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1 | INTRODUCTION

| Weina Mal?

Abstract

IL-2R pathway is a key regulator in the development of immune cells and has emerged
as a promising drug target in cancer treatment, but there is a scarcity of related in-
hibitors. TPD7 is a novel biphenyl urea taspine derivate, which has been shown anti-
cancer effect. Here, we demonstrated the anti-cancer activity of TPD7 in cutaneous
T cell lymphoma and investigated the underlying mechanism of TPD7 through IL-2R
signalling. The inhibitory effect of TPD7 on cell viability exhibited a strong corre-
lation with the expression level of IL-2R, and cutaneous T cell lymphoma H9 and
HUT78 cells were most sensitive to TPD7. TPD7 was nicely bound to IL-2R and down-
regulated the mRNA and protein levels of IL-2R. Furthermore, TPD7 suppressed the
downstream cascades of IL-2R including JAK/STAT, PISK/AKT/mTOR and PLCy/Raf/
MAPK signalling, resulting in Bcl-2 mitochondrial apoptosis pathway and cell cycle
proteins CDK/Cyclins regulation. And, these were verified by flow cytometry analy-
sis that TPD7 facilitated cell apoptosis in H? cells via mitochondrial pathway and
impeded cell cycle progression at G2/M phase. TPD7 is a novel anti-cancer agent and
may be a potential candidate for cutaneous T cell lymphoma treatment by regulating
IL-2R signalling pathway.
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Interleukin-2 (IL-2), a 15.5 kD type 1 four a-helical bundle cyto-

kine, was first discovered in 1976s as a T cell growth factor present

Cutaneous T cell lymphoma (CTCL) is a kind of extranodal non-Hod-
gkin T cell lymphoma characterized by the presence of malignant T
cells in the skin. Among various forms of CTCLs, mycosis fungoides
(MF) and the leukaemic variant Sézary syndrome (SS) are the most
prevalent forms of CTCL.>? Although some induction chemothera-
pies have been approved for the treatment of CTCL, the responses
of many patients are typically short-lived.® Therefore, developing
effective chemotherapies for CTCL is extremely urgent.

in supernatants of activated human T cells.*” It is well-documented
that IL-2 exerts its biological activities through binding to three
classes of cell surface IL-2 receptors (IL-2R), IL-2Ra (CD25), IL-2Rp
(CD122) and IL-2Ry (CD132).%7 Interestingly, IL-2Ra subunit has no
effect on signal transduction but primarily increases the affinity of li-
gand binding, while the p and y subunits not only participate in ligand
binding, but also exert crucial functions during the IL-2/IL-2R signal
transduction through associated with the Janus kinases (JAK).B IL-2
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binds with low affinity to IL-2Ra, while the By dimer binding IL-2
shows intermediate affinity and the highest affinity binding form is
the opy trimeric complex.”

Following receptor binding, IL-2 activates three principal signalling
pathways: phosphatidylinositol 3-kinase (PI3K)-AKT, Ras-mitogen-
activated protein kinase (MAPK), and Janus kinase (JAK)-signal trans-
ducer and activator of transcription (STAT) pathways, which mediate
cell growth, survival, activation-induced cell death (AICD) and differ-
entiation.'® The IL-2 signal transduction mainly occurs via activation
of JAK1 and JAK3 (associated with IL-2RB and IL-2Ry, respectively).
The key tyrosine residues present in the cytoplasmic domain of the
IL-2R are activated following phosphorylation of JAKs, which subse-
quently serve as a docking site and recruit the adaptor protein SHC
and STAT molecules (including STAT1, STAT3 and STAT5).1! After ty-
rosine-phosphorylated by JAKs, STATs are released from IL-2R and
then moved to the nucleus through dimerization to modulate the
expression of downstream target genes.12 Besides, SHC serves just
like a platform to activate Rafl and thereafter activates MAPK and
eventually phosphorylates ERK, which participates in cell mitosis.*>*
Additionally, IL-2Rp triggering activates the molecular AKT/PKB with
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the upstream PI3K and then induces mTOR activation whose major
role is closely associated with cell growth, differentiation and apop-
tosis.*®* These suggest that IL-2 signal transduction is indeed intri-
cate and criss-crossed to exert its immune regulation. Nevertheless,
tumour immune escape and malignant growth will happen if aberrant
responses of IL-2 occurs. It has been reported that, in malignant CD4*
T cells derived from the CTCL, both of activated PISK/AKT and MEK/
ERK pathways contribute to mTORC1 activation, which appears to
depend on the IL-2-induced yc/Jak signalling.®® IL-2R has proven to
be an attractive target for immune intervention and T cell-directed
therapies.16 To date, the IL-2R target agents, such as daclizumab,
basiliximab and denileukin diftitox, have demonstrated activity in dis-
eases characterized by proliferation of activated T cells, but most of
them are mainly used to protect against the rejection of certain organ
transplants or cannot block IL-2 signalling activated by intermediate
affinity binding.t”'? Importantly, daclizumab and basiliximab are two
monoclonal antibodies to human IL-2Ra and there is no related small
molecule compound targeting IL-2R on the market. Consequently,
there is an urgent and unmet need to develop effective chemothera-
pies that can target IL-2R and block downstream signalling.
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FIGURE 1 The effect of TPD7 on leukaemia cell lines proliferation. A, chemical structure of TPD7; B-E, effects of TPD7 on cell

proliferation in H9, HUT78, JURKAT and

K562 cells were determined by MTT assay, respectively. Cells were treated with TPD7 (0.39-

50 pmol/L) for 24, 48 and 72 h, respectively; F, The transcriptional level of IL-2Rq, IL-2Rp and IL-2Ry in haematologic cancer cells; G, cells

were stained with IL-2Ra FITC, IL-2Rp PE

and IL-2Ry APC and determined by flow cytometry. Data are presented as the mean * standard

deviation obtained from three independent experiments
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TPD7 (N-[40-Acetyl-30,5,6-trimethoxybiphenyl-3-yl]-NO-[4-
[3-morpholin-4- ylpropoxy]phenyl]urea; Figure 1A), a novel biphe-
nyl urea taspine derivative, was designed and synthesized in our
laboratory.?° Studies have shown that through targeting VEGFR2,
TPD7 could inhibit cancer cell growth effectively.?° In this study, we
sought to investigate whether TPD7 could modulate IL-2R signalling
and thus inhibit cutaneous T cell lymphoma growth.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents

TPD7 was from the Research and Engineering Center for Natural
Medicine, Xi'an Jiaotong University (Xi'an, China). The human hae-
matologic cancer cell lines (H9, HUT78, JURKAT and K562) were
obtained from Shanghai Institute of Cell Biology in the Chinese
Academy of Sciences (Shanghai, China). RPMI 1640 medium,
3-(4,5-Dimethylthiazol-2-yl)-2.5-diphenyl-2H-tetrazolium
(MTT), Iscove's modified Dulbecco's medium (IMDM), was purchased

bromide

from Sigma-Aldrich and foetal bovine serum (FBS) was obtained from
ExCell Bio Co., Ltd. Protease and phosphatase inhibitors were pur-
chased from Roche Tech. RIPA Lysis Buffer, BCA protein assay reagent
kit, dimethylsulphoxide (DMSO) and the RNAfast200 kit were from
Pioneer Biotechnology Co., Ltd. Enhanced Chemiluminescent (ECL)
Plus Reagent kit was obtained from 4A Biotech Co., Ltd. PrimeScript
RT Master Mix Perfect Real Time kit, SYBR® Premix Ex TagTM Il and
a Thermal Cycle Dice Real time system were from TaKaRa biotech-
nology. FITC anti-human CD25 (IL-2Ra) antibody, PE anti-human
CD122 (IL-2Rp) antibody and APC anti-human CD132 (common y
chain) antibody were obtained from BioLegend. Annexin V-FITC ap-
optosis detection kit was purchased from Pioneer Biotechnology Co.,
Ltd. RNase and propidium iodide were from Sigma-Aldrich. IL-2R«
rabbit mAb, PI3K p110«a rabbit mAb, PI3K p110 rabbit mAb, PI3K
p110y rabbit mAb, PI3K p85 rabbit mAb, p44/42 MAPK(ERK1/2) rab-
bit mAb, phospho-p44/42 MAPK(p-ERK1/2) rabbit mAb, phospho-
MEK1/2 rabbit mAb, MEK1/2 rabbit mAb, phospho-PLC-y rabbit
mADb, PLC-y rabbit mAb, phospho-mTOR rabbit mAb, mTOR rabbit
mAb, phospho-AKT rabbit mAb, AKT rabbit mAb, phospho-p38
(Thr180/Tyr182) rabbit mAb, p38 rabbit mAb, CDC2 rabbit mAb,
Bak rabbit mAb, GAPDH rabbit mAb and goat anti-rabbit IgG were
purchased from cell signalling. IL-2Rp rabbit mAb, IL-2Ry rabbit mAb,
cyclinB1 rabbit mAb, cyclinD1 rabbit mAb, cyclinE rabbit mAb, CDK2
rabbit mAb, cyclinA2 rabbit mAb, Bad rabbit mAb, Bax rabbit mAb,
Mcl-1 rabbit mAb, Bcl-2 rabbit mAb, p53 rabbit mAb and Raf rabbit

mAb were obtained from Protein technology Group.

2.2 | Cellculture

H9 and JURKAT cells were cultured in RPMI 1640 medium supple-
mented with 10% heat-inactivated foetal bovine serum (FBS), 100 U/
mL penicillin and 100 U/mL streptomycin at 37°C, 5% CO, and 95%

humidity. HUT78 and K562 cells were cultured in IMDM medium
supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin
and 100 U/mL streptomycin at 37°C, 5% CO, and 95% humidity.

2.3 | Cell viability assay

3-(4,5-Dimethylthiazol-2-yl)-2.5-diphenyl-2H-tetrazolium bromide
assay was used to determine the inhibitory effect of TPD7 on cell vi-
ability. Growing cells were incubated at a density of 2 x 10 cells per
well in a 96-well plate overnight and then treated with the indicated
concentrations of TPD7 (0.39 to 50 pmol/L) for 24, 48 and 72 hours,
respectively. Then, MTT solution (5 mg/mL and 10 pl) was added
to each well and incubated for an additional 4 hours. Precipitated
formazan was solubilized with 150 uL of DMSO, and the absorbance

was measured by the micro-plate reader at a wavelength of 490 nm.

2.4 | Quantitative real-time PCR assay

Total RNA was isolated using the RNAfast 200 kit following the manu-
facturer's protocol and was converted into cDNA using the PrimeScript
RT Master Mix Perfect Real Time kit. Real-time PCR was performed by
SYBR® Premix Ex TagTM Il and a Thermal Cycle Dice Real time system.
In a final volume of 25 uL in a capillary tube, 2 uL of cDNA samples,
12.5 uL SYBR® Premix Ex TagTM 1, 0.5 pL of each forward and reverse
primers (20 pmol/L) and 8.5 pL of nuclease-free water were added to
conduct real-time PCR. The results were analysed using the manufac-
turer's program (Thermal Cycler Dice™ Real Time System). The relative
amount of MRNA for each gene was normalized based on that of the
housekeeping gene GAPDH. The primer sequences were as following:
GAPDH forward primer: 5-AAGGCTGTGGGCAAGGTCATC-3';
GAPDH reverse primer:5-GCGTCAAAGGTGGAGGAGTGG-3';
IL-2Ra forward primer: 5'-CTTCCTGCCTCGTCACAAC-3';
IL-2Ra reverse primer: 5'-TCTTCTACTCTTCCTCTGTCTCC-3';
IL-2Rp forward primer: 5-TGAGAACCTTCGCCTGATG-3';
IL-2RB reverse primer: 5-CATTCCTGCTTCTGCTTGAG-3';
IL-2y forward primer: 5'-ATGGGCAGAAACGCTACAC-3';
IL-2y reverse primer: 5-CAGAGATAACCACGGCTTCC-3".

2.5 | Cell surface flow cytometry staining

Cell surface flow cytometry staining was performed according
to the manufacturer's protocol. All stained cells were analysed by
NovoCyte 2040R Flow Cytometer (ACEA).

2.6 | Microarray analysis

H?9 cells were plated into 6-well plates one day prior to treatment with

TPD7 (0 or 3.12 pmol/L) for 48 hours. Total RNA was isolated using

Trizol. Microarray analysis and data processing were done by Gminix.



ZHU ET AL,

WILEY-—Y

2.7 | Molecular docking study

Protein-ligand docking is widely used to predict the structure
and the binding mode of certain ligand with protein. Herein, a
docking study was performed using SYBYL-X 1.1 to understand
the molecular binding mode of TPD7 with IL-2R domain (PDB
ID: 2ERJ). The Sybyl/Sketch module was used to construct the
substrate, and Powell's method was used to optimize the sub-
strate. Tripos force field and Gasteiger-Hickel charges were
used to minimize energy with the convergence criterion set at
0.005 kcal/(A mol) and the maximum set at 1000 iterations. A
non-bonded cut-off distance was set at 8 A to explore the intra-

molecular interaction.

2.8 | Flow cytometric analysis of cell cycle
distribution

To analyse the distribution of cell cycle stage, growing H9 or
HUT78 cells in 6-well plate were incubated with TPD7 at indicated
concentration for 48 hours and then the cells were harvested by
centrifugation. The cells were washed with cold PBS and then fixed
in cold 70% ethanol to store at 4°C overnight. The fixed cells were
centrifuged, washed twice with ice-cold PBS and incubated with
RNase A (50 pg/mL) for 30 minutes, followed by incubation with
Pl (60 pg/mL) away from light for another 30 minutes. Stained
H9 cells were analysed using a BD FACSCalibur Flow cytometer,
and stained HUT78 cells were analysed by NovoCyte 2040R Flow

Cytometer.

2.9 | Flow cytometric analysis of apoptosis

After exposed to different concentrations of TPD7 (0, 1.56, 3.12
and 6.25 pmol/L) for 48 hours, H9 cells were harvested and washed
twice with PBS. Cell apoptosis analysis was conducted by Annexin
V-FITC Apoptosis Kit following to the manufacturer's instructions.
All stained cells were analysed by BD FACSCalibur Flow cytometer.
Cells with Annexin V-FITC and Pl double positive signals were com-

bined for apoptosis induction analysis.

2.10 | Determination of mitochondrial
transmembrane potential (Aym)

H9 cells were seeded in 6-well plate at a proper density. After
24 hours incubation, cells were treated with TPD7 at concentra-
tions of 0, 1.56, 3.12 or 6.25 pmol/L for 48 hours and then were
washed with RPMI 1640 medium, followed by 30 minutes incu-
bation with 1 mmol/L Rhodamine 123 at 37°C away from light.
Cells were washed with RPMI 1640 medium again, and the fluo-
rescent intensity was measured using a BD FACSCalibur Flow

cytometer.

2.11 | Western blot analysis

H9 or HUT78 cells in 6-well plates were treated with TPD7 at indi-
cated concentration and then incubated for 48 hours. Total cellular
proteins were extracted using a RIPA buffer containing protease
inhibitor cocktail. After quantification using a BCA kit, equivalent
amounts of proteins were loaded to a 12% SDS-polyacrylamide
gel electrophoresis and transferred onto polyvinylidene difluoride
membranes. Membranes were thereafter blocked with 5% non-
fat milk in Tris-buffered saline containing 0.05% Tween 20 (TBST)
buffer at room temperature for 2 hours and then incubated with
individual primary monoclonal antibodies in TBST buffer at 4°C,
followed by incubation with corresponding secondary antibodies
in TBST buffer at 37°C for 1 hours. The immunoreactive proteins
on the membranes were detected using an enhanced chemilumi-
nescence (ECL) kit. Band intensity was quantified by densitometric
analyses using the Image-Pro Plus software, which was provided by

Media Cybernetics Inc.

2.12 | Statistical analysis

Data were analysed by GraphPad Prism built-in tests. All values are
presented as the mean # standard deviation obtained from three
independent experiments. Number of samples analysed per experi-
ment and whether data are the mean of multiple experiments, or
selected as representative, are indicated in Figure legends. Student's
t test was used to compare individual data with control values. All
statistical tests were two-sided. Statistical analysis was performed
using the statistical software SPSS18.0 and ANOVA was used to
analyse statistical differences between groups under different con-
ditions. Differences were considered statistically significant at a P
value <.05. *P < .05, **P < .01 and ***P < .001 compared with control

group. Data are presented as mean + SEM

3 | RESULTS

3.1 | The sensitivity of cancer cells to TPD7 is
positively related to the IL-2R expression

In order to assess the effects of TPD7 on haematologic cancer cells,
cutaneous T cell lymphoma H9 cells and HUT78 cells, acute T cell
lymphoma JURKAT cells and chronic myeloid leukaemia K562 cells
were treated with TPD7 at concentrations of 0.39, 0.78, 1.56, 3.12,
6.25,12.50,25.00 and 50.00 pmol/L for 24,48 and 72 hours, respec-
tively. The results showed that H9 cells were much more sensitive to
TPD7 compared with HUT78, K562 and JURKAT cells (Figure 1B-E).
The IC,, values of H9, HUT78, K562 and JURKAT cells with TPD7
treatment for 48 hours were 11.56, 11.95, 20.20 and 26.44 umol/L,
respectively. We next addressed the mechanistic basis of TPD7-
induced potent inhibitory effect on H9 cells, which were the most
sensitive to TPD7. Notably, it has been documented that T cell
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A FIGURE 2 The interaction between
TPD7 and IL-2R. A, docked molecule
(TPD7) in the crystal structure of IL-2R
(PDB ID: 2ERJ). Hydrogen bonds were
depicted in dashed yellow lines; B,
levels of IL-2Ra, IL-2Rp and IL-2Ry in H9
cells treated with TPD7 (1.56, 3.12, or
6.25 pmol/L) for 48 h were examined
by Western blot assay; C, levels of IL-
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growth factor (TCGF, also known as IL-2) was specifically produced
in cutaneous T cell lymphoma H9 cells.?! We speculated that the
inhibitory effect of TPD7 on H9 cells may be partially due to IL-2R
pathway. Surprisingly, we found that H9 cells had higher expression
of IL-2Rs than the other three cell lines at mRNA level (Figure 1F).
And, flow cytometry results also demonstrated that FITC-/PE-/APC-
labled H9 cells had stronger fluorescence intensity than other three
labelled cells (Figure 1G), indicating that the level of IL-2Rs at the H9

cell surface was higher than that of other three cell lines.

3.2 | Theinteraction of TPD7 and IL-2R

To further verify the speculation, the affinity of TPD7 bound to the
active site of IL-2R was evaluated using molecular docking studies.
The binding mode of TPD7 with IL-2R was shown in Figure 2A. TPD7
occupied in the ATP-pocket of IL-2R with three hydrogen bonds
listed as follows. N-(pyridin-2-yl)acrylamide in TPD7 formed one hy-
drogen bond with Ser 179 in the hinge region of IL-2R with distance
of 2.09 A, and 1H-indazol-3-amine formed two hydrogen bonds with
Glu 165 in the hinge region of IL-2R with the distance of 2.09 A and
2.15 A, respectively. The docking results demonstrated that TPD7
fit well with IL-2R.

Meanwhile, the effect of TPD7 on the protein level of IL-2Rs was
detected by Western blot. Both of IL-2Rp and IL-2Ry were decreased
at protein level in TPD7-treated H9 and HUT78 cells (Figure 2B, 2),
which suggested that TPD7 could inhibit CTCL cell growth through
regulating the level of IL-2Rs.

Concentration (umol/L)

3.3 | TPD7 induced IL-2R-related differentially
expressed genes

Giventhese findings, we are highly intrigued by the question of whether
the interaction of TPD7 and IL-2R could contribute to the differential
gene expression in TPD7-induced inhibition of cell proliferation. We
investigated the differential gene expression of H9 cells exposed to
TPD?7. Unsupervised hierarchical clustering showed that wild-type H9
cells and TPD7-treated H? cells had distinct patterns of gene expres-
sion (Figure 3A). The expression profiles of the two groups of cells dif-
fered with respect to two major groups of GSEA-GO terms (Figure 3B).
Firstly, TPD7 treatment showed significantly different expression of
genes involved in cell apoptotic process. Secondly, TPD7 treatment
regulated genes involved in cell division and the cell cycle machinery
when compared with H9 cells. Importantly, consistent with the protein
level differences, both of IL-2Rp and IL-2Ry genes were significantly
down-regulated in TPD7-treated H9 cells (Figure 3C, 3). And, the major
molecules of JAK/STAT, PI3BK/AKT and MAPK pathway, the validated
IL-2R substrates, were significantly decreased by TPD7 (Figure 3C, 3).
Hence, we conclude that TPD7 treatment leads to down-regulation of

IL-2R signalling, supporting its key role against CTCL H9 cells.

3.4 | TPD7 induces G2/M phase arrest in H? and
HUT78 cells

To gain insight into the mechanisms responsible for TPD7-mediated

H9 cell growth inhibition, we also assessed the effect of TPD7 on
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cell cycle arrest. As shown in Figure 4A, TPD7 treatment produced
a remarkable increase in the percentage of cells in the G2/M phase
with a parallel significant reduction in cells in the S phase in H9 cells,
compared to the control. As the concentration of TPD7 increased
from 1.56, 3.16-6.25 umol/L, the population of H9 cells in G2/M
phase increased to 12.44%, 18.54% and 21.60% compared with the
untreated control (1.56%), which showed a dose-dependent manner.
Meanwhile, TPD7 was able to increase the percentage of H? cells
in G1 phase at a moderate extent. The results suggested a poten-
tial blockade of cell cycle progression induced by TPD7 at the G2/M
checkpoint in H9 cells. Moreover, blockade of cell cycle progression
at G2/M phase were also observed in TPD7-treated HUT78 cells
(Figure 4B).

H9_Control

DNA damage response, signal transduction by p53 class mediator

Transcription
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To examine whether the change of cell cycle regulatory proteins
confers cell cycle arrest in H9 cells, Western blot analysis was per-
formed to examine the levels of CDK/Cyclins proteins. Figure 4C
showed that the amount of CDC2, cyclinB1, cyclinD1 and cyclinE
was gradually decreased after treatment of TPD7 at different con-
centrations, whereas the protein level of CDK2 and cyclinA2 re-
mained unchanged in TPD7-treated H9 cells.

3.5 | TPD7 induces cell apoptosis

To examine whether apoptosis was initiated in H9 cells exposed to
various concentrations of TPD7 for 48 hours, H? cells were stained

Apoptotic process
Mitotic cell cycle
Cell proliferation

to drugq

Immune response
Regulation of apoptotic process:
M phase of mitotic cell cycle:

Cytokine-mediated signaling pathvay | 5

G1/S transition of mitotic cell cycle-J—
Negative regulation of cell proliferation | I

Mitotic anaphase

Cell cycle checkpoint

Response to stress

Response to unfolded protein
G2/M transition of mitotic cell cycle
RNA processing

Proteolysis involved in cellular protein catabolic process’

from RNA pol
mRNA export from nucleus
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H9_Control

Positive r ion of iquiti protein catabolic proces
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D

FIGURE 3 The differentially expressed genes induced by TPD7. A, heatmap shows clustering by gene expression in H? cells and
TPD7-treated H9 cells; B, Gene Ontology terms with the differential expression between H9 cells and TPD7-treated H9 cells; C, the IL-2R
related differential gene expression of untreated control and H9 cells exposed to TPD7; D, TPD7-regulated gene network analysis. The
concentration of TPD7 is 3.12 pmol/L. Each column represents one sample, and each gene was depicted by one row, where red denotes an
increase in gene expression and green denotes a decrease in gene expression as compared with the other group. Data are presented as the
mean + standard deviation obtained from three independent experiments
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FIGURE 4 Effects of TPD7 treatment on cell cycle distribution. A, representative flow cytometric DNA content histogram of untreated
control and H9 cells exposed to 1.56, 3.12 and 6.25 pmol/L TPD7, respectively; B, representative flow cytometric DNA content histogram
of untreated control and HUT78 cells exposed to 2.5, 5 and 10 pmol/L TPD7, respectively; C, effects of TPD7 on cell cycle-related protein
level. Data are presented as the mean + standard deviation obtained from three independent experiments. *P < .05, **P < .01 and ***P < .001

vs. the control group

with Annexin V-FITC and Pl and explored by flow cytometry analysis.
As shown in Figure 5A, after treatment with TPD7, the percentage of
apoptotic cells increased to 7.66%, 12.37% and 25.34% respectively
compared to control group (3.54%).

Based on the observation of TPD7-induced cell apoptosis, the ef-
fect of TPD7 on mitochondrial transmembrane potential was exam-
ined to explore whether the mitochondrial pathway was responsible
for TPD7-induced apoptosis. The percentage of H? cells exposed to
TPD7 revealed a notable decrease in Rhodamine 123 fluorescence
intensity from 88.97% in control to 86.02%, 76.31% and 63.06%,
respectively (Figure 5B).

Since it has been observed that TPD7 could induce H9 cells
apoptosis, we next investigated the level of apoptosis-related pro-
teins in Bcl-2 family. The results showed that the amount of Bad, Bax
and Bak was up-regulated notably following treatment with TPD7,
whereas Mcl-1 and Bcl-2 levels were decreased in a dose-dependent

manner (Figure 5C).
3.6 | TPD7 regulates the downstream of IL-
2R signalling

The major downstream molecules of IL-2R signalling were tested
as shown in Figures 6-8. The results showed that TPD7 effectively

down-regulated the phosphorylation of JAK/STAT signalling mem-
bers including JAK1, JAK3, STAT1, STAT3, STAT5A and STAT5B
(Figure 6). Meanwhile, treatment of TPD7 markedly suppressed
the level of p-PLC-y and Raf in a dose-dependent manner and sub-
sequently inhibited the phosphorylation of MEK1/2, leading to
down-regulation of p-ERK1/2 and up-regulation of p-p38 and p53
(Figure 7). A significant decrease in the level of the main subunits of
PI3K including 110, 110y and p85 and in the level of phosphoryla-
tion of AKT and mTOR were also observed in H9 cells treatment with
TPD7 (Figure 8).

4 | DISCUSSION

In the present study, we demonstrated a novel taspine derivative,
TPD7, had a potent anti-cancer activity against CTCL H9 cells via
regulating the IL-2R signalling pathway. We first sought the inhibi-
tory effect of TPD7 in several different types of haematologic can-
cer cell lines including H9, HUT78, K562 and JURKAT cells, as well
as the expression of IL-2Ra, IL-2Rf and IL-2Ry in these cell lines.
The results showed that H? cells, whose expressions of IL-2Rs were
the highest level among these four cell lines, were most sensitive
to TPD7 (Figure 1). Further characterization about the interaction
between TPD7 and IL-2R demonstrated that TPD7 interacted well
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FIGURE 5 Effects of TPD7 treatment on H9 cell apoptosis. A, the proportion of apoptotic cells was determined by double staining with
Annexin V-FITC and propidium iodide in untreated control and H9 cells after treatment with TPD7 1.56, 3.12 and 6.25 umol/L, respectively.
The flow cytometry profile represents Annexin V-FITC staining in x-axis and Pl in y-axis. The number represents the percentages of cells

to each of the four quadrants (viable cells for lower left quadrant, necrotic or dead cells in the higher left quadrant, early apoptotic cells in
the lower right quadrant and late apoptotic cells in the higher right quadrant); B, effects of TPD7 on the mitochondrial membrane potential
(Aym). Aym were assessed using flow cytometry following treatment of the H9 cells with TPD7 1.56, 3.12 or 6.25 pmol/L TPD7 for 48 h;
C, effects of TPD7 on cell apoptosis-related protein level. Data are presented as the mean + standard deviation obtained from three
independent experiments. *P < .05, **P < .01 and ***P < .001 vs. the control group

with IL-2R and meanwhile mRNA and protein level of IL-2Rp and IL-
2Ry were significantly down-regulated by TPD7 (Figures 2, 3). The
obtained data were in consistent with our hypothesis that the potent
inhibitory effect of TPD7 on H9 cell growth was due to the regula-
tion of IL-2R.

IL-2, a pleiotropic cytokine, plays a critical role in the growth, pro-
liferation and differentiation of T cells, which has also been verified
to support the tumour cell growth of adult T cell leukaemia in vitro.??
Once binding to the receptors, IL-2 activates multiple signalling path-
ways and thus plays its role effectively.>® Our microarray analysis
showed that TPD7 attenuated IL-2Rp and IL-2Ry genes in H9 cells
and inhibited downstream pathway of IL-2R including the major mol-
ecules of JAK/STAT, PIBK/AKT and MAPK pathway (Figure 3). The
IL-2Ra functions primarily by providing high affinity for IL-2/IL-2R
system, while heterodimerization of IL-2Rp and IL-2Ry is involved in

signal transduction through activation of JAKs, with JAK1 associating

with IL-2Rp and JAK3 with IL-2Ry.2% Subsequently, different signal-
ling pathways are activated depending on different key residues
phosphorylated by activating IL-2Rf. Phosphorylation of specific ty-
rosine residues in the cytoplasmic domains of STAT5A, STAT5B, and,
to a less extent, STAT3 and STAT1 recruited by IL-2Rp.**2* STAT5A
and STAT5B are phosphorylated by IL-2Rp activation and thereaf-
ter dimerized and translocated to the nucleus, where they can take
effect on T cell growth by binding to target genes.?* As a promising
target for cancer therapy, STAT3 is not only crucial for transducing
signals through regulating the expression of a wide range of genes,
but also has a crucial role in stromal cells, including immune cells
through recruiting them to the tumour microenvironment, thereby
contributing to tumour progression.?> Although STAT1 is generally
regarded as a tumour suppressor, there is increasing evidence that
it could promote tumour cell growth and invasiveness, suppress tu-

mour immune surveillance and induce therapy resistance against
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FIGURE 6 Effects of TPD7 on JAK/
STAT signalling protein level. A, levels of
JAK1, p-JAK1, JAK3 and p-JAK3 in H9
cells treated with TPD7 were examined
by Western blot assay; B, levels of STAT1,
p-STAT1, STAT3, p-STAT3, STAT5A,
p-STAT5A, STAT5B and p-STAT5B in H9
cells treated with TPD7 were examined by
Western blot assay. Data are presented as
the mean * standard deviation obtained
from three independent experiments.

*P < .05, **P < .01 and ***P < .001 vs. the
control group

FIGURE 7 Effects of TPD7 on Raf/
MAPK signalling protein level. A, levels
of PLCy and p-PLCy in H? cells treated
with TPD7 were examined by Western
blot assay; B, levels of Raf, MEK1/2,
p-MEK1/2, Erk1/2 and p-Erk1/2 in H9
cells treated with TPD7 were examined
by Western blot assay; C, levels of

p38, p-p38 and p53 in HY cells treated
with TPD7 were examined by Western
blot assay. Data are presented as the
mean * standard deviation obtained from
three independent experiments. *P < .05,
**P < .01 and ***P < .001 vs. the control
group
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FIGURE 8 Effects of TPD7 on PI3K/
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irradiation and chemotherapy.? In our study, the phosphorylation
level of JAK1, JAKS, STAT1, STAT3, STAT5A and STAT5B is all de-
creased dramatically, which indicated TPD7 inhibited JAK/STAT sig-
nalling pathway via suppressing the expression of IL-2R (Figure 6).
Furthermore, the PI3BK/AKT/mTOR signalling pathway can also be
activated by IL-2R, which is relevant to tumour growth, cell survival,
cell proliferation, cell cycle progression and apoptosis.27 In addition,
it has been revealed that the essential tumour suppressor gene PTEN
encodes a phosphatase protein against the PISK/AKT anti-apoptotic
pathway.?® Our results showed that PTEN was up-regulated and
the amount of several major subunits of PI3K including 1108, 110y
and p85 were significantly reduced following TPD7 treatment in H9
cells, as well as the phosphorylation level of downstream signal mol-
ecules (AKT and mTOR) (Figure 8). Many studies have identified that
the Raf/MAPK pathway involved in tumour development and pro-
gression.?? Importantly, activation of IL-2Rp is also capable of acti-
vating PLCy/Raf/MAPK signalling pathway, which plays a pivotal role

in regulating cell proliferation and survival.*®3! ERK(ERK1/2) and

11 survival, growth, cell cycle pro
cription of target genes

p38 MAPK, two of the major classical MAPK pathway, have been
proposed as targets in cancer therapy as a result of abnormal acti-
vation.?? Results showed that TPD7 significantly decreased the level
of p-PLCy, Raf, p-MEK1/2 and p-ERK1/2, while increased the level
of p-p38 and p53 (Figure 7). These data confirmed that TPD7 regu-
lated IL-2R signalling and related downstream signal transductions in
order to inhibit the H? cell growth.

Since the downstream cascade of PI3BK/AKT pathway and MAPK
pathway are involved in cell cycle progression and cell apoptosis, the
effect of TPD7 on cell viability could be mediated by changes in pro-
liferation, apoptosis or both. Our expression profiles indicated that
cell apoptotic process and cell cycle machinery were involved in the
gene differences in TPD7-treated H9 cells (Figure 3). The cell cycle is
an intricate controlled process implicated in cell growth and division
and is susceptible to modulation in cancer cells owing to the rapid
proliferation rate. We next focused on the effect of TPD7 treatment
on cell cycle progression and the results showed that TPD7 mainly

blocked the cell cycle progression at G2/M phase and partially at
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G1 phase (Figure 4). Previously, cyclin-dependent kinase (CDK) and
cyclins function as dynamic regulators of cell cycle progression.33
CyclinB1 was associated with the G2/M checkpoint control and
could form a complex by binding with CDC2, which takes an import-
ant part in G2/M phase transition.>* And, it was well recognized that
CDC2, cyclinD1 and cyclinE are critical molecules in the regulation
of cells from G1 phase into S phase.35 Consistent with these, we ob-
served a decrease in CDC2, cyclinB1, cyclinD1 and cyclinE level in
H9 cells treated with TPD7 (Figure 4).

It is well-known that apoptosis, as one of the most important
signal of cell death, is typically displayed unbalanced regulation in
human cancers and evasion of apoptosis is an universal hallmark of
cancer.>® Besides, the intrinsic mitochondrial pathway is one of the
major pathways to induce programmed cell death. Flow cytometry
results revealed that TPD7 treatment induced a pronounced apopto-
sis and the loss of Aym in H9 cells (Figure 5). We therefore sought to
determine the underlying molecular mechanisms of TPD7-induced
apoptosis in the mitochondrial pathway. Bcl-2 family proteins play
a pivotal role in regulating cell apoptosis due to their ability to form
membrane channels in mitochondria, which can be divided into
two subfamilies: pro-apoptotic members (Bcl-2, Mcl-1, etc) and an-
ti-apoptotic members (Bax, Bak, Bad, etc).37 Localized to the outer
membrane of mitochondria, Bcl-2 has a significant impact on mito-
chondrial integrity. Our results verified that TPD7 significantly de-
creased the levels of the anti-apoptotic Bcl-2 and Mcl-1 proteins and
increased the levels of the pro-apoptotic Bax, Bak and Bad proteins
in H9 cells (Figure 5). Thus, the effect of TPD7 in inhibiting H9 cell
viability appears to be mediated by induction of cell cycle arrest and
increased cell apoptosis through the mitochondrial pathway.

Taken together, we concluded that IL-2Rs are highly expressed
in H? and HUT78 cell lines and can be an effective target for CTCL
targeted therapy. Moreover, TPD7 exerts its potent inhibitory ef-
fect on H9 cell growth by impairing the expression of IL-2Rf and
IL-2Ry and thus modulating JAK/STAT, PI3K/AKT/mTOR and PLCy/
Raf/MAPK signalling, leading to cell cycle arrest at G2/M phase by
regulating CDK/Cyclins proteins and induction of cell apoptosis by
regulating Bcl-2 mitochondrial pathway (Figure 8). Based on these
results, TPD7 may be a potential candidate for cutaneous T cell lym-

phoma chemotherapy.
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