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Abstract

Chronic lymphocytic leukemia (CLL) is a clonal proliferative disease of mature B
lymphocytes. To further improve the prognosis of patients, it is necessary to fur-
ther elucidate the pathogenesis of CLL and find more effective therapeutic targets.
Nuclear Factor of Activated T cells 5 (NFATS) is the major activated transcription
factor (TF) upon osmotic pressure increase in mammalian cells, and it also regu-
lates many target genes to affect various cellular functions. The effects of NFAT5 on
tumor growth and metastasis have also been widely revealed. However, the effects of
NFATS5 on the progression of CLL are still unclear. In this study, we found abnor-
mally high expression of NFATS in human CLL patients. Additionally, NFATS
depletion suppressed proliferation and stimulated apoptosis of CLL cells. Our data
further confirmed NFATS regulated AQP5 expression and the phosphorylation of
p38 MAPK. We also found that AQPS5 overexpression reversed the inhibitory effect
of NFATS5 depletion on cell proliferation in CLL cells. Furthermore, we revealed
STUBI directly bound to NFAT5 and promoted its degradation. Taken together,
our results indicate the involvement of NFATS5 in CLL progression and suggest that
NFATS could serve as a promising therapeutic target for CLL treatment.
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Introduction

Chronic lymphocytic leukemia (CLL) is a clonal proliferative disease of mature B lym-
phocytes with slow clinical progression characterized by lymphocytic accumulation in
peripheral blood, bone marrow, spleen, and lymph nodes (Xu et al. 2020b). This dis-
ease is one of the most common malignancies of the blood system in European and
American countries (Koch et al. 2020). Early CLL often lacks significant symptoms,
and there is a lack of effective treatments in the progressive stage (Sedlarikova et al.
2020). In recent years, a series of positive progress has been made in targeted therapy
for CLL (Barthel et al. 2020). To further improve the prognosis of patients, it is neces-
sary to further elucidate the pathogenesis of CLL and find more effective therapeutic
targets.

Nuclear Factor of Activated T cells 5 (NFATY) is the major activated transcription
factor (TF) upon osmotic pressure increase in mammalian cells. NFATS protects cells
from hypertonic stimulation by increasing transcription of genes (Kumar et al. 2020).
In addition, as a pluripotent transcription factor, NFATS regulates many target genes
and thus affects multiple cellular functions (Fernandez-Castillo et al. 2015; Halterman
et al. 2012; Ito et al. 2007). A previous study showed that in skin macrophages, acti-
vation of NFATS exerted regulatory effects on vascular endothelial growth factor C
(VEGF-C), maintaining normal cell function and blood pressure stability through the
NFATS5-VEGF-C axis (Amara et al. 2016). In addition, NFAT5 coordinates HIF-1a and
therefore regulates NKCC1 expression in hippocampal neurons after hypoxia—ischemia
(Villanueva et al. 2012).

The effects of NFATS5 on tumor growth and metastasis have also been widely
revealed (Kim et al. 2018; Meng et al. 2019; Qin et al. 2017). The expression of NFATS
in lung adenocarcinoma (LUAD) cells was increased, and knockdown of NFATS
inhibited the proliferation and migration of LUAD cells (Meng et al. 2019). In addi-
tion, the expression of NFATS in renal cancer cell line CaKi-1 was significantly higher
than that in normal cells, and NFATS knockdown resulted in the decrease of S100A4
expression, which inhibited cancer cell proliferation and migration (Kuper et al. 2014).
NFATS may also play an important role in the pathogenesis of inflammatory breast
cancer (Remo et al. 2015).

It is worth noting that NFATS has a significant effect on lymphocyte survival
(Trama et al. 2000). NFATS could regulate the expression of AQPS5, while AQP5 could
phosphorylate and activate p38 MAPK pathway (Lee et al. 2011). However, the effects
of NFATS and NFATS5/AQPS axis on the progression of CLL are still unclear. In this
study, we found that the expression of NFATS5 in CLL cells was up-regulated, and fur-
ther revealed the mechanisms of NFATS on the pathogenesis of CLL.
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Material and Methods
CLL Samples

Blood samples from patients (40 samples) and healthy donors (20 samples) were
collected after receiving informed consent from Affiliated Hospital of Guilin Medi-
cal University. B cells from CLL patients were obtained using RosetteSep™ B cell
isolation cocktail (Stem Cell Technologies, Vancouver, Canada) per the manufac-
turer’s protocol (Chae et al. 2008).

All procedures performed in studies involving human participants were in accord-
ance with the standards upheld by the Ethics Committee of Affiliated Hospital of
Guilin Medical University and with those of the 1964 Helsinki Declaration and its
later amendments for ethical research involving human subjects.

Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen, USA). RNA was reverse
transcribed into cDNA using reverse transcriptase (Thermo Fisher, USA). SYBR
Green Supermix (Bio-Rad, USA) was ultilized for qRT-PCR analysis on the Bio-
Rad CFX96 system (Bio-Rad, USA). Primers used in the qRT-PCR were listed
as follows. NFATS: forward: 5'-CTCCTCAGATCCAGTTGGTTCA-3', reverse:
5'-GCTGCATGTCTGGTTGGTTTAT-3"; GAPDH: forward: 5'-CTCTGCTCCTCC
TGTTCGAC-3', reverse: 5'-ACCAAATCCGTTGACTCCGA-3'.

Cell Lines and Transfection

MEC-1 cell lines purchased from the American Type Culture Collection (ATCC,
Manassas, VA) and B cells isolated from CLL patients were cultured with RPMI-
1640 supplied with 20% fetal bovine serum and penicillin/streptomycin. For NFATS5
knockdown, NFATS shRNA or control shRNA, pcDNA3.1-AQP5, and pcDNA3.1-
STUB1 (Origene, Rockville, MD, USA) and empty vector were transfected into
cells using Lipofectamine 2000 (Thermo Fisher Scientific), respectively. NFATS,
AQP5, and STUB1 expression was measured 48 h after transfection.

Immunoblot

The total proteins were collected with RIPA lysis buffer and separated by SDS-
PAGE. After transferring proteins onto PVDF membranes, membranes were
blocked and subsequently incubated using the specific antibodies against NFATS
(1:500 dilution, sc-398171, Santa Cruz Biotechnology, Dallas, TX, USA), p-actin
(1:5000 dilution, ab8226, Abcam, Cambridge, MA, USA), BCL-2 (1:500 dilution,
ab182858, Abcam), cleaved caspase-3 (1:1000 dilution, ab32042, Abcam), p38
(1:1000 dilution, ab170099, Abcam) and p-p38 (1:500 dilution, ab178867, Abcam).
Then the membranes were subjected to HRP-conjugated secondary antibodies for
1 h. Signals were visualized by an ECL kit.
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Flow Cytometry Analysis

For flow cytometry detection, cultured cells were collected by trypsinization and
washed with PBS. Then cells underwent annexin V/propidium iodide (PI) staining
(Dojindo, Kumamoto, Japan) following the guidelines of the manufacture.

BrdU Incorporation Assays

Cells were fixed in 4% paraformaldehyde and permeabilized in PBST. 10 uM BrdU
labeling solution was added to cells for 1 h at 37 °C in a CO, incubator. Then the
BrdU labeling solution was removed from the cells and the cells were washed in
PBS for three more times.

Statistics

The correlations between clinical features of patients and NFATS expression was
analyzed through y* analysis. Student’s ¢ test was used for statistical analysis.
p <0.05 was considered as significantly different. * p <0.05, **p <0.01.

Results
NFAT5 Expression Was Upregulated in CLL Patients

To measure the expression level of NFATS in CLL patients, we collected 40 CLL
blood samples, 20 healthy donor samples and B cells from CLL patients. Through
gRT-PCR and Immunoblot assays, we found the increased levels of NFATS in CLL
patient compared with healthy donors (Fig. 1a—c). According to the relative expres-
sion level of NFATS, patients were divided into NFATS high group and NFATS low
group based on the median NFATS level. As shown in Table 1, high expression of
NFATS in CLL was associated with f2-MG (p =0.025), Binent stage (p=0.015) and
Rai risk stage (p=0.024). There was no association between the expression level of
NFATS5 and age (p=0.736), high leukocytosis (p=0.288), IgVH (p=0.110), ZAP-
70 (p=0.490), CD38 (p=0.091) or FISH cytogenetics (p =0.525).

NFAT5 Knockdown Inhibited the Proliferation of MEC-1 and B Cells from CLL
Patients

Since we found that NFATS level was increased in CLL patients and correlated
with risk stage of CLL, we next aim to explore the potential role of NFATS
in CLL. We depleted NFATS by transfection of NFATS5 shRNA. qRT-PCR
and Immunoblot assays were conducted to evaluate the knockdown efficiency.
NFATS5 was reduced in NFATS5 shRNA transfected cells as expected (Fig. 2a,
b). Subsequently, BrdU assay was used to determine the effect of NFATS silenc-
ing on the proliferation of MEC-1 and B cells from CLL patients (Fig. 2c¢). The
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Fig. 1 NFAT5 was upregulated in CLL patients. a—¢ Quantitative PCR (a) and Immunoblot assay (b,
¢) were performed to measure mRNA and protein levels of NFATS in CLL patients and healthy donors.
Results are presented as mean + SD, ***p <0.001

proliferation rates of MEC-1 and B cell from CLL patients in the NFATS5 shRNA
group was significantly lower compared with those in the control shRNA groups
(Fig. 2c). Taken together, NFAT5 knockdown inhibited the proliferation of
MEC-1 cells and B cells from CLL patients.

NFAT5 Gene Silencing Promoted Apoptosis in MEC-1 Cells and B Cells of CLL
Patients

NFATS5’s function in apoptosis was evaluated by flow cytometry assays. We noticed
NFATS5 knockdown increased apoptosis both in MEC-1 cells and B cells of CLL
patients (Fig. 3a). Furthermore, apoptosis-related protein levels were monitored as
well. As shown in Fig. 3b, BCL-2 was reduced, and cleaved caspase-3 was increased
in NFATS5-depleted MEC-1 cells and B cells of CLL patients. These results indi-
cated that NFATS gene silencing increased apoptosis in MEC-1 cells and B cells of
CLL patients.

NFAT5 Regulated AQP5 and p38 MAPK Activation

AQPS5 was reported to be overexpressed in CML cells and play a role in promoting
cell proliferation and inhibiting apoptosis (Chae et al. 2008). We found decreased
AQPS5 expression in MEC-1 and CLL-B cells following NFATS shRNA transfec-
tion (Fig. 4a). We also assessed the impact of NFATS knockdown on AQPS level.
As determined by Immunoblot, NFATS depletion resulted in decreased AQPS level.
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Table 1 The relationship between NFATS5 expression and the clinical pathological features of patients
with CLL

Characteristics Number of  NFAT5S NFATS p value
patients Low expression  High expression
(<median) (> median)

Number 40 20 20

Ages (years) 0.736
<60 13 7 6
>60 27 13 14

p2-MG 0.025%*
<3.5mgL™! 23 15 8
>35mgL™! 17 5 12

High leukocytosis 0.288
WBCs <35x10° L} 29 16 13
WBCs>35%x10° L™ 11 4 7

Binent stage 0.015%
A 26 17
B 10 3
C 4

Rai risk stage 0.024*
Good 21 14 7
Intermediate 11 5
High 8 1 7

IgVH 0.110
Muatted 23 9 14
Unmuatted 17 11 6

ZAP-70 0.490
Negative 12 7 5
Positive 28 13 15

CD38 0.091
Negative 13 9 4
Positive 27 11 16

FISH cytogenetics 0.525
No aberration or sole del (13q) 18 10 8
Del (17p) or del (11q) or trisomy 12 22 10 12

*<0.05

NFATS depletion also reduced phosphorylated p38 protein level without affecting
total p38 protein level (Fig. 4b). These results indicated that NFATS5 regulated AQP5
level and promoted p38 activation simultaneously.
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AQP5 Overexpression Reversed the Inhibitory Effect of NFAT5 Depletion on Cell
Proliferation

Since AQPS was regulated by NFATS, we wonder whether NFATS’s effect on apop-
tosis and p38 activation could be abrogated by AQPS5 overexpression. As shown in
Fig. 5a, reduced BCL-2 and increased cleaved caspase-3 caused by NFATS5 deple-
tion could be reversed by AQPS5 overexpression. Inhibition of p38 activation caused
by NFATS knockdown was reversed by AQPS overexpression (Fig. 5a). Further-
more, the reduced cell proliferation by NFAT5 knockdown was suppressed by AQPS5
overexpression (Fig. 5b). The increased apoptosis resulted from NFATS depletion
was also suppressed by AQPS5 overexpression (Fig. 5c¢). Taken together, NFATS
facilitated malignant cell survival by upregulating AQPS.

STUB1 Regulated NFAT5 Stability

In light of the critical function of NFATS in cell survival, we screened for genes
that could regulate NFATS expression. Bioinformatic analysis indicated STUBI
as a potential binding protein of NFATS5 (http://ubibrowser.ncpsb.org/ubibrowser
/home/index) (Fig. 6a). Then we explored whether STUBI1 affects the expression
of NFATS5. As shown in Fig. 6b, NFATS mRNA level remained unchanged upon
STUBI1 overexpression. However, STUB1 overexpression inhibited NFATS protein
level in MEC-1 cells (Fig. 6¢). Pulldown assay indicated the direct binding interac-
tion between STUB1 and NFATS (Fig. 6d). In addition, STUB1 overexpression fur-
ther inhibited NFATS expression under cycloheximide (CHX) treatment (Fig. 6e).
Our data indicated STUB1 directly bound to NFATS and promoted its degradation.

Discussion

CLL is mainly caused by lymphocytic tumor-like proliferation (Hosnijeh et al.
2020). Due to blocked apoptosis and prolonged survival time of small monoclonal
lymphocytes, a large number of them gather in bone marrow, blood, lymph nodes
and other organs, and the normal hematopoietic function of bone marrow is there-
fore inhibited, eventually leading to bone marrow failure, anemia, and ischemia
(Gopalakrishnan et al. 2020). CLL develops slowly and the average survival time
from diagnosis is about 4-6 years. To combat this disease, targeted therapy is a
promising strategy, and more therapeutic targets needs to be developed (Hashemi
et al. 2020; Karabon et al. 2020). Herein, we noticed a transcription factor, NFATS,
was highly expressed in human CLL cells. Our data further confirmed that NFATS
affected the proliferation and apoptosis of CLL cells in vitro. Therefore, we con-
cluded that NFATS could serve as a promising therapeutic target for CLL treatment.

NFATS was widely involved in the progression and metastasis of multiple
types of tumors (Germann et al. 2012; Guo and Jin 2015; Wang et al. 2013). It
was reported that NFATS contributed to the glycolytic phenotype rewiring and
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Fig.2 NFATS5 knockdown inhibited the proliferation of MEC-1 and B cell from CLL patients (CLL-B). p-
a Quantitative PCR assays were performed to measure the mRNA levels of NFATS in MEC-1 and B cell
from CLL patients upon transfection of indicated shRNA. b Immunoblot assay was conducted to meas-
ure the expression of NFATS in MEC-1 and CLL-B cells upon transfection of indicated shRNA. ¢ BrdU
incorporation assay was performed to evaluate the proliferation ability of control or NFATS-depleted
MEC-1 or CLL-B cells. Results are presented as mean+ SD, **p <0.01

pancreatic cancer progression via activating the expression of PGK1 (Jiang et al.
2019). Additionally, a miRNA, miR-194, suppressed high glucose-induced non-
small cell lung cancer cell (NSCLC) progression via targeting NFATS (Meng
et al. 2019). Another study indicated that NFATS contributed to the metastasis
of murine melanoma (Kim et al. 2018). In addition, NFATS5 was also involved in
regulating the progression of a variety of tumors, including colorectal cancer and
breast cancer (Amara et al. 2016; Guo and Jin 2015). We here found the key role
of NFATS in the progression of CLL. Through series of in vitro assays, we found
that NFATS5 promoted CLL progression via affecting cell proliferation and apop-
tosis. These studies, together with our findings, suggest targeting NFATS would
be a promising anti-tumor strategy.

Furthermore, we found that NFATS regulated AQPS5 expression and the phos-
phorylation of p38 MAPK in CLL cells. Our data suggested that the NFATS/
AQP5/p38 MAPK axis acted a critical role in CLL progression. AQP5 was
involved in the progression of leukemia. Previous study showed that AQP5 was
overexpressed in chronic myelogenous leukemia cells and played a role in pro-
moting cell proliferation and inhibiting apoptosis, consistent with our study
(Trama et al. 2000). MAPK pathway was also critical in the progression and
metastasis of CLL. The inhibition of MEK1/2, a member in the MAPK pathway,
affected the actions of Venetoclax and ABT-737 under conditions that mimic
the CLL tumor microenvironment (Zhou et al. 2020). Recent findings have also
shown aberrant activation of MAPK signaling and its interactions with other
pathways in the pathogenesis of CLL (Zhou et al. 2011). The inhibitory effect
of NFATS on cell proliferation could be partially reversed by AQP5 overexpres-
sion, suggesting the existence of other mechanisms mediating the regulation of
NFATS. We found that NFATS participated in the progression of CLL partially
via MAPK pathway, and further confirmed the key effects of MAPK pathway on
CLL. Notably, the results show that AQP5 overexpression does not completely
reverse the effect of NFATS5 knockdown, suggesting that NFATS has a regulatory
mechanism involving factors other than AQPS. Interestingly, previous studies
provided the evidence that increased NFATS expression stimulated transcription
of Hsp70 in preeclamptic placentas (Park et al, 2014). NFATS also mediated oral
cancer cell proliferation by inducing the EGFR translocation through increasing
the expression of DPAGT], an essential enzyme for catalyzing the first commit-
ted step of N-linked protein glycosylation (Yoshimoto et al. 2020).

Notably, NFATS serves as a transcription factor and affects different cellu-
lar functions. NFATS protected against hypertonicity through structuring of its
intrinsically disordered domain (Ito et al. 2007). We would examine the role of the
disordered domain of NFATS in CLL progression in future studies. Additionally,
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Titanium dioxide nanoparticles induced RAW?264.7 macrophage apoptosis
through miR-29b-3p/NFATS axis, which suggested that NFATS affected inflam-
matory responses and might therefore affect CLL (Xu et al. 2020a).
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Fig.5 AQPS overexpression reversed the inhibitory effect of NFATS depletion on cell proliferation. a
The expression levels of AQPS, p38, p-p38, BCL-2 and cleaved caspase-3 in control, NFAT5-depleted,
AQPS5 overexpressed, and NFATS-depleted plus AQPS overexpressed MEC-1 cells and CLL-B cells
were determined through Immunoblot assays. b BrdU incorporation assay was performed to evaluate the
proliferation ability of control, NFATS5-depleted, AQPS overexpressed, and NFATS-depleted plus AQPS
overexpressed MEC-1 cells and CLL-B cells. ¢ Flow cytometry assay was performed to evaluate apop-
tosis in control, NFAT5-depleted, AQP5 overexpressed, and NFATS-depleted plus AQPS overexpressed
MEC-1 cells and CLL-B cells. Results are presented as mean+SD, *p <0.05, ** p <0.01

In conclusion, we found that NFATS5 was highly expressed in CLL cells. Our data
further confirmed that NFATS5 promoted proliferation and suppressed apoptosis of
CLL cells in vitro. Further, we found that NFATS facilitated malignant cell survival
and p38 MAPK activation by upregulating AQP5, and therefore promoted the pro-
gression of CLL. We also found that STUB1 directly bound to NFATS and pro-
moted its degradation. We therefore propose that NFATS5 could serve as a promising
therapeutic target for CLL treatment.
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Fig.6 STUBI regulated NFATS degradation. a Bioinformatic analysis of NFATS binding protein. b, ¢
The level of NFATS in control or STUB1 overexpressed MEC-1 cells as measured through QPCR and
Immunoblot assays. d Pulldown assay showed direct binding between NFATS and STUB1. e Immunob-
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