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Growth of T-cell lymphoma cells is inhibited by mPGES-1/PGE2
suppression via JAK/STAT, TGF-B/Smad3 and PI3K/AKT signal
pathways
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Background: T-cell lymphoma (T'CL) has a very poor prognosis with limited treatment options and novel
therapeutic target is urgently needed. Our previous studies have found that suppression of membrane-bound
prostaglandin E2 synthase 1/prostaglandin E2 (mPGES-1/PGE2) exerted anti-neoplastic effects in leukemia
cells by suppressing AKT signal pathway. Here, we aim at evaluating the role and mechanism of mPGES-1/
PGE2 signaling in TCL.

Methods: Expression of mPGES-1 in TCL cell line Hut78 was analyzed by Western blot and
immunofluorescence. CAY10526, a selective mPGES-1 inhibitor, was used to treat Hut 78 cells. Cell
viability assays was performed by using cell counting kit-8 (CCK-8). Cell apoptosis rate was examined by
flow cytometer. PGE2 synthesis was detected by enzyme immunoassay (EIA). The expression of mPGES-1,
cleaved caspase-3, Janus kinase/signal transduction and transcription (JAK/STAT), transforming growth
factor-p (TGF-B)/Smad3 and phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signaling pathway
of Hut 78 cells after exposed to CAY10526 was analyzed by Western blot.

Results: mPGES-1 was highly expressed in Hut78 cell compared to normal peripheral blood mono-
nuclear cells. CAY10526 inhibited cell proliferation and induced apoptosis in Hut78 cells. These effects
may be partially attributed to the activation of the Caspase family and the inhibition of JAK/STAT, TGF-p/
Smad3 and PI3K/AKT signal pathways.

Conclusions: Our results suggested that mPGES-1/PGE2 could be a potential therapeutic target for TCL.
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Introduction

T-cell lymphoma (T'CL) comprises a highly heterogeneous
group of invasive non-Hodgkin’s lymphomas with rapid
disease progression, poor prognosis, and lack of effective
treatment options (1). It is urgently needed to identify and
develop novel therapeutic targets for TCL. Membrane-
bound prostaglandin E2 synthase | (mPGES-1) is the
specificity terminal rate-limiting enzyme of target
compositing prostaglandin E2 (PGE2). Over-expression of
mPGES-1 has been found in many types of solid tumors
and hematologic malignancies (2-4). Our previous studies
have shown that mPGES-1 was over-expressed in human
leukemia primary cells and cell lines, and inhibiting mP-
GES-1 could suppress proliferation, induce apoptosis and
arrest the cell cycle of leukemia cells iz vitro and in vive
(5-7). However, the role and mechanism of mPGES-1/
PGE2 in TCL has remained largely unknown.

Janus kinase/signal transduction and transcription (JAK/
STAT) signal pathway, a downstream pathway of cytokine
signaling, regulates the differentiation, proliferation and
apoptosis of cells. It not only takes part in the regulation
of normal physiological procedures, but also contributes
to the development of tumors, especially in hematologic
tumors (8). Multiple studies have also shown that the over-
expression of STAT3 could activate oncogene expression
and promote tumor progression (9-11). Transforming
growth factor-p (TGF-B) signals transmit information
through a variety of pathways and regulates downstream
gene expressions, the most important of which is the
Smad. T'GF-p is highly expressed in multiple malignancies.
Moreover, activation of the Smad signal by TGF- enhances
proliferation, metastasis, and invasive activities of tumor
cells (12). Plenty of studies have confirmed that abnormal
activation of the phosphatidylinositol 3-kinase/protein
kinase B (PI3K/AKT) signaling pathway is present in a
variety of tumors and PI3K inhibitor has been approved by
the Food and Drug Administration (FDA) for the treatment
of refractory or relapsed acute myelocytic leukemia (AML)
most recently (13,14). However, the relationship between
mPGES-1 and its potential downstream signals JAK/STAT,
TGF-B/Smad and PI3K/AKT remains unknown in TCL.
Whether mPGES-1could regulate these pathways and
further participate in the occurrence of TCL has not been
reported so far.

In the present study, we showed that TCL cell line Hut78
highly expressed mPGES-1. The proliferation of Hut78
cells was inhibited by CAY10526, a selective mPGES-1
inhibitor which also induced Hut78 cells apoptosis. This
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effect was partially attributed to the suppression of JAK/
STAT, TGF-p/Smad and PI3K/AKT signal pathways. We
present the following article in accordance with the MDAR
reporting checklist (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-21-2834/rc).

Methods
Materials

The human TCL cell line Hut78 was obtained from Cell
Bank of the Chinese Academy of Sciences (Shanghai,
China). Normal mono-nuclear cells were separated from
the peripheral blood of healthy volunteers. The anti-
mPGES-1 antibody (#10004350) and mPGES-1 inhibitor
CAY10526 (#10010088) were ordered from Cayman
Chemical Company (Ann Arbor, MI, USA). Antibodies to
JAK2 (#3230), STAT3 (#9139), p-STAT3 (#52075), Akt
(#4691), p-Akt (#4060), TGF-B (#3709), Smad (#9523)
and p-Smad (#9520) were obtained from Cell Signaling
Technology (Danvers, MA, USA). Antibodies to JAKI
(ab133666), GAPDH (ab181602) and Caspase-3 (ab32351)
were purchased from Abcam (Cambridge, MA, USA).

Cell culture

Hut78 Cells was cultured in in RPMI-1640 medium (Gibco,
USA) supplemented byl10% fetal bovine serum (FBS,
Gibco, USA) at 37 °C in 5% CO,. Healthy peripheral blood
mono-nuclear cells (PBMCs) donated by volunteers were
separated by Ficoll-Hypaque gradient.

Cell viability assay

Hut78 cells were seeded at a density 5x10* cells/well in
triplicate in 96-well plates and incubated for 72 hours with
CAY10526 at various concentrations. Cell viability was
measured using a cell counting kit-8 (CCK-8, DOJINDO,
Japan) assay kit and the absorbance of wells at 450 nm was
measured using a micro-plate reader. The experiments were
performed repeatedly for three times.

Immunofluorescence analysis

Hut78 cells were plated onto glass cover-slips, fixed
with 4% paraformaldehyde at room temperature for
30 minutes and blocked with 5% bovine serum albumin
(BSA) in phosphate buffer solution (PBS) which contains
0.1% Triton X-100, then incubated with mPGES-1
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antibody, followed by goat anti-rabbit IgG Cy3 (Abcam;
ab6939) for 1 h. The cells were washed three times by
PBS and stained with DAPI (Abcam; ab104139) for
30 min. Fluorescence images were acquired using a Zeiss LSM
800 Con-focal Imaging System. A Zeiss LSM 800 Con-focal

Imaging System was used to acquire fluorescence images.

Apoptosis assay

A total of 1x10° of Hut78 cells were washed and
re-suspended in binding buffer, followed by incubation
with 5 pL of annexin-V-FITC (BD, USA) for 15 min in the
dark at room temperature and subsequent incubation with
2.5 pL of propidium iodide (PI, Sigma, USA). Cells were
analyzed by using FACScan flow cytometer (FACSCalibur,
BD, USA). CellQuest software (v6.1x) was utilized for data
acquisition and analysis.

PGE2 EIA analysis

Following the manufacturer’s protocol, PGE2 was measured
by enzyme immunoassay (EIA) using a commercial kit
(Cayman, Ann Arbor, USA). Negative, positive controls
and standard curves were generated for PGE2 and analyzed
with the samples. Results were calculated from the standard
curve by cubic spline interpolation.

Western blot

Cells were lysed with appropriate volume of
radioimmunoprecipitation buffer and determined by
bicinchoninic acid assays. The lysates were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to polyvinylidene fluoride
(PVDF) membrane, blocked Tris-buffered saline (TBS)
containing 5% BSA diluted in TBS with Tween-20 for 1 h
and incubated with primary antibodies overnight at 4 °C.
Membranes were probed with HRP-conjugated secondary
antibody and developed using ECL reagents. Image J
software (Bethesda, MD, USA) was used to calculate the
density of bands.

Statistical analysis

Statistical analysis was done using SPSS 20.0 software.
Results were provided as mean + standard deviation (SD)
from at least three biologically independent experiments.
Statistical significance was conducted by using one-way
analysis of variance (ANOVA). P<0.05 was considered to be
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statistically significant.

Ethical statement

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and approved
by the Human Ethics Committee of Sun Yat-sen Memorial
Hospital (SYSKY-2022-005-01) and informed consent were
obtained from all healthy volunteers.

Results

mPGES-1 was bighly expressed in Hut78 cells and
suppression of mPGES-1/PGE2 by CAY10526 inbibited
cell proliferation

To explore the potential role of mPGES-1 in TCL, the
expression levels of mPGES-1 in normal human PBMC
and Hut78 cell line were measured by using western blot
and immunofluorescence. As shown in Figure 14,18, Hut78
cells expressed much higher level of mPGES-1 compared
with normal PBMCs. Based on this preliminary finding, we
chose CAY10526 (CAS:938069-71-7) to treat Hut78 cells.
As several studies have shown that CAY10526 is an isoform-
selective inhibitor of PGE2 production through the selective
modulation of mPGES-1 expression (15-17), and was even
selected as reference compound when newer compound was
synthesized and tested (18). The dose of CAY10526 used
in the studies ranged from 1.8 to 300 pM for different cells
and experimental conditions, including our previous report
showing CAY10526 [half inhibitory concentration (IC50):
16.7 pM at 24 h] reduced PGE2 synthesis in primary T-cell
acute lymphoblastic leukemia (T-ALL) cells (7). Therefore,
10-80 pM of CAY10526 were used in the subsequent
experiments. As demonstrated in Figure 1C, mPGES-1 was
remarkably down-regulated compared with untreated cells.
Meanwhile, the EIA data showed that the concentration of
PGE2 in culture supernatant of Hut78 cells was decreased
after treatment with CAY10526 for 24 h (Figure 1D).
Furthermore, cell viability examined by CCK-8 showed
that the growth of Hut78 cells was inhibited by CAY10526
in a dose-dependent manner. The IC50 of CAY10526 for
Hut78 cell at 24 h was 27.64 pM (Figure 1E).

CAY10526 inbibited Hut78 cell proliferation via inducing
apoptosis

Apoptosis is a common mode of cell death in hematological
malignant cells treated with anticancer drugs. To investigate
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Figure 1 mPGES-1 was highly expressed in Hut78 cells and suppression of mPGES-1/PGE2 by CAY10526 inhibited cell proliferation.
(A) Western blot and (B) immunofluorescence (x1,000 magnification) showed that the mPGES-1 expression in Hut78 cells was
significantly higher than that in PBMC (P<0.05). (C) mPGES-1 was inhibited by CAY10526 in Hut78 cells indicated by Western blot. (D)
PGE2 synthesis was inhibited by CAY10526 in Hut78 cells detected by enzyme immunoassay. (E) Cell viability assays revealed that the

proliferation of Hut78 cells was inhibited by CAY10526. (A,C) Each protein band intensity was quantified by Image] software (mean = SD,
n=3), normalized to loading control GAPDH and compared to the levels of control (A, PBMC; C, 0 pM). *, P<0.05 versus control. PBMC,
peripheral blood mono-nuclear cells; GAPDH, glyceraldehyde phosphate dehydrogenase.

the possible mechanism of CAY10526 on the inhibition
of cell proliferation, we examined the cell apoptosis rate
of Hut78 cells via flow cytometer. After being treated
with CAY10526 for 24 h, the apoptosis rate of Hut78 cells
significantly increased (Figure 2A4). Moreover, elevation of
CAY10526 concentration led to a significantly increased
expression of cleaved caspase-3 (Figure 2B). Taken together,
these results suggested that CAY10526 induced cell death
mainly through the apoptotic pathway.

CAY10526 inbibited the JAK/STAT, TGF-f/Smad3 and
PI3K/AKT signaling pathway

JAK/STAT, TGF-p/Smad3 and PI3K/AKT play a
significant role in cell proliferation. To get insights into
the effects of mPGES-1 on these signaling pathways, we
used Western blotting to analyze the expression of JAKI,
JAK2, STAT3, pSTAT3, TGF-B/Smad3 and PI3K/AKT in
Hut78 cells after being treated by CAY10526 for 24 h. As

shown in Figure 34, there was a decrease in the expression
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of JAK1, JAK2 and pSTAT3 in Hut78 cells after treatment
with CAY10526, while expression of total STAT3 did not
decrease. For PI3K/AKT signaling pathway, the expression
of PI3Kp110, PI3Kp85 and p-AKT protein declined as
the increase of CAY10526 concentration (Figure 3B). We
also examined the expression of TGF-B/Smad3 pathway,
including TGF-B, Smad3 and p-Smad3 in Hut78 cells.
The results revealed that no significant variation of Smad3
expression in Hut78 cells was detected. However, the level
of phosphorylation of Smad3 was largely decreased after
treatment with CAY10526. In addition, the level of TGF-$
was slightly suppressed by CAY10526 (Figure 3C). Since
CyclinD1 plays a role in cell apoptosis regulation, we tested
whether CAY10526-induced apoptosis was associated with
CyclinD1 expression. As shown in Figure 3D, there was a
decrease in CyclinD1 in Hut78 cells after being exposed to
CAY10526. Collectively, these results suggested CAY10526
might induce apoptosis of Hut78 cells via inhibition of
CyclinD1 and JAK/STAT, TGF-B/Smad3 and PI3K/AKT
signaling pathway.
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Figure 2 CAY10526 inhibited Hut78 cell proliferation via inducing apoptosis. (A) Flow cytometer assay showed that the apoptosis rate

of Hut78 cells was significantly increased after being treated with CAY10526. (B) The expression of cleaved caspase-3 of Hut78 cells was

remarkably elevated after being treated with CAY10526. Each protein band intensity was quantified by Image]J software (mean = SD, n=3),

normalized to loading control GAPDH and compared to the levels of control (0 pM). *, P<0.05 versus control. PI, propidium iodide;

GAPDH, glyceraldehyde phosphate dehydrogenase.

Discussion

TCL is a type of lymphoma with aggressive clinical
behavior and adverse prognosis (19). The efficacy of current
therapeutic strategies for T'CL is unsatisfying, and new
therapeutic targets are urgently needed. For the first time,
our report elucidated the importance of mPGES-1 in
proliferation of T'CL and its possible mechanism, providing
a potential therapeutic rationale for T'CL.

In the present study, we found that the mPGES-1
expression was much higher in Hut78 cells compared with
normal PBMC, in line with findings from other tumors
such as prostate cancer, colon cancer and breast cancer
(20,21), suggesting that mPGES-1 might play a potential
therapeutic role in TCL. CAY10526, a selective inhibitor
of mPGES-1, was chosen to treat Hut78 cells. As expected,
the expression of mPGES-1 decreased together with the
decrease of PGE2 in cell culture supernatant after treatment
with CAY10526, indicating that inhibition of mPGES-1
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could reduce PGE2 synthesis. Accordingly, the cell
growth was inhibited by CAY10526 in a dose-dependent
manner, indicating a key role of mPGES-1/PEG2 in the
proliferation of TCL cells. Moreover, the apoptosis of
Hut78 cells was increased, confirmed by both Annexin V/
PI staining and western blot analysis of increase of cleavage
of caspase-3, in line with research on melanoma cell (22).
These results demonstrated that the inhibition of TCL cells
growth by mPGES-1/PEG2 inhibition was at least partly
due to the induction of apoptosis.

It has been found that down-regulation of mPGES-1/
PGE?2 expression in macrophages can simultaneously
inhibit the JAK/STAT signaling pathway (23). Study have
shown that the JAK/STAT pathway is the backbone of
intracellular protein interactions and involved in various
biological behaviors, including cell proliferation, apoptosis
and differentiation via regulating downstream regulators
such as cyclinD1, P21, P27, Bcl-XL and Bcl-2 (24).
Abnormal activation of specific JAK/STAT signal results in

Transi Cancer Res 2022;11(7):2175-2184 | https://dx.doi.org/10.21037/tcr-21-2834
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Figure 3 CAY10526 inhibited the JAK/STAT, TGF-B/Smad3 and PI3K/AKT signaling pathway in Hut78 cells. (A) Western blot showing
CAY10526 inhibited the expression of JAK1, JAK2 and pSTAT3 in Hut78 cells. (B) The expression of PI3Kp110, PI3Kp85 and p-AKT
protein declined as the increased concentration of CAY10526. (C) CAY10526 inhibited the expression of p-Smad3. (D) The expression
of CyclinD1 decreased after exposure to CAY10526 with indicated concentrations. Each protein band intensity was quantified by Image]

software (mean = SD, n=3), normalized to loading control GAPDH and compared to the levels of control (0 pM). ¥, P<0.05 versus control.

GAPDH, glyceraldehyde phosphate dehydrogenase; JAK/STAT, Janus kinase/signal transduction and transcription; TGF-B, transforming
growth factor-p; PI3K/AKT, phosphatidylinositol 3-kinase/protein kinase B.

occurrence of a variety of tumors, including hematological
malignancies. JAK inhibitor, ruxolitinib, has been approved
to use in patients with myeloproliferative neoplasms (25).
In this study, we found that Hut78 cells displayed high level
of phosphorylated STAT3, a marker of JAK/STAT pathway
activation. The expression of JAKI, JAK2 and pSTAT3
decreased after treatment with CAY10526, indicating that
suppression of mPGES-1/PGE2 could down-regulate the
JAK/STAT pathway. Moreover, cyclinD1 expression was
simultaneously inhibited. Since cyclinD1 is a downstream
regulator of JAK/STAT signal, we infer that the induction
of apoptosis by CAY10526 might be correlated with the
down-regulation of CyclinD1. These results implied
that the inhibition of mPGES-1/PGE2 by CAY10526
suppressed the activation of JAK/STAT and CyclinD1
expression, leading to the apoptosis of TCL cells.

TGF-B, a multifunctional cytokine, inhibits the cell
growth, regulates diverse biological processes, and plays a
dual role acting as either tumor suppressor or promoter.

© Translational Cancer Research. All rights reserved.

TGF-P transduces its signal through combining with TGF-
BII cell surface receptors, so as to activate phosphorylation
of Smad-2 and Smad-3 (26). Moreover, TGF-f stimulates
other non-canonical effectors (e.g., PI3K/AKT, ERK1/2,
p38MAPK, NF-kB and RhoA) which contributes to the
complexity of its stimulation response. The alternate
activation of pathways lead to neoplasm formation (27).
However, the interaction between TGF-B and mPGES-1/
PGE2 remains unclear. Study has found that PGE2 and
prostaglandin 12 (PGI2) could stimulate cell proliferation
and T'GF-p secretion by activating protein kinase C (28).
De Aratjo showed that TGF-B dual regulation over COX-
2/PGE2 tumor promotion depended on the activation
status of H-Ras and Wnt/B-catenin pathways in intestinal
tumor cells (29). In breast cancer, TGF-B-activated kinase-
like protein (TAK1L), which was identified as a negative
regulator for p38MAPK activation, was down-regulated
after ablation of mPGES-1 in cancer-associated fibroblasts
(CAFs) (30). In our study, the expression of TGF-p and
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Tumour

Figure 4 Schematical interplay of mPGES-1/PGE2 and JAK/
STAT, TGF-p/Smad3 and PI3K/AKT. TGF-p, transforming
growth factor-B; BMP, bone morphogenetic protein; JAK/STAT,
Janus kinase/signal transduction and transcription; PI3K/AKT,
phosphatidylinositol 3-kinase/protein kinase B.

p-Smad3 of Hut78 cells decreased after exposure to
CAY10526, indicating that TGF-B/Smad pathway was
inhibited via the down-regulation of mPGES-1/PGE2,
leading to inhibition of cell proliferation and induction of
apoptosis. However, the interplay between TGF-p/Smad
pathway and mPGES-1/PGE2 in this context remains to be
further elucidated.

PI3K/AKT signal transduction pathway is strongly
associated with the occurrence and progression of various
malignancies. PI3K phosphorylates AKT to be P-Akt,
which is antagonized by PTEN. P-Akt is over-expressed in
many human cancers (31,32). Our study showed that the
expressions of PI3Kp110, PI3Kp85, P-Akt and AKT in
Hut78 cells decreased after being treated with CAY10526,
indicating that mPGES-1/PGE2 inhibition may also
suppress the proliferation of T'CL cells and promote cell
apoptosis by suppressing the PI3K/AKT pathway. In breast
cancer, Nandi P showed that PGE2 produced by tumor
and macrophages could activate the PI3K/AKT signaling
pathway (33). Our findings suggested that CAY10526
could decrease mPGES-1 expression and reduce PGE2
production, which would subsequently inhibit PI3K/AKT
pathway, resulting in inhibition of T'CL cells proliferation.

JAK/STAT, TGF-B/Smad and PI3K/AKT signal
pathways could connect with each other and influence
by each other. It has been found that TGF-p directly
stimulated PI3K/AKT signaling pathway to regulate the
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nuclear translocation of Smad3 (34). TGF-p directly or
indirectly activated the PI3K/AKT pathway was reported
by another group (35). In addition, studies also have shown
that TGF-B could positively or negatively regulate the JAK/
STAT signaling pathway in different cell types (36,37).
Therefore, we speculate that the effects of mPGES-1
inhibition on the JAK/STAT, TGF-B/Smad, and PI3K/AKT
signal were extremely complex and there might be some key
interaction effector among the three pathways (Figure 4).
The precise mechanism of their mutual regulation definitely
needs to be further explored in the future.

Other signaling pathways and/or mechanisms might also
be involved in the modulation of tumor growth mediated
by mPGES1/PGE2, as seen in a variety of malignancies.
For lung cancer, it has been shown that CAY10526 restores
T-cell immunity via inhibition of mPGES]1, contributing
to suppression of lung metastasis in GprcSa-ko mouse
model (17). In breast cancer, disruption of PGE2 signaling
in CAFs represses carcinoma growth but promotes
metastasis (30). Another study support the prognostic
value of mPGES1, and suggest targeting this pathway
may serve as novel therapeutic avenue for melanoma (22).
The study even shed light on the mPGESI’s function and
cross talk with inflammatory regulators, which may deepen
our understanding of how inflammation promotes tumor
progression. Skin carcinogenesis was also repressed by
gene deletion of mPGES]1 via suppression of IL-17 and
other inflammatory cytokines (38). Other key molecules
included Y-box binding protein 1 (YB-1) (22), NF-«B,
etc. (39). In our group, we reported that c-Jun N-terminal
kinase served a role in the mPGES-1/PGE2/EP4/MAPK
positive feedback loops in T-ALL cells. Meanwhile, P38
and extracellular signal-regulated kinase 1/2 exerted
negative feedback on mPGES-1 (5,30). More recently, we
published that mPGES-1/PGE2 promoted proliferation of
T-ALL cells by modulating MTDH via the EP3/cAMP/
PKA/CREB pathway (7). In addition, we have found
high expression of COX-2/mPGES-1 predicted a poor
prognosis of diffuse large B cell lymphoma and affected cell
proliferation by interacting with NF-kB p65 (manuscript in
submission).

Our study has some limitations. Firstly, only one
inhibitor of mPGES1, CAY10526, was used. However, its
efficacy and selectivity on mPGES1 has been confirmed
(15-17) including in our previous report (7), and was even
employed as reference compound (18). Experiments are
currently undergoing including knock down of mPGES-1
by RNA silencing and exogenous PGE2 supplement
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for rescue. Secondly, the precise mechanisms of mutual
regulation of mPGES-1/PGE2, JAK/STAT, TGF-p/Smad3
and PI3K/AKT have not been investigated and undoubtedly
require further exploration. Thirdly, the prognostic value of
mPGESI in TCL patients has not been determined. We are
currently collecting these clinical samples and information
to get new insights into the therapeutic implication of
mPGESI for TCL.

To the best of our knowledge, ours is the first report
showing that mPGES-1 might be a novel therapeutic
target for TCL. The suppression of mPGES-1/PGE2
lead to apoptosis induction and proliferation inhibition of
TCL cells, probably via the JAK/STAT, TGF-p/Smad3
and PI3K/AKT signaling pathways. The precise interplay
between these complex signaling network regulators
remains to be further studied.
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