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Abstract: The drug resistance is a major obstacle in acute B-lymphoblastic leukemia (B-ALL) treatment. Our previ-
ous study has indicated that increased levels of Cysteine-rich protein 61 (Cyr61) in the bone marrow can mitigate
the chemosensitivity of B-ALL cells, though the specific source of Cyr61 in the bone marrow remains unknown.
In this study, we aimed to investigate whether hypoxia can induce Cyr61 production in B-ALL cells, delineates the
underlying mechanisms, and evaluates the effect of Cyr61 on the chemosensitivity of B-ALL cells under hypoxia
conditions. The results indicate that hypoxia promotes Cyr61 production in B-ALL cells by activating the NF-kB
pathway. Increased Cyr61 expression appears to reduce the chemosensitivity of B-ALL cell to vincristine (VCR) and
daunorubicin (DNR) through autophagy under hypoxia. Notably, inhibition of Cyr61 restores the chemosensitivity of
B-ALL cells to both chemotherapeutic agents. This study is the first time to report that hypoxia decreases the chemo-
sensitivity of B-ALL cells by inducing Cyr61 production, suggesting that targeting Cyr61 or its associated pathways
could potentially improve the clinical response of B-ALL patients.
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Introduction plays a crucial role in the development of che-

. . ] motherapeutic resistance in B-ALL [4-6].
Acute B-lymphoblastic leukemia (B-ALL) is

an aggressive B lymphoproliferative disorder.
Currently, combination chemotherapy with vin-
cristine (VCR) and daunorubicin (DNR) serves
as the primary treatment method, and showing
promising clinical results [1]. However, the
development of chemotherapeutic resistance
in B-ALL cells often leads to treatment failures,
with a significant number of patients relapsing
[2, 3]. The challenge of chemotherapy resis-
tance has become a major issue in the clinical
treatment of B-ALL.

Cysteine-rich 61 (Cyr61, also known as CCN1),
an important extracellular matrix protein be-
longing to the CCN family [7, 8], is implicated in
the growth and progression of various tumors,
including breast cancer, gastric cancer, ovarian
cancer, glioma, and leukemia [9-13]. Intere-
stingly, studies have demonstrated that Cyr61
is also connected to chemotherapy resistance,
shown to reduce the chemotherapy sensitivity
in breast cancer, pancreatic adenocarcinoma,
and acute myeloid leukemia (AML) [14-19]. In
our previous research, we observed the elevat-
ed levels of Cyr61 in both serum and bone mar-

Previous research on leukemia resistance has
primarily focused on the leukemia cells them-

selves. However, there is now growing evidence
that interactions between the bone marrow
(BM) microenvironment and leukemia cells

row of B-ALL patients, where it enhances cell
survival and contributes to chemotherapy resis-
tance [13].
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Leukemia cells are known to proliferate rapidly,
consume a large amount of oxygen, and thus
create a hypoxic environment within the bone
marrow of B-ALL [20, 21]. It is well established
that hypoxia can impact cellular physiological
processes including metabolism, survival, and
proliferation. Importantly, hypoxia not only con-
tributes to the development of leukemia, but
also enhances the chemotherapy resistance in
leukemic cells [5, 22]. Li et al. found that hypox-
ia can promote glucocorticoid resistance in
B-ALL cells [23], while Zhu et al. indicated that
hypoxia can increase the resistance of B-ALL
cells to Adriamycin [24]. Frolova et al. further
observed that hypoxia reduces the chemosen-
sitivity of ALL cells to vincristine, methotrexate
and etoposide [22]. These studies collectively
demonstrate the pivotal role of hypoxia in leu-
kemia drug resistance, although its underlying
mechanism is still unclear. Previous studies
have shown that hypoxia can induce the pro-
duction of Cyr61 production in various cells,
such as nasal polyp fibroblasts, retinal vascular
endothelial cells, and breast cancer cells [25-
27]. Considering that Cyr61 plays an important
role in the in B-ALL cell resistance, the potential
of hypoxia mediating drug resistance through
the induction of Cyr61 in B-ALL cells has not
been reported.

In this study, we investigated the effects of
hypoxia on Cyr61 production its role in regulat-
ing the sensitivity of B-ALL cells to VCR and
DNR under the hypoxic environment. Our find-
ings demonstrated that hypoxia promotes
Cyr61 production in B-ALL cells through the
activation of NF-kB pathway and reduces the
chemosensitivity of B-ALL cells to VCR and DNR
via autophagy. Collectively, these results indi-
cate that hypoxia-induced Cyr61 production
contributes to drug resistance in B-ALL cells,
and that targeting Cyr6lor its effector path-
ways could potentially improve the clinical out-
comes of B-ALL patients.

Materials and methods
Cells culture and hypoxia conditions

The human acute B-lymphoblastic leukemia
cell line Nalm-6 and Reh was obtained from
Guangzhou Gineo Biotechnology Co., and the
Shanghai Cell Bank of the Chinese Academy of
Sciences, respectively. Cells were cultured in
RPMI-1640 medium (HyClone, Logan, UT) sup-
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plemented with 10% fetal bovine serum (FBS;
Gibco, Carlsbad, CA), 100 U/ml penicillin
(HyClone, Logan, UT) and 100 ug/ml streptomy-
cin (HyClone, Logan, UT), in a humidified 5%
CO, atmosphere at 37°C.

Hypoxic conditions were established using a
sealed hypoxic workstation maintained at 1%
0,, 94% N, and 5% CO,, with a constant tem-
perature of temperature 37°C and humidity
(90%).

Cyr61 overexpression and knockdown

Lentivirus vectors for overexpressing (pGLV5-
Cyr61) and silencing (pGLV3-shCyr61) Cyr61,
alongside control vectors (pGLV5-NC, pGLV3-
shNC), were purchased from Shanghai Gene-
Chem Co., Ltd. The specific shRNA target se-
quence for Cyr61 was 5-CAACGAGGACTGCAG-
CAAA-3'. The viral particles were prepared with
a standard method following the manufactur-
er's instructions (Shanghai GeneChem Co.,
Ltd.). Viruses were collected at 72 h post trans-
fection and used to infect Nalm-6 and Reh
cells. The successful transduction efficiency of
Nalm-6 and Reh cells was confirmed to be >
97% before selection with 0.5 ug/ml puromycin
(Sigma-Aldrich, St Louis, MO, USA) for 5 days.
The overexpression and knockdown efficiency
of Cyr61 were verified by western blotting.

Cell viability assay

To evaluate the effect of DNR and VCR (Selleck
Biotechnology, Shanghai, China) on B-ALL cell
viability under hypoxia, cells were treated with
increasing concentrations of DNR and VCR in
RPMI-1640 medium for 72 hours. Cell viability
was quantified using the Cell Counting Kit-8
(CCK-8; Beyotime Biotechnology, Jiangsu,
China) according to the manufacturer’s instruc-
tions. In brief, 5x10* B-ALL cells in 100 ul of
culture medium were seeded into 96-well
plates under hypoxia for 72 hours. Different
concentrations of DNR and VCR were added
and cells were incubated for an additional 24
hours. Then cell viability was measured by add-
ing 10 pl of CCK8 reagent and incubated for 2
hours. The optical density (OD) of the plates
was measured at 450 nm using a microplate
reader (Tecan, Mannedorf, Switzerland), and
the 50% inhibitory concentration (IC50) was
calculated using GraphPad Prism version 8
(GraphPad Software, La Jolla, CA).
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Apoptosis assay

Apoptotic B-ALL cells were measured using the
Annexin V-APC Kit (BD Biosciences, Franklin
Lakes, NJ, USA) following the manufacturer’s
instructions. Post 72-hour hypoxia exposure,
B-ALL cells (5%10%/ml, 1 ml) with up/down-reg-
ulated Cyr61 expression and control cells were
treated with DNR (100 ng/ml) and VCR (100
ng/ml) for 24 hours in 24-well plates. The per-
centages of apoptotic cells were quantified by
flow cytometric analysis. Flow cytometry was
performed using a FACS Calibur cytometer (BD
Biosciences, San Jose, CA, USA) and analyzed
with Cellquest software (BD Biosciences, San
Jose, CA, USA).

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

Total RNA was extracted from specimens using
a TriPure Isolation Reagent (Roche Diagnostics,
Basel, Switzerland) according to the manufac-
turer’s instructions. One microgram of RNA was
reverse-transcribed into first-strand cDNA us-
ing the RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, Waltham, MA,
USA). gRT-PCR was performed with SYBR
Green Master Mix (Applied Biosystems, Foster
City, CA, USA). The primers sequences used in
this study were as follows: Cyr61, Forward,
TCCAGCCCAACTGTAAACATCA; Cyr61, Reverse,
GGACACAGAGGAATGCAGCC; B-actin, Forward,
CCTGGCACCCAGCACAAT; B-actin, Reverse, GG-
GCCGGACTCGTCATAC. pB-actin served as an
internal control, and relative mRNA expression
levels were calculated using the 2-22¢t method.

Western blot analysis

To analyze the levels of the target proteins
under hypoxia, western blot was performed. In
briefly, cells were lysed using lysis buffer
(Beyotime Institute of Biotechnology, Haimen,
China) according to the manufacturer’s instruc-
tions, and protein concentration was deter-
mined with a BCA Protein Assay Kit (Beyotime
Biotechnology, Haimen, China). Proteins were
separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and
then transferred onto polyvinylidene fluoride
(PVDF) membranes. The membranes were
blocked with 5% nonfat milk in PBS, incubated
with primary antibodies overnight at 4°C, and
subsequently with horseradish peroxidase con-
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jugated secondary antibodies at room temper-
ature for 1 hour. After washing, the target pro-
teins were examined with the ECL system
(Millipore Corporation, Bedford, MA, USA) and
visualized with autoradiography film. Antibodies
against Cyr61, NF-kB, phosphorylated NF-kB,
JNK, phosphorylated JNK, Beclin 1, LC3B, and
B-actin (Cell Signaling Technology Inc., Beverly,
MA, USA) were employed.

Probing of signaling pathways involved in
hypoxia-induced Cyr61 in B-ALL

To investigate the activation of signaling path-
ways in B-ALL cells under hypoxia, B-ALL cells
were cultured in hypoxic and normoxic incuba-
tor for 8 hours, followed by protein extraction.
Western blot was conducted to detect the
phosphorylation of NF-kB/p65 and JNK. Mean-
while, B-ALL cells pretreated with or without
SP600125 (an inhibitor of JNK; Abcam Bio-
technology, USA) and PDTC (an inhibitor of
NF-kB; Abcam Biotechnology, USA) for 2 hours,
and were cultured for 72 hours under hypoxia.
The expression level of Cyr61 was detected by
western blotting as previously described.

Luciferase reporter gene assays

Cyr61 promoter activity was assessed using
luciferase reporter constructs. Luciferase activ-
ity was determined according to the manufac-
turer’s instructions (Dual Luciferase Kit,
Promega, Madison, WI). Briefly, Nalm-6 cells
(4x10° cells/well in a 24-well plate) were trans-
fected with Cyr61 WT promoter and Cyr61
mNF-kB promoter constructs (GeneChem Co.,
Ltd., Shanghai, China) together with a Renilla
luciferase expression vector using Lipofec-
tamine 2000 Reagent (Thermo Scientific,
Maryland, USA). After 8 hours, cells were
washed and then cultured under hypoxia for 48
hours. The luciferase assay was performed
with the Dual Luciferase Assay by Promega
using Renilla luciferase as an internal control.

Chromatin immunoprecipitation (ChIP) assays

The ChIP assay was performed to examine
NF-kB binding to the Cyr61 promoter using the
ChIP kit (Beyotime Biotechnology, lJiangsu,
China) following the manufacturer’s instruc-
tions. Nalm-6 cells (5x10° cells) cultured under
hypoxic or normoxic conditions for 48 hours
were fixed with formaldehyde, lysed, and soni-
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cated to shear chromatin. Immunoprecipitation
was performed using antibodies against NF-
kB and normal rabbit 1gG (Cell Signaling
Technology Inc., Beverly, MA, USA). The immu-
noprecipitated DNA was quantified by gPCR
with primers targeting the NF-kB binding site
on the Cyr61 promoter: Forward 5-CAAAAGA-
GGGAAGGGCTGGA-3’; Reverse 5-AAACTTGCC-
CATCGTCTGGC-3..

Statistics

Data are presented as mean + standard error
of the mean (SEM). The significant differences
between groups were assessed by Student’s t
test for single comparisons or by analysis of
variance for multi-group comparisons, with a
significance threshold of P < 0.05. Statistical
analyses were carried out using SPSS software
version 20.0.

Results

Cyr61 decreases the chemosensitivity of B-ALL
cells to DNR and VCR under hypoxia

Previous studies have shown that Cyr61 is able
to reduce the chemosensitivity of B-ALL cells
under normoxia, but it is not clear whether
Cyr61 can mediate chemoresistance in B-ALL
cells under hypoxia. In this study, we upregu-
lated the expression of Cyr61 in B-ALL cells
(Figure 1A and 1D), and used the CCK8 assay
to detect the effect of Cyr61 on the chemosen-
sitivity of B-ALL cells to DNR and VCR under
hypoxia. The results showed that up-regulation
of Cyr61 significantly increased the IC50 of
DNR and VCR on B-ALL cells (Figure 1B, 1C, 1E
and 1F). To further verify the above results, we
down-regulated the expression of Cyr61 in
B-ALL cells (Figure 1G and 1J), and found that
down-regulation of Cyr61 significantly de-
creased the IC50 of DNR and VCR in B-ALL cells
(Figure 1H, 11, 1K and 1L). Together, these
results indicate that, under hypoxia, Cyr61 also
decreases the chemosensitivity of B-ALL cells
to DNR and VCR.

Cyr61 effectively inhibits DNR and VCR-
induced apoptosis of B-ALL cells under hy-
poxia

It is well established that chemotherapeutic
drugs such as DNR and VCR induce apoptosis
in tumor cells [28-30], while Cyr61 is known
to mediate chemotherapeutic resistance by
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reducing drug-induced apoptosis [31, 32]. To
determine whether Cyr61l similarly protect
B-ALL cells from apoptosis under hypoxia, flow
cytometry was employed. The results, as pre-
sented in Figure 2A and 2B, showed that under
hypoxia, up-regulation of Cyr61 decrease DNR
or VCR-induced apoptosis in B-ALL cells, while
down-regulated Cyr61 could increase DNR or
VCR-induced apoptosis in B-ALL cells (Figure
2C and 2D). Taken together, these data indi-
cate that Cyr61 can inhibit DNR and VCR-
induced apoptosis of B-ALL cells under
hypoxia.

Cyr61 promotes autophagy of B-ALL cells un-
der hypoxia

Previous studies have shown that autophagy
plays a crucial role in the development, pro-
gression and treatment of hematological malig-
nancies, often reducing the sensitivity of B-ALL
cells to chemotherapeutic drugs [33, 34]. In
order to further explore whether Cyr61-induced
drug resistance in B-ALL cells is also related to
autophagy, we specifically up-regulated and
down-regulated the expression of Cyr61 in
B-ALL cells, and found that upregulation of
Cyr61 expression in B-ALL cells could increase
Beclin 1 levels and the LC3BII/I ratio (Figure 3A
and 3B), while its downregulation had the oppo-
site effect (Figure 3C and 3D). Together, these
results suggested that Cyr61 promotes the
autophagy of B-ALL cells under hypoxia.

Hypoxia promotes Cyr61 production in B-ALL
cells

We further investigated whether hypoxia induc-
es Cyr61 production in B-ALL cells. Nalm-6 and
Reh cells were cultured under hypoxia for vary-
ing durations, showing a significant induction of
Cyr61 mRNA expression in a time-dependent
manner (Figure 4A and 4B). Consistent with
these observations, western blotting showed
that the protein levels of Cyr61 in Nalm-6 and
Reh cells were significantly increased under
hypoxia, supporting the observation (Figure 4C
and 4D) that hypoxia can promote Cyr61 pro-
duction, potentially contributing to the higher
concentration of Cyr61 in the bone marrow of
B-ALL patients.

Hypoxia-induced Cyr61 production in B-ALL
cells depends on the NF-kB activation

Our findings demonstrate that hypoxia stimu-
lates Cyr61 production in B-ALL cells. Previous
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Figure 1. Cyr61 decreases the chemosensitivity of B-ALL cells to DNR and VCR under hypoxia. A. Western blot was
used to detect the levels of Cyr61 protein in Nalm-6 cells infected with lentivirus pGLV5-Cyr61 and pGLV5-NC. B, C.
Nalm-6-LV-NC and Nalm-6-LV-Cyr61 cells were treated with different concentrations of DNR and VCR for 24 h under
hypoxia. The inhibition rate of DNR and VCR on cells was detected by CCK-8 assay. D. Western blot was used to
detect the levels of Cyr61 protein in Reh cells infected with lentivirus pGLV5-Cyr61 and pGLV5-NC. E, F. Reh-LV-NC
and Reh-LV-Cyr61 cells were treated with different concentrations of DNR and VCR for 24 h under hypoxia. The inhi-
bition rate of DNR and VCR on cells was detected by CCK-8 assay. G. Western blot was used to detect the levels of
Cyr61 protein in Nalm-6 cells transfected with lentivirus pGLV3-shCyr61 and pGLV3-shNC. H, I. Under hypoxia, Nalm-
6-shNC and Nalm-6-shCyr61 were treated with different concentrations of DNR and VCR for 24 h, and the inhibition
rate of DNR and VCR on cells was detected by CCK-8 assay. J. Western blot was used to detect the levels of Cyr61
protein in Reh cells transfected with lentivirus pGLV3-shCyr61 and pGLV3-shNC. K, L. Under hypoxia, Reh-shNC and
Reh-shCyr61 were treated with different concentrations of DNR and VCR for 24 h, and the inhibition rate of DNR on
cells was detected by CCK-8 assay. All the IC50 was calculated using GraphPad Prism 8.0. Data represent the mean

+ SEM of at least 3 independent experiments. *P < 0.05, **P < 0.01.

studies have shown that both NF-kB and JNK
signaling pathways are involved in the expres-
sion of Cyr61 [35-38]. To investigate the role of
the NF-kB and JNK signaling pathways in hypox-
ia-induced Cyr61 production in B-ALL cells, we
analyzed the phosphorylation of JNK and the
NF-kB under hypoxia, and the results showed
that hypoxia enhances the phosphorylation lev-
els of both JNK and NF-kB p65 (Figure 5A-D).
Using pharmacological inhibitors, PDTC (an
inhibitor of NF-kB) and SP600125 (an inhibitor
of JNK), we observed that inhibition of NF-kB
significantly reduced hypoxia-induced Cyr61
production, whereas JNK inhibition did not
affect Cyr61 levels (Figure 5E and 5F). These
data indicate that the NF-kB pathway, rather
than JNK, is involved in hypoxia-induced Cyr61
production in B-ALL cells.

To clarify the molecular mechanisms of hypox-
ia-induced Cyr61 production, we constructed
luciferase reporter genes under the control of a
Cyr61 wild type promoter (Cyr6l WT) and a
Cyr6l1 promoter with mutations in the NF-kB
binding sites (Cyr61 mNF-kB). These constructs
were transfected into Nalm-6 cells, which were
then subjected to hypoxia. As shown in Figure
5G, luciferase assays revealed that that activity
from the Cyr61 WT promoter increased signifi-
cantly under hypoxia compared to normoxic
conditions, while activity from the Cyr61 mNF-
kB promoter showed no significant change,
underscoring the essential role of NF-kB bind-
ing sites in hypoxia-driven Cyr61 transcription.
Additionally, chromatin immunoprecipitation
(ChIP) assays were performed to assess the
binding of the NF-kB p65 subunit to the Cyr61
promoter in vivo under hypoxic conditions. The
ChIP results indicated an increased binding of
p65 to the Cyr61 promoter, thereby increasing
the transcriptional activity and suggesting a
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pivotal role for NF-kB in hypoxia-induced pro-
duction of Cyr61 in B-ALL cells (Figure 5H).

Cyr61 monoclonal antibody (093G9) enhances
the sensitivity of B-ALL cells to DNR and VCR
under hypoxia

Our results have demonstrated that hypoxia
promotes Cyr61 production by activating the
NF-kB pathway in B-ALL cells. To verify the
effect of Cyr61 in B-ALL cells under hypoxia,
Nalm-6 and Reh cells were cultured under
hypoxia with the anti-Cyr61 monoclonal anti-
body (093G9), generously provided by Dr. Ningli
Li Shanghai Jiao Tong University School of
Medicine, Shanghai, China. The results showed
that the application of 093G9 under hypoxic
conditions significantly decreased the IC50 val-
ues of DNR and VCR in B-ALL cells (Figure
6A-D), and concurrently increased the apopto-
sis of B-ALL cells induced by these chemother-
apeutic agents (Figure 6E and 6F). These data
substantiated that 093G9 effectively restores
the chemosensitivity of B-ALL cells to DNR and
VCR, supporting the hypothesis that hypoxia-
induced Cyr61 production contributes to drug
resistance B-ALL cells.

Discussion

Chemotherapy remains the primary treatment
for B-ALL patients, however, chemotherapy
resistance significantly hinders clinical out-
comes. Thus, it is necessary to thoroughly
investigate the mechanism of chemotherapy
resistance in the treatment of B-ALL [39]. In
this study, we discovered that hypoxia stimu-
lates the production of Cyr61 in B-ALL cells via
the NF-kB pathway, which in turn reduces the
sensitivity of B-ALL cells to VCR and DNR under
hypoxia.

Am J Cancer Res 2024;14(7):3388-3403
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Figure 2. Cyr61 effectively inhibits DNR and VCR-induced apoptosis of B-ALL cells under hypoxia. A, B. Under hy-
poxia, Nalm-6-LV-NC, Nalm-6-LV-Cyr61, Reh-LV-NC and Reh-LV-Cyr61 cells were treated with DNR and VCR for 24
h, and the apoptosis of cells was detected by FCM. C, D. Under hypoxia, Nalm-6-shNC, Nalm-6-shCyr61, Reh-shNC
and Reh-shCyr61 cells were treated with DNR and VCR for 24 h, the apoptosis of cells was detected by FCM. Data
represent the mean + SEM of at least 3 independent experiments. *P < 0.05, **P < 0.01.

Cyr61, a crucial extracellular matrix protein,
has been extensively documented to facilitate
cell proliferation, migration, adhesion and dif-
ferentiation. Recent studies highlight its sig-
nificant role in various tumors by modulating
angiogenesis, cell proliferation, metastasis,
and resistance to drugs [31, 40-43]. Our previ-
ous research demonstrated that Cyr61 was
able to reduce the chemosensitivity of B-ALL
cells under normoxia. Given the hypoxic nature
of the bone marrow microenvironment in B-ALL,
the impact of Cyr61 on drug resistance under
such conditions remains unclear. In this study,
we firstly found that Cyr61 also decreases the
chemosensitivity of B-ALL cells to DNR and VCR
under hypoxia. Furthermore, the administration
of Cyr61-blocking antibody (093G9) restored
chemosensitivity, reinforcing the pivotal role of
Cyr61 in the resistance of B-ALL to these drugs
and suggesting that targeting Cyr61 could be
an effective strategy to overcome drug resis-
tance and relapse in B-ALL.

Autophagy is crucial for cellular homeostasis
through phagocytosis, degradation of damaged
proteins and cellular components, and has
been linked to preventing cellular damage and
promoting cell survival. Several studies have
reported the association between Cyr61 and
autophagy. For instance, Pan et al. demonstrat-
ed that Cyr61 mediates the development of
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lupus nephritis by inducing the autophagy in
renal podocytes [44], and Guo et al. found
similar effects in renal tubular epithelial cells in
an inflammatory environment [45]. Recent
studies have highlighted autophagy’s crucial
role in the pathogenesis of hematologic malig-
nancies, particularly its function in promoting
the survival of B-ALL cells and reducing their
chemosensitivity [46-48]. Our research indi-
cates that Cyr61 increased the production of
autophagy-related molecules, such as Beclin 1,
and increases the LC3B ll/I ratio, indicating
that Cyr61 facilitates autophagy under hypoxic
conditions. Moreover, we observed that Cyr61
reduced the apoptosis of B-ALL cells induced
by DNR and VCR under similar conditions.
Based on our results and other reports, Cyr61
might exert an anti-apoptotic role through
autophagy in a hypoxic environment, thus pro-
tecting leukemia cells from chemotherapeutic
drugs and reducing their drug sensitivity.
Supporting this, previous studies have shown
that autophagy protects cells from apoptosis
[49-52]. Importantly, Su et al. reported that
Cyr61 triggers autophagy in cardiomyocytes to
limit its apoptotic activities, which is similar to
the results of our study [53]. Similarly, Kim H et
al. identified that Cyr61 serves as an anti-apop-
totic protein and promotes chemoresistance in
breast cancer cells by upregulating survivin
expression [54]. These studies indicate that,
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Figure 3. Cyr61 promotes the autophagy of B-ALL cells under hypoxia. A, B. The levels of Beclin 1 and LC3B protein
in Nalm-6-LV-NC, Nalm-6-LV-Cyr61, Reh-LV-NC and Reh-LV-Cyr61 cells were detected by Western blot after 72 h of
hypoxia. C, D. The levels of Beclin 1 and LC3B protein in Nalm-6-shNC, Nalm-6-shCyr61, Reh-shNC, and Reh-shCyr61
cells were detected by Western blot after 72 h of hypoxia. Data represent the mean + SEM of at least 3 independent

experiments. *P < 0.05, **P < 0.01.
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marrow of B-ALL patients, promot-
ing the survival of B-ALL cells.
Building upon these findings, our
current study further demonstra-
tes that elevated Cyr61 also re-
duced the chemosensitivity of
B-ALL cells under hypoxia, rein-
forcing its role in drug resistance.
It is well-documented that hypoxia
can upregulate Cyr61 production
across various cell types, includ-
ing nasal polyp fibroblasts, retinal
vascular endothelial cells, and
breast cancer cells [25-27].

Consistent with this broader un-
derstanding, our study reveals
that hypoxia similarly promotes
Cyr61 production in B-ALL cells.
This observation suggests that
hypoxia-induced Cyr61 expression
could be a significant contributor
to the elevated levels of Cyr61
observed in the bone marrow of
B-ALL patients.

A large number of studies have
found that the NF-kB and JNK
pathways are implicated in the
regulation of Cyr61 expression,

Figure 4. Hypoxia promotes Cyr61 production in B-ALL cells. Hypoxia
promotes Cyr61 production in B-ALL cells. A, B. Nalm-6 and Reh cells
were treated with hypoxia for different time, and the expression of Cyr61
mRNA was detected by Real-time PCR. C, D. Nalm-6 and Reh cells were
treated with hypoxia for 72 h, the levels of Cyr61 protein were detected
by Western blot. Data represent the mean + SEM of at least 3 indepen-

dent experiments. *P < 0.05, **P < 0.01.

Cyr61 can exhibit anti apoptotic activity through
various mechanisms depending on the cellular
context. In conclusion, our study reinforces that
Cyr61 significantly mitigates the sensitivity of
B-ALL cells to DNR and VCR in hypoxic environ-
ments, potentially through autophagy. However,
the specific signaling pathways involved require
further exploration.

Our previous research has identified that Cyr61
levels are elevated in both the serum and bone
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with hypoxia known to activate
these pathways [18, 55-59]. Our
research demonstrated that that
hypoxia specifically activated both
the NF-kB and JNK pathways in
B-ALL cells. However, only the
NF-kB signaling pathway was
directly involved in the production
of Cyr61. These findings indicate that hypoxia
promotes Cyr61 production predominantly
through the NF-kB pathway, rather than the
JNK pathway. Interestingly, this observation
contradicts the findings of [60], Shun CT [25],
and Pinru Wu [37], who proposed that hypoxia
promotes Cyr61 production via both pathways.
This discrepancy could potentially be explained
by the presence of molecules that inhibit the
JNK pathway in B-ALL, warranting further vali-
dation. Additionally, in melanoma cells, the

Am J Cancer Res 2024;14(7):3388-3403
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Figure 5. Hypoxia-induced Cyr61 production in B-ALL cells depends on NF-kB activation. Hypoxia-induced Cyr61 production in B-ALL cells depends on NF-kB activa-
tion. A-D. Nalm-6 and Reh cells were cultured under hypoxia for 8 h, the activation of NF-kB and JNK pathway was detected by Western blot. E, F. Nalm-6 and Reh
cells were treated with NF-kB pathway inhibitor (PDTC) or JNK pathway inhibitor (SP600125) under hypoxia for 72 h, the levels of Cyr61 protein in Nalm-6 cells was
detected by Western blot. G. Nalm-6 cells were transfected Wild-type (Cyr61 WT) or mutant vectors (mNF-kB) with the control vector pRL-TK for 4 hours, and cultured
under hypoxia for 48 h. The luciferase activity relative to control was indicated after normalization with Renilla luciferase activity by dual-luciferase reporter assay.
H. Nalm-6 cells were cultured under hypoxia for 48 h. The binding of NF-kB to Cyr61 promoter was investigated by CHIP assay, and the relative amount of Cyr61
promoter DNA bound to p65 was detected by RT-PCR. Data represent the mean + SEM of at least 3 independent experiments. *P < 0.05, **P < 0.01.
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Figure 6. Cyr61 monoclonal antibody (093G9) improves the sensitivity of B-ALL cells to DNR and VCR under hypoxia. A-D. Under hypoxia, Nalm-6 and Reh cells were
pretreated with 093G9 or I1gG for 6 h, and then were treated with different concentrations of DNR and VCR for 24 h, the inhibition rate of DNR and VCR on cells was
detected by CCK-8 assay. All the IC50 was calculated using GraphPad Prism 8.0. E, F. Under hypoxia, Nalm-6 and Reh cells were pretreated with 093G9 or I1gG for 6
h, and then were treated with DNR and VCR for 24 h, the apoptosis rate of DNR and VCR on cells was detected by flow cytometry. Data represent the mean + SEM
of at least 3 independent experiments. *P < 0.05, **P < 0.01.
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Figure 7. The graphic representation illustrates hypoxia promotes Cyr61 production by activating the NF-kB pathway
in B-ALL cells, thereby reducing the chemosensitivity of B-ALL cells to VCR and DNR (By Figdraw).

interaction between hypoxia-inducible factor-
lalpha and c-Jun/AP-1 may play a role in regu-
lating Cyr61 transcription under hypoxia, point-
ing to tumor-specific heterogeneity in the mech-
anisms regulating Cyr61 [61]. This suggests
that different tumor cells may exhibit unique
regulatory mechanisms influenced by hypoxia.

Both contemporary and historical research
indicates that hypoxia stimulates the produc-
tion of Cyr61 in B-ALL cells. The increased
Cyr61 is helpful in enhancing the survival of
B-ALL cells while simultaneously decreasing
their sensitivity to chemotherapy. Furthermore,
the abundant presence of B-ALL cells con-
sumes substantial amounts of oxygen, perpet-
uating a hypoxic state within the bone marrow
microenvironment. This interaction establishes
a deleterious positive feedback loop that accel-
erates the progression of B-ALL with Cyr61 per-
forming crucial functions within this cycle,
thereby highlighting its critical function in the
pathogenesis of B-ALL.

Taken together, our findings reveal that that
hypoxia-induced Cyr61 production in B-ALL
cells, facilitated by the activation of the NF-kB
pathway, significantly reduces the chemosensi-
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tivity of these cells to VCR and DNR, frequently
culminating in chemotherapy resistance (Figure
7). These insights confirm the integral role of
the hypoxia-Cyr61 axis in modulating the che-
moresistance of B-ALL cells. Consequently, tar-
geting this pathway could offer a promising
therapeutic strategy to circumvent drug resis-
tance and prevent relapse in B-ALL treatment.
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