elF2a-ATF4/CHOP signaling axis.
Moreover, we established a NOD/SCID mouse model bearing Hut-
102 tumors to further verify the anticancer effect and potential
mechanism of LW-213.

MATERIALS AND METHODS

Compounds and reagents

LW-213 was synthesized from chrysin (Shanxi Ciyuan Biotech Co,,
Ltd., China). The final compound was a yellow solid powder with a
purity >99.5%. For in vitro experiments, LW-213 was dissolved in
dimethyl sulfoxide (DMSO, Sigma-Aldrich, Missouri, USA) at a
concentration of 0.02 M, stored at —80 °C and diluted to a suitable
concentration with RPMI-1640 medium (Gibco, California, USA).
Cells treated with the highest concentration of DMSO were used
as controls in the indicated experiments.

For in vivo experiments, LW-213 was prepared as an
intraperitoneal injection administration formulation by Dr. Xue Ke
at the College of Pharmacy, China Pharmaceutical University. NAB
was purchased from Aladdin (Shanghai, China), and mice were
injected intraperitoneally.

2-Aminoethyl diphenylborinate (2-APB) was obtained from
CSNpharm (Chicago, USA). N-acetyl cysteine (NAC) was obtained
from Beyotime (Nanjing, China).

Cell cultures

The human CTCL cell lines Hut-102, Hut-78, MyLa, and HH were
purchased from the Cell Bank of the Shanghai Institute of
Biochemistry & Cell Biology. All the cell lines were authenticated
by short tandem repeat analysis performed by the suppliers. Then,
the cells were expanded and stored in liquid nitrogen upon
receipt, and each aliquot was passaged fewer than 25-30 times in
our laboratory. Cells were cultured in RPMI-1640 medium
supplemented with 10% heat-inactivated FBS (Thermo Fisher
Scientific, Massachusetts, USA), 100 U/mL benzyl penicillin, and
100 U/mL streptomycin in a humidified environment (Thermo
Fisher Scientific) with 5% CO, at 37 °C.

Primary lymphoma cells derived from lymphoma patients (The
First Affiliated Hospital of Nanjing Medical University, Nanjing,
China) were collected using lymphocyte-monocyte separation
medium (Jingmei, China). Primary lymphoma cells and cell lines
were cultured in RPMI-1640 medium supplemented with 10%
heat-inactivated FBS (Thermo Fisher Scientific, Waltham, MA), 100
mg/mL benzyl penicillin, and 100 mg/mL streptomycin in a
humidified environment (Thermo Fisher Scientific) with 5% CO,
at 37°C.
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Cell viability assay
Hut-102, Hut-78, MylLa, and HH cells (1x10* cells/well) were
seeded in 96-well plates, and then treated with LW-213 at various
concentrations for 12 or 24 h. Then, 20 uL CCK8 solution was
added to each well and incubated for 4 h. Cells treated with
equivalent amounts of DMSO (0.1%) were used as a negative
control. The absorbance was read at 450 nm with a SynergyTM HT
multimode reader (BioTek, Vermont, USA). The average value of
the optical density of five wells was used to determine cell viability
by the following formula:

Survival rate (%) = OD(treatment group)/OD(control group) X 100%.

The 1Csq value was defined as the concentration that caused a
50% inhibition in cell viability and was calculated by the logit
method.

Detection of the intracellular calcium level

Cells were collected and loaded with 1uM Fluo-3AM (S1056;
Beyotime Institute of Biotechnology, Nanjing, China), which
combines with Ca®™ to produce strong fluorescence. According
to the manufacturer protocols, after incubating for 30 min at 37 °C
in the dark, the cells were resuspended in 500 pL phosphate buffer
saline (PBS), and the fluorescence intensity was measured with an
FACS Calibur flow cytometer (Becton-Dickinson, California, USA)
at Ex/Em. wavelengths of —488/525 nm.

Detection of the intracellular ROS level

Intracellular ROS levels were determined with the fluorescent dye
DCFH-DA (KGT010-1; KeyGen Biotech, Nanjing, China) in accor-
dance with the manufacturer’s instructions. Treated cells were
harvested, incubated with the corresponding dye and then
evaluated on a flow cytometer (Becton-Dickinson Biosciences,
New Jersey, USA).

Flow cytometric analysis of apoptosis

Cells were collected and processed with the Annexin V/PI Cell
Apoptosis Detection Kit (Vazyme Biotec, Nanjing, China) for 10 min
at room temperature in the dark, according to the kit protocols.
Data acquisition and analysis were performed with a
Becton-Dickinson FACS Calibur flow cytometer and CellQuest
software. Cells stained with neither Annexin V nor Pl were
regarded as surviving cells.

Measurement of the mitochondrial membrane potential

Cells were harvested after treatment with LW-213 and stained
with 10 uM JC-1 (KeyGen Biotech, Nanjing, China) in accordance
with the manufacturer’s protocol. Processed cells were analyzed
by flow cytometry (Ex =488 nm; Em = 530 nm) in the FL-1 (green)
and FL-2 (red) channels.

Mitochondria- and cytosol-enriched extracts

Following a 12 h incubation of cells with LW-213, mitochondrial/
cytosolic fractionation was performed using the Mitochondria/
Cytosol Fractionation Kit (Beyotime Institute of Biotechnology,
Nanjing, China) according to the manufacturer’s instructions.

Western blot analysis
Cells were harvested and washed twice with ice-cold PBS. The cells
were lysed in RIPA buffer (Thermo Scientific, Massachusetts, USA)
with protease inhibitors (PMSF, NaF, leupeptin, and dithiothreitol)
on ice for 60 min. The lysates were shaken every 30 min. Then, the
cell lysates were clarified by centrifugation at 12,000 rpm
(Eppendorf, Hamburg, Germany) for 30 min at 4 °C. The protein
concentration in the supernatant was quantified with a BCA assay
kit and a Varioskan multimode microplate spectrophotometer
(Thermo, MA, USA).

Equal amounts of protein extracts were loaded for 10% SDS-
polyacrylamide gel electrophoresis and transferred to nitrocellu-
lose membranes (BiTraceNT, PallCor). The membranes were
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blocked with 3% BSA in PBS at room temperature for 1h,
incubated with a primary antibody diluted at the indicated ratio in
PBST (phosphate buffer saline and 0.1% Tween-20) at 37 °C for 1 h,
and then incubated overnight at 4°C. The membranes
were washed with PBST three times, and then incubated
with an IRDyeTM800-conjugated secondary antibody for 55 min
at 37 °C. After washing the membranes with PBST three times, and
then with PBS one time for 10 min each time, detection was
performed with the Odyssey Infrared Imaging System (Li-COR;
Lincoln, NE).

Primary antibodies specific for PERK (5683T), elf2a (5324T), and
p-elf2a (3398T) were obtained from Cell Signaling Technology
(Danvers, MA). Antibodies against p-PERK (A16314), ATF4 (A0201),
GRP78 (A0241), BAX (A0207), Bak-1 (A0204), death receptor 5
(DR5) (A1236), Caspase-8 (A0215), Caspase-3 (A2156), PARP-1
(A0942), COX-IV (A10098), Bcl-2 (A0208), and [3-Actin (AC026) were
obtained from ABclonal Technology (Wuhan, China). Antibodies
against CHOP (SC-7351) and Caspase-9 (SC-73548) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). An
anti-Cytochrome-C_antibody (66264-I-lg) was purchased from
Proteintech. IRDye™800-conjugated secondary antibodies were
purchased from Rockland (Philadelphia, PA, USA).

Antitumor effects on mice

Female NOD/SCID immunodeficient mice (5-6 weeks old, weigh-
ing 18-22 g) (Beijing HFK Bioscience Co., Ltd., Beijing, China) were
transplanted with Hut-102 cells. Animals were subcutaneously
injected with 2 x 10° Hut-102 cells in 0.1 mL saline. When tumors
were palpable (50-100 mm?), the mice were divided randomly
into three groups (n =5 per group): a control group (0.9% normal
saline), an NAB-treated group (200 mg/kg) and an LW-213-treated
group (10 mg/kg). Treatment was carried out by i.p. injection every
other day for 14 days. At the end of the experiment, the animals
were sacrificed, and the tumors were prepared for immunofluor-
escence assays.

Female NOD/SCID immunodeficient mice (6-9 weeks old)
(Beijing HFK Bioscience Co., Ltd., Beijing, China) were sublethally
irradiated (1.8 Gy) and engrafted with Hut-102 cells (1 x 107 cells
per mouse, n =6 per group) via the tail vein 24 h after irradiation.
After 7 days, the mice in the Hut-102 cell-bearing group were
injected intraperitoneally with 0.9% normal saline, NAB (200 mg/
kg), CTX (15mag/kg), or LW-213 (10 mg/kg) every 2 days. The
animals were monitored daily.

siRNA transfection

CHOP siRNA was synthesized by Shanghai GenePharma Co., Ltd.
Transfection was performed using Lipofectamine 2000™ reagent
(Invitrogen, San Diego, CA) according to the manufacturer’s
instructions. The siRNA sense oligonucleotide for CHOP was 5'-
GCGCAUGAAGGAGAAAGAATT-3/, and the antisense oligonucleo-
tide was 5’-UUCUUUCUCCUUCAUGCGCTT-3'.

Quantitative real-time RT-qPCR
RT-qPCR was performed according to the manufacturer’s instruc-
tions [29]. The primer sequences were as follows:

GAPDH. Forward 5'-GCAGGGGGGAGCCAAAAGGG-3/
Reverse 5-TGCCAGCCCCAGCGTCAAAG-3/

Forward 5-CTGCCTTTCACCTTGGAGAC-3’
Reverse 5-ATAGAGTAGGGGTCCTTTGC-3/

CHOP.

FACS analysis of bone marrow cells

Bone marrow cells were harvested and depleted of red blood
cells using a red blood cell lysis buffer (eBioscience). For FACS
analysis, cells were stained with anti-human CD45 antibodies at
4°C for 30 min. Centrifugation at 350 x g and 4°C for 5 min was
performed to collect total cells, followed by resuspension of the
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cells in 500 uL PBS and detection using an FACS Calibur flow
cytometer. In this model, human CD45" cells were defined as
human leukocytes.

Immunofluorescence analysis

Immunofluorescence assays were performed as previously
reported [30]. Images were captured with a confocal microscope
at x1000 magnification (FV1000; Olympus, Tokyo, Japan).

Statistical analysis

All results are expressed as the mean + standard error of the mean.
The data shown were obtained from triplicate independent
parallel experiments. Statistical analyses of multiple group
comparisons were performed by one-way analysis of variance
followed by the Bonferroni post test. Comparisons between two
groups were analyzed using two-tailed Student’s t tests. The
significance of differences is indicated as *P < 0.05 or **P < 0.01.

RESULT

LW-213 inhibited viability and induced cell apoptosis in CTCL cells
Human CTCL cell lines (Hut-102, Hut-78, MylLa, and HH) were
cultured in the absence or presence of LW-213 at various
concentrations for 12 or 24 h. We observed that LW-213 inhibited
the viability of these CTCL cells (Fig. 1a). Compared with no
treatment, treatment with LW-213 at concentrations ranging from
1 to 25uM induced significant inhibition of cell viability in a
concentration- and time-dependent manner (Fig. 1a). The ICsq
values of Hut-102, Hut-78, MyLa, and HH cells are displayed in
Fig. 1b. Moreover, Ki67 expression was detected to evaluate cell
viability. As shown in Fig. 1¢, LW-213 inhibited the growth and
viability of Hut-102 cells.

Apoptosis is a crucial programmed form of cell death occurring
in aging or damaged cells [31]. We monitored cell apoptosis in
CTCL cell lines (Hut-102, Hut-78, MyLa, and HH) after treatment
with various concentrations of LW-213 for 12 or 24 h (Fig. 1d, e).
The results showed that LW-213 induced apoptosis in these cells.
Among the four cell lines, apoptosis induced by LW-213 was most
obvious in Hut-102 cells, while apoptosis was least obvious in Hut-
78 cells. We further observed the effect of 12h of LW-213
treatment on primary leukemia cells derived from the peripheral
blood of T-cell lymphoma patients. The results showed
that the percentage of apoptotic cells increased dramatically
(Table 1, Fig. 1f).

LW-213 increased the intracellular calcium level in CTCL cells
There is a growing consensus that calcium (Ca*™) is a ubiquitous
second messenger involved in the control of a broad variety of
physiological events, including apoptosis [32]. Therefore, we
examined the effect of LW-213 on the intracellular Ca®" level in
Hut-102 and Hut-78 cells. Cells were exposed to LW-213 (15 uM)
for different durations. Upregulation of the intracellular Ca®* level
was observed at 0.5 h in Hut-102 cells. The intracellular Ca>* level
peak (10.05 + 0.56) was observed at 24 h. However, in Hut-78 cells,
the intracellular Ca®" level began to increase after treatment with
LW-213 for 9 h. After treatment with 15 uM LW-213 for 24 h, the
intracellular calcium concentration increased by 3.32 +0.34-fold
(Fig. 2a). The results above su%gested that the LW-213-induced
increase in the intercellular Ca*" concentration was slower and
gentler in Hut-78 cells than in Hut-102 cells. We then examined
the intracellular Ca®" levels in other CTCL cell lines. The results
showed that LW-213 increased the intracellular Ca®* level in Hut-
102, Hut-78, MyLa, and HH cells in a time- and dose-dependent
manner (Fig. 2c).

We suspected that the source of Ca®" was the ER, the main
Ca®" repository in eukaryotes. IP; receptor (IP3R) is an important
Ca®"channel located in the ER [33]. We measured the apoptosis
rate after cotreatment with LW-213 and 2-aminoethyl
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Fig.1 LW-213 inhibited cell viability and induced cell apoptosis in CTCL cells. a The growth inhibition effect of LW-213 on Hut-102, Hut-78,
MyLa, and HH cells was assessed by a CCK8 assay at 12 and 24 h. b The ICs, values of LW-213 for Hut-102, Hut-78, MyLa, and HH cells at 12
and 24 h are shown. ¢ The cell proliferation of Hut-102 cells was detected by Ki67 staining after treatment with 15 pM LW-213. Green
fluorescence indicates Ki67 expression, while nuclei were stained with DAPI. Cells were evaluated by confocal microscopy (FV1000; Olympus)
with FV10-ASW2.1 acquisition software (Olympus) at room temperature (original magnification x1000; immersion objective x100/x40 with
immersion oil type). Images are representative of three independent experiments. d, e Flow cytometric analysis of Annexin V-FITC/PI-PerCP-
stained CTCL cell lines (Hut-102, Hut-78, MyLa, and HH) treated with 5, 10, and 15 uM LW-213 for 12 and 24 h was performed. f Primary samples
(1, 2, and 3) were treated with LW-213 (0, 5, 10, and 15 pM) for 12 h, and apoptotic cells were evaluated by flow cytometric analysis of Annexin
V-FITC/PI-PerCP staining. Data are shown as the mean * S.E.M. of three independent experiments. Two-tailed P values were calculated; *P <
0.05, **P < 0.01.

Table 1. Clinical data for patient samples with T-lymphoma.

Patient no. Diagnosis Source WBC (x10°) Cytogenetics Naive lymphocyte Status
1 T-cell lymphoma PB 4.0 oD 97.8% New
2 T-cell lymphoma PB 185.1 Notch1, Wnt1 87.0% New
3 T-cell lymphoma PB 58.9 oD 33.3% New

PB peripheral blood, WBC white blood cells count, OD outside diagnosis
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Fig.2 LW-213 increased the intracellular levels of calcium and ROS in CTCL cells. a Hut-102 and Hut-78 cells were treated with 15 pM LW-
213 for 0.5, 1, 2, 3, 6, 9, 12, and 24 h. Flow cytometric analysis of Hut-102 and Hut-78 cells stained with the Ca®* indicator Fluo-3AM was
performed. The fold changes in fluorescence intensity values (% of control) were calculated. b Cells were preincubated with/without NAC
(5mM) for 1 h, and then exposed to 15 uM LW-213 for 3, 6, 9, or 12 h. Flow cytometric analysis of the fluorescence intensity of ROS was
performed. The fold changes in ROS fluorescence intensity values (% of control) were calculated. ¢ Hut-102, Hut-78, HH, and MyLa cells were
treated with 5, 10, and 15 pM LW-213. Flow cytometric analysis of these cells stained with the Ca>" indicator Fluo-3 AM was performed. The
fold changes in fluorescence intensity values (% of control) were calculated. d Hut-102 cells were pretreated with/without NAC (5 mM) or
2-APB (50 pM) and incubated with 10 or 15 pM LW-213 for 12 h. Apoptotic cells were detected by flow cytometry. e Hut-78 cells were
pretreated with/without NAC (5 mM) or 2-APB (50 pM) and incubated with 10 or 15 pM LW-213 for 24 h. Apoptotic cells were detected by flow
cytometry. f Hut-102, Hut-78, HH, and MyLa cells were treated with 5, 10 and 15 pM LW-213 for 12 and 24 h. Flow cytometric analysis of the
fluorescence intensity of ROS was performed. The fold changes in ROS intensity values (% of control) were calculated. Data are shown as the
mean = S.E.M. of three independent experiments. Two-tailed P values were calculated; *P < 0.05, **P < 0.01, NS not significant.

diphenylborinate (2-APB), an IP3R-1 inhibitor, to explore whether
LW-213-induced apoptosis involves the influx of extracellular Ca**
[34]. At 12h, LW-213-induced apoptosis could be reversed
significantly by 2-APB (50 uM), and the 10 and 15uM LW-213-
induced apoptosis rates of Hut-102 cells decreased from 54.13% +
0.54% and 62.57% *0.45% to 36.11% +1.67% and 27.53% +
1.28%, respectively, (Fig. 2d). In Hut-78 cells, at 24 h, the 10 and 15
MM LW-213-induced apoptosis rates decreased from 57.81% +

LW-213 increased intracellular ROS levels in all CTCL cells tested
except Hut-78 cells

We further examined whether LW-213 induces the formation of
ROS in CTCL cells. We exposed Hut-78 and Hut-102 cells to 15 uM
LW-213 for different times, and then the fluorescence intensity
was detected to assess the levels of ROS. The results showed that
the fluorescence intensity increased in Hut-102 cells, peaking in
cells treated for 9 h, which showed a doubling of the ROS level

5.82% and 79.40%+4.73% to 45.20% +2.83% and 5851% *
4.46%, respectively, (Fig. 2d). The results described above showed
that LW-213-induced cell apoptosis had a positive correlation with
the increase in the intercellular Ca** concentration in Hut-102,
MyLa, HH, and Hut-78 cells (Fig. 2e).

SPRINGERNATURE

compared with untreated cells (Fig. 2b). Meanwhile, we chose N-
acetyl cysteine (NAC), an ROS scavenger that potently decreases
ROS levels, to reduce the elevation. Our data showed that
pretreatment with NAC (5 mM) for 1 h prominently mitigated the
LW-213-triggered ROS increase in Hut-102 cells (Fig. 2b). However,

Acta Pharmacologica Sinica (2021) 42:290 - 300



in the same situation, LW-213 did not increase the ROS
fluorescence intensity of Hut-78 cells (Fig. 2b). We then examined
the changes in ROS levels after treatment with LW-213 in other
CTCL cell lines. The results showed that LW-213 increased ROS
levels in Hut-102, MyLa, and HH cells but not those in Hut-78 cells
in a time- and dose-dependent manner (Fig. 2f).

Then, we evaluated the effect of ROS on LW-213-induced
apoptosis. In Hut-102 cells pretreated with NAC for 1h, cell
apoptosis was decreased compared with that in cells treated with
LW-213 alone. However, in Hut-78 cells, pretreatment with NAC
hardly influenced LW-213-induced apoptosis (Fig. 2d, e). The
results described above showed that LW-213-induced cell
apoptosis had a positive correlation with the increase in ROS
levels in Hut-102, MyLa, and HH cells but not in Hut-78 cells.

LW-213 activated the PERK-elF2a-ATF4 signaling axis to lead to
upregulation of CHOP expression in CTCL cells

The ER, which is a characteristic intracellular Ca®>" storage
compartment, is a major organoid in the regulation of the intrinsic
pathways that execute apoptosis [35]. PERK functions as an ER
transmembrane sensor that detects unfolded or misfolded
proteins and associates with GRP78 in its inactive form, which is
mediated by inactivation of elF2a [36, 37]. To determine whether
LW-213-induced apoptosis is mediated by ER stress in CTCL cells,
several ER stress-associated molecules were examined by an
immunofluorescence staining assay and Western blot analysis.
First, the expression of GRP78, a gatekeeper of the activation of ER
stress transducers, increased after LW-213 treatment in Hut-102
cells [38]. In addition, the expression levels of p-PERK (Thr981), p-
elF2a (Ser51), and ATF4 were tested. the levels of these proteins
were increased in the Hut-102 cell line, but no significant changes
were found in the total PERK and elF2a levels (Fig. 3a-c).
Furthermore, the changes in these proteins could be alleviated by
2-APB and NAC (Fig. 3b, ).

Apoptosis occurs when the functions of the ER are severely
impaired, and the activation of CHOP is one of the apoptotic
pathways involved in this event [39]. Thus, the expression of CHOP
in Hut-102 cells was evaluated by an immunofluorescence assay,
revealing that LW-213 induced strong CHOP expression in the
cytoplasm and nucleus (Fig. 3a). Western blot results showed the
same phenomenon (Fig. 3b, c). To verify the importance of ER stress-
induced CHOP expression in cell apoptosis induced by LW-213,
CHOP was silenced by using siRNA, and the efficiency of transfection
is shown in Fig. 3d. Transfection with CHOP siRNA led to a significant
decrease in Hut-102 cell apoptosis induced by LW-213 (Fig. 3e).

These results indicated that LW-213 selectively activated CHOP
and induced apoptosis by activating the PERK-elF2a-ATF4 path-
way, which is an ER stress-dependent apoptosis signaling pathway
in CTCL cell lines.

LW-213 induced intrinsic and extrinsic apoptosis in CTCL cells
Apoptosis is a key regulator of physiological homeostasis that is
divided into two categories: intrinsic and extrinsic apoptotic
pathways [40, 41]. To determine the mechanism underlying LW-
213-induced apoptosis in Hut-102 cells, we identified several
widespread elements involved in the extrinsic and intrinsic
pathways.

As a significant index for early apoptosis, the mitochondrial
membrane potential (AWm) was assessed by using JC-1 staining of
Hut-102 cells. As shown in Fig. 4a, b, exposure to LW-213 for 12 h
resulted in the collapse of the AWYm in a concentration-dependent
manner, indicating a remarkable incremental decrease in the AYm
in LW-213-treated cells. In addition, LW-213 decreased the
expression of Bcl-2 and increased the expression of Bax and
Bak-1. Furthermore, we noticed prominent activation of caspase-9
(Fig. 4c, d). As an important mitochondrial inner membrane-
associated protein, cytochrome-c plays a key role in caspase-
dependent apoptosis upon release into the cytoplasm. After
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treatment with LW-213 for 12 h, the amount of cytochrome-c in
the mitochondria was notably reduced, but the amount in the
cytosol was increased (Fig. 4e, f). DR5 is an apoptosis-inducing
membrane receptor for tumor necrosis factor-related apoptosis-
inducing ligand [42]. CHOP is involved in ER stress-induced
apoptosis by enhancing DR5 expression in human carcinoma cells
[43]. Our results showed that after treatment with LW-213 for 12 h,
the expression of DR5 increased, leading to the activation of
caspase-8 (Fig. 4g, h). The modulatory effects of the apoptotic
pathway, including changes in the expression of caspase-3 and
PARP-1, were also examined. Data obtained by Western blot
analysis showed that LW-213 induced the cleavage of caspase-3
and PARP-1 in a concentration-dependent manner (Fig. 4i, j).
Furthermore, 50 uM 2-APB or 5 mM NAC cotreatment with 15 uM
LW-213 partially reversed the changes in these proteins observed
in Hut-102 cells, suggesting that apoptosis induced by LW-213
may be associated with the observed increases in the intracellular
Ca®" and ROS levels (Fig. 4c, d, g-j).

LW-213 exhibited antitumor activity in vivo

To further evaluate the antitumor effects of LW-213 in vivo, a Hut-
102 cell line-derived xenograft model was established using NOD/
SCID mice (Fig. 5a). After administration of NAB (200 mg/kg), a pan
HDAC inhibitor, or LW-213 (10 mg/kg) every other day for 2 weeks,
the mice were sacrificed. LW-213 showed significant inhibitory
effects on the growth of xenograft tumors (Fig. 5b). The weight
and volume of resected tumors in the LW-213-treated group were
obviously lower than those in the untreated group (Fig. 5¢, d). In
addition, immunofluorescence results showed that the expression
of CHOP and GRP78 was increased in the Hut-102 cell-derived
xenografts of the LW-213-treated group compared with those of
the control group. In addition, NAB administration mildly
increased this expression (Fig. 5e, f).

Then, we constructed NOD/SCID mouse models engrafted with
Hut-102 cells via the tail vein. After administration of NAB (200
mg/kg), a pan HDAC inhibitor, LW-213 (10 mg/kg) and cyclopho-
sphamide (CTX) (15 mg/kg) every other day for 4 weeks, bone
marrow cells were collected and evaluated by using FACS analysis.
Compared with that of the blank group, the population of human
CD45" cells in the bone marrow of the Hut-102 tumor-bearing
group was increased conspicuously. In the LW-213-treated group,
the population of human CD45" cells was decreased (Fig. 5g). In
addition, CTX and LW-213 noticeably prolonged the survival of
Hut-102 cell-bearing mice compared with control mice (Fig. 5h).
Finally, hematoxylin and eosin (HE) staining showed that the LW-
213-treated group displayed fewer visceral injuries than the
control group (Fig. 5i).

DISCUSSION

Natural products constitute a promising intervention to prevent,
inhibit or reverse the processes of carcinogenesis [44]. Flavonoids,
such as baicalein, wogonin, and oroxylin A, are characterized by
antitumor activity and can be used to produce new drugs with
effective anticancer activity [45-47]. LW-213, a newly synthesized
flavonoid, induces apoptosis in CML cells [28]. In this study, we
found that LW-213 showed antiproliferative and apoptotic effects
on CTCL cell lines. Moreover, LW-213 inhibited the proliferation of
Hut-102-derived xenografts and prolonged survival in Hut-102
cell-bearing mice in vivo.

There is a growing consensus that Ca®" is an important second
messenger involved in an array of biological events. Fine tuning of
intracellular Ca?" homeostasis is linked to the regulation of
apoptosis [32]. Previous research has shown that wogonin kills
malignant T lymphocytes by triggering Ca®>"-dependent apoptosis
[48]. To this end, we suspected that LW-213 influences the level of
intracellular Ca®*. We hypothesized that the increase in the Ca**
level resulted from release from the ER, the major Ca*" repository
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Fig.3 LW-213 activated the PERK-elF2a-ATF4 signaling axis in CTCL cells. a Immunofluorescence staining assays for CHOP and GRP78 were
performed to test the effect of 12 h of LW-213 treatment (15 pM) on Hut-102 cells. Green fluorescence indicates CHOP or GRP78 expression, while
nuclei were stained with DAPI. Cells were evaluated by confocal microscopy (FV1000; Olympus) with FV10-ASW2.1 acquisition software (Olympus)
at room temperature (original magnification x1000; immersion objective x100/x60 with immersion oil type). Images are representative of three
independent experiments. b, ¢ Hut-102 cells were treated with 5, 10, or 15 pM LW-213 for 12 h or pretreated with/without NAC (5 mM) or 2-APB
(50 uM), and then incubated with 15 pM LW-213 for 12 h. The expression levels of PERK-elF2a-ATF4 signaling axis-related proteins were analyzed
by Western blot analysis. p-actin was used as a loading control. d The transfection efficacy of CHOP siRNA in Hut-102 cells was detected by RT-
gPCR. e Hut-102 cells were transfected with CHOP siRNA, and then treated with LW-213 (15 pM) for 12 h. Apoptotic cells were detected by flow
cytometry. Data are shown as the mean + S.E.M. of three independent experiments. Two-tailed P values were calculated; **P < 0.01. *P < 0.05.
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Fig. 4 LW-213 induced intrinsic and extrinsic apoptosis in CTCL cells. a, b Hut-102 cells were treated with 15 pM LW-213 for 12 h, and the
changes in the A¥m of Hut-102 cells were detected by JC-1 staining and analyzed by flow cytometry. The relative A¥m was calculated as the
ratio of red fluorescence in treated cells to that in DMSO control cells. ¢, d Hut-102 cells were pretreated with/without NAC (5 mM) and 2-APB
(50 pM), and then incubated with 5, 10, or 15 pM LW-213 for 12 h. The expression levels of apoptosis-associated proteins were analyzed by
Western blot analysis. p-actin was used as a loading control. e Hut-102 cells were treated with 15 pM LW-213 for 12 h, and the effect of LW-213-
induced cytochrome-c release was analyzed by mitochondrial and cytosolic fractionation assays. COX-IV was used as a loading control for the
mitochondrial fraction, and p-actin was used as a loading control for the cytosolic fraction. f Hut-102 cells were treated with 15 pM LW-213 for
12 h, and the effect of LW-213-induced cytochrome-c release was analyzed by an immunofluorescence staining assay. Mitochondria were
stained with TOM-20 (green fluorescence), red fluorescence indicates cytochrome-c, and nuclei were stained with DAPI. Cells were evaluated
by confocal microscopy (FV1000; Olympus) with FV10-ASW2.1 acquisition software (Olympus) at room temperature (original magnifica-
tion x1000; immersion objective x100/x100 with immersion oil type). Images are representative of three independent experiments. g-j Hut-
102 cells were treated with 5, 10, or 15 pM LW-213 for 12 h or pretreated with/without NAC (5 mM) or 2-APB (50 pM), and then incubated with
15 uM LW-213 for 12 h. The expression levels of apoptosis-associated proteins were analyzed by Western blot analysis. f-actin was used as a
loading control. **P < 0.05. **P < 0.05.
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Fig. 5 LW-213 exhibited antitumor activity in vivo. a A flowchart for evaluation of the effect on Hut-102 cell-bearing NOD/SCID mouse
xenograft models is shown. b-d The effects of NAB and LW-213 on the xenograft tumor growth of Hut-102 cell-bearing NOD/SCID mice
were investigated. e, f The expression of GRP78 and CHOP in xenograft tumor tissue samples from Hut-102 cell-bearing mice was revealed
by immunofluorescence. Green fluorescence indicates CHOP or GRP78 expression, while nuclei were stained with DAPI. Cells were
evaluated by confocal microscopy (FV1000; Olympus) with FV10-ASW2.1 acquisition software (Olympus) at room temperature (original
magnification x1000; immersion objective x100/x60 with immersion oil type). g The huCD45 expression of bone marrow cells from Hut-102
cell-bearing mice in each group was examined by flow cytometry analyses. Data represent the mean+S.E.M. of three independent
experiments. Asterisks denote statistically significant (*P < 0.05; **P < 0.01) differences between treated mice and control mice determined by
one-way ANOVA. h Kaplan-Meier survival plots of Hut-102 cell-bearing NOD/SCID mice are shown. i Mice were sacrificed after LW-213
treatment, and their tissues were resected and fixed in 4% formalin for HE analysis. Images were acquired at x20 magnification. Green arrows
represent extramedullary hemopoiesis, and black labels represent cell infiltration.

SPRINGER NATURE Acta Pharmacologica Sinica (2021) 42:290 - 300



LW-213 exerts anti-CTCL effects via PERK- ATF4-CHOP axis
XX Yu et al.

wF T
I : i
| - = |
1  Caspases)
; ATes o |
: o> |
E cn-iP —»0—»@./ ¢ E
\ I

Froptosiss ~— CEARED |

Fig. 6 Possible mechanisms underlying the apoptosis-inducing effect of LW-213 on CTCL cells.

in eukaryotes. IP3R is an important Ca®"channel located in the ER
[33]. We found that apoptosis induced by LW-213 could be
alleviated by an IP3R-1 inhibitor, suggesting that LW-213-induced
cell apoptosis was associated with an increase in the intracellular
calcium level and that the increase in the intracellular Ca®" level
may come from the ER via the IP3R channel (Fig. 6).

Evidence is increasing that ROS, a key player in oxidative stress,
play momentous, and extensive roles in pathways involved in cell
proliferation, apoptosis, and death [49]. In addition, ROS is a critical
mediator of ER dysfunction [50]. Many drugs and natural products
that modulate ROS generation regulate ER stress [51, 52]. It has
been well established that the regulation of ROS serves as an
important effect of wogonin treatment [53, 54]. In this study, we
placed special emphasis on clarifying the participation of ROS in
the antitumor effect of LW-213. We found that LW-213 increased
the level of ROS and induced apoptosis in Hut-102, MyLa, and HH
cells. In addition, both ROS production and apoptosis caused by
LW-213 could be alleviated by the antioxidant NAC, which
confirmed that the antitumor effect of LW-213 was associated
with oxidative stress in the above cell lines.

However, LW-213 did not increase the formation of ROS in Hut-
78 cells, a cell line derived from the peripheral blood of patients
with SS that constitutively express high levels of the activated
form of NF-kB [55]. In NF-kB-activated cells, the generation of ROS
is suppressed by the mitochondrial enzyme Mn®" superoxide
dismutase (Mn-SOD) [56]. To this end, Hut-78 cells may not be
sensitive to changes in ROS levels. The ER is a multifunctional
cellular organelle that is responsible for the synthesis, folding, and
posttranslational modification of proteins, and it is a component
that tightly regulates oxidation and Ca*" homeostasis [33]. ER
stress is a cellular condition of imbalance between the protein
folding load and capacity of the ER [57]. Once ER stress becomes
severe and homeostasis cannot be reestablished, the apoptotic
pathway is activated [7, 58]. PERK is a mediator of force-induced
apoptosis required to disrupt ER calcium homoeostasis [59].
PERK-elF2a-ATF4 is a major signaling pathway in ER stress.
Previous research suggests that PERK is required at ER-
mitochondrial contact sites to convey apoptotic signaling after
ROS-based ER stress [15]. Therefore, we examined the
PERK-elF2a-ATF4 signaling axis in CTCL cells. We found that LW-
213 activated this signaling axis and induced the expression of
downstream CHOP, one of the vital components involved in ER
stress-induced apoptosis.

Taken together, our results illustrated the involvement of
intracellular calcium and ROS in LW-213-induced apoptosis. We
further demonstrated that LW-213 could induce apoptosis in CTCL

Acta Pharmacologica Sinica (2021) 42:290 - 300

cells by activating PERK-elF2a-ATF4 signaling. These findings
indicate that regulation of ER stress is responsible for the
anticancer effects of LW-213 and suggest the potential of
developing LW-213 into a novel agent for CTCL treatment.
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