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1 | INTRODUCTION

Chronic myelogenous leukemia is caused by the malignant transfor-
mation of a hematopoietic stem cell, which is driven by the constitu-
tively active BCR-ABL fusion tyrosine kinase. Inhibition of BCR-ABL
activity by TKI has revolutionized the treatment of CML.! Currently,
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IM, a TKI, is the first-line treatment for CML and has been shown
to elicit effective and durable responses in the majority of patients
with CML.>2

Despite the fact that the introduction of IM has brought im-
provements in the long-term survival of a high proportion of CML

patients, some studies have shown that a small number of patients

Abbreviations: BM, bone marrow; Cyré1, cysteine-rich protein 61; IM, imatinib; NF-xB, nuclear factor kappa B; TKI, tyrosine kinase inhibitor.
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fail to respond to IM treatment and their disease continues to prog-
ress, indicating resistance to IM therapy.>* The mechanism underly-
ing resistance to IM is a complex network involving multiple cellular
and molecular mechanisms.

Mutations of BCR-ABL do not account for all cases of resistance
to IM therapy. Recently, attention has been drawn to the BM micro-
environment, which plays an important role in the differentiation,
migration, proliferation, survival, and drug resistance of leukemia
cells.”® The chemoprotective effect of the BM microenvironment
has been shown using in vitro CML cellular models under IM treat-
ment.® ! For example, cytokines within the BM microenvironment,
such as interleukin (IL)-3, IL-7, granulocyte-macrophage colony-stim-
ulating factor, and C-X-C motif chemokine 12, can protect CML
cells from IM-induced apoptosis and promote CML cell survival.”*
However, it remains unknown whether there are other soluble fac-
tors that are chemoprotective for CML cells under IM treatment.

Cysteine-rich protein 61 (Cyr61/CCN1), a member of the CCN
protein family, is an extracellular matrix-associated protein that plays
essential roles in cellular proliferation, survival, adhesion, migration,
and differentiation.'? As a secreted protein, Cyré1 plays unique

roles in different tumor types. For example, in breast cancer, 314

15,16

prostate cancer, and pancreatic carcinoma,’ Cyré1 functions

as an oncogenic factor. In contrast, Cyré61 suppresses tumor growth

1819 andometrial adenocarcinoma,?

in non-small cell lung cancer,
and melanoma.?! Interestingly, more and more studies have shown
that Cyré1 is linked to chemotherapy resistance. Specifically, Cyré1
protects tumor cells from chemo-induced apoptosis and increases

22.23 gvarian

cell survival in solid tumors, such as in breast cancer,
cancer,?* pancreatic adenocarcinoma,? and renal cell carcinoma.?
Recent studies have indicated that Cyré1 is involved in stroma-in-
duced chemoresistance in AML.?” In our previous research, we ob-
served that the levels of Cyré61 were increased in the plasma and
BM of patients with acute lymphoblastic leukemia (ALL), and ele-

vated Cyr61 promoted cell survival.?®

However, the level of Cyré1 in
patients with CML and its involvement in IM-induced CML cellular
apoptosis have not been reported.

In the present study, we examined Cyré1 levels in patients with
CML and the function of Cyré1 in modulating the sensitivity of
CML K562 cells to IM. We found that Cyré1 levels were elevated
in the plasma and BM of patients with CML. Furthermore, we ob-
served that Cyré61 effectively reduced IM-induced apoptosis by
the NF-xB/B-cell lymphoma 2 (Bcl-2) pathway. To our knowledge,
this study is the first to show the expression and role of Cyré1 in
patients with CML, suggesting that targeting Cyré1 or its effec-
tor pathways could improve the clinical response in patients with
CML.

2 | MATERIALS AND METHODS

2.1 | Patients and specimens

Chronic myelogenous leukemia samples were obtained from
Fujian Medical University Union Hospital, Fuzhou, China. The BM

supernatant (n = 33) and plasma (n = 36) samples were collected from
newly diagnosed patients who had not received treatment. Normal
BM (n = 11) and normal plasma (n = 66) samples from age-matched
healthy transplant donors were included as controls. All BM su-
pernatant and plasma samples were separated by centrifugation at
1000x% g for 10 minutes at 4°C and frozen until analysis. The CML
K562 cell line and KCL22 cell line were maintained in RPMI 1640 me-
dium (HyClone, Logan, UT, USA) supplemented with 10% FBS (Gibco,
Carlsbad, CA, USA) and 10% penicillin/streptomycin in a 37°C incu-
bator supplied with 5% CO,. Primary leukemic cells from three pa-
tients with chronic-phase CML were isolated using Ficoll gradient as

described previously??°

and then were grown in RPMI 1640 me-
dium supplemented with 10% FBS and antibiotic/antimycotic solu-
tion. The research methods conformed to the standards stipulated
in the Declaration of Helsinki and were approved by the Institutional
Medical Ethics Review Board of the Fujian Medical University Union
Hospital. Informed consent was obtained from all participants in-

cluded in the study.

2.2 | Enzyme-linked immunosorbent assay

Concentrations of Cyré1 in the plasma and BM from CML patients
were quantitated using the human Cyré1 ELISA kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer's instruc-
tions. Three internal quality control serum samples or BM superna-

tants were tested in each assay to assess interassay precision.

2.3 | Cysteine-rich protein 61 knockdown

Lentivirus-based shRNAs, scramble (shNC) or against Cyré1
(shCyré1), were purchased from Shanghai GeneChem Co., Ltd. The
target sequence of shCyré1 was 5'-CAACGAGGACTGCAGCAAA-3'.
The viral particles were prepared with a standard method according
to the manufacturer's instructions (GeneChem Co., Ltd, Shanghai,
China). Viruses were collected at 72 hours post-transfection to infect
K562 cells. Transduction efficiency of K562 cells was confirmed to
be >97% before selection with 0.5 pg/mL puromycin (Sigma-Aldrich,
St Louis, MO, USA) for 5 days. The knockdown efficiency of Cyré1

was evaluated by western blotting.

2.4 | Apoptosis assay

Apoptotic K562 cells were measured using Annexin V-FITC and
propidium iodide (Pl) double-staining Kit (BD Biosciences, Franklin
Lakes, NJ, USA) according to the manufacturer's instructions.
Briefly, 5.0 x 10° cells were washed with ice-cold PBS, resuspended
in 195 plL binding buffer, and stained for 10 minutes at room temper-
ature with 5 pL FITC conjugated anti-Annexin V antibody. Unbound
Annexin V antibody was removed by washing with binding buffer.
Percentage of apoptotic K562 cells (Annexin V positive) was deter-
mined by flow cytometry analysis. Flow cytometry was carried out
using a FACSCalibur cytometer (BD Biosciences) and analyzed using
CellQuest software (BD Biosciences).
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2.5 | Real-time PCR analysis

Total RNA was extracted from specimens using a TriPure Isolation Reagent
(Roche Diagnostics, Basel, Switzerland) according to the manufacturer's
instructions. Total RNA (1 pg) was reverse-transcribed into first-strand
cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Real-time PCR was carried out using SYBR
Green Master Mix (Applied Biosystems, Foster City, CA, USA) accord-
ing to the manufacturer's instructions. The primers used in this study were
as follows: Bdcl-2, forward, CTGGTGGGAGCTTGCATCAC; Bdl-2, reverse,
ACAGCCTGCAGCTTTGTTTCG; Bclxl, forward, TCAGGCTGCTTGGGA
TAAAGAT; Bcl-xl, reverse, AGAGGCTTCTGGAGGACATTTG; XIAP, forward,
TTGAGGAGTGTCTGGTAAG; XIAP, reverse, CCATTCGTATAGCTTCTTGT;
Survivin, forward, GGAAGAAGTAGCGTCACTC; Survivin, reverse, TGACGACC
CCATAGAGGAACA; GAPDH, forward, CACATGGCCTCCAAGGAGTA;
GAPDH, reverse, TGAGGGTCTCTCTCTTCCTCTTGT. GAPDH was used as
an internal control, and the relative expression of each mRNA was analyzed
using the 2722 method.

2.6 | Western blot analysis

Experimental cells were collected. In order to block secretion of
Cyré1, K562, Jurkat, and Nalm-6 cells were treated with Brefeldin
A (BD Biosciences, 5 pL/mL culture medium) and monensin (BD
Biosciences, 2.5 uL/mL culture medium) for 5 hours. After wash-
ing with ice-cold PBS, cells were added to the RIPA lysis buffer for
20 minutes. Protein immunoblotting was done as described previ-
ously.28 The following antibodies were used in this study: antihuman
cyré61 monoclonal antibody (093G9) was kindly gifted by Dr Ningli Li
(Shanghai Jiao Tong University School of Medicine, Shanghai, China),
anti-NF-kB p65 (4764; Cell Signaling Technology, Danvers, MA,
USA), anti-Phospho-NF-kB p65 (3033; Cell Signaling Technology),
anti-Bcl-2(4233; Cell Signaling Technology).

2.7 | Mice and tumor xenografts

For tumor xenografts, K562-shCyré61 or K562-shNC cells were
cultured in RPMI 1640 medium with 10% FBS in a 37°C incubator
supplied with 5% CO,. Before inoculation, the cells were concen-
trated by centrifugation and suspension in serum-free medium to
1.0 x 10® cells/mL. Six- to 8-week-old female NOD/SCID mice were
maintained in pathogen-free conditions and injected s.c. with K562-
shCyré1 or K562-shNC cells in the right flank (1.0 x 107 cells/mouse
in 100 plL). IM treatment was started at 10 days following inocula-
tion. The mice were injected with IM dissolved in saline (10 mg/kg
body weight per day) i.p. for 20 days. Control mice were injected
with normal saline. Body weight was recorded every other day.
The animals were observed daily for mortality and signs of health
(weight loss, change in appetite, or behavioral changes). Tumor vol-
umes were determined by measuring the length (I) and width (w) of
the tumor and calculating the volume (V = w? x 1/2). All experimental
procedures were approved by the Institutional Animal Care and Use

Committee of Fujian Medical University Union Hospital.
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2.8 | Statistical analysis

Results are presented as mean + standard error of the mean (SEM)
unless indicated otherwise. Statistical analyses were carried out
using SPSS software version 13.0 (SPSS Inc.). Significance of differ-
ences between groups was assessed by Student's t test for single
comparisons or by analysis of variance for multi-group comparisons.

A value of P < 0.05 was considered to indicate statistical significance.

3 | RESULTS

3.1 | Cysteine-rich protein 61 levels are upregulated
in CML patient samples

Increasingly more studies have demonstrated that Cyré1 plays an
important role in the development of tumors. To explore the role of
Cyré1 in the pathogenesis of CML, we examined its levels in plasma
and BM samples from newly diagnosed, non-treated patients with
CML. The results showed that Cyré1 levels were elevated in both
plasma and BM samples of patients with CML compared to samples
collected from healthy controls (Figure 1A), and further analysis
showed that Cyré1 levels from the BM of CML patients in blast cri-
sis (BC) were higher than in chronic phase (CP) (Figure 1B). Next,
we analyzed Cyré1 expression in leukemia cell lines and found that
CML K562 cells expressed Cyré61 at the highest level (Figure 1C,D,E).
Taken together, these data indicated that Cyré1 is upregulated in
CML, suggesting an essential role for Cyré1 in the pathogenesis of
CML.

3.2 | Presence of Cyré61 effectively reduces the
sensitivity of CML cells to IM

Previous studies have shown that Cyré1 plays an important role in
resistance to chemotherapeutic drug-induced apoptosis in human

28 ovarian cancer,?* pancreatic adenocarcinoma,?’

breast cancer,??
and renal cell carcinoma.?® Recently, Long et al?” found that Cyré1
protects AML cells from chemotherapy-induced apoptosis. To ex-
plore whether Cyré1 could also protect CML cells from apoptosis
induced by IM, CML K562 cells were exposed to a serial concen-
tration of IM in the presence or absence of Cyré61. Apoptosis was
analyzed by flow cytometry at 24 hours post-treatment. As shown
in Figure 2A, the presence of exogenous Cyrél partially rescued
K562 cells from IM-induced apoptosis. To further identify the role
of Cyré1 in protecting K562 cells from IM-induced apoptosis, we
blocked the function of Cyré1 by either using anti-Cyr61 093G9
monoclonal antibody to neutralize Cyré1 protein (Figure 2B) or
shRNA to knock down Cyré1 expression (Figure 2C). As shown in
Figure 2B,D, both methods restored the sensitivity of K562 cells to
IM treatment.

Further, we evaluated whether upregulated Cyré1 expression in
CML BM could decrease CML cell apoptosis induced by IM. K562
cells were cultured in BM supernatants collected from newly diag-

nosed CML patients without prior treatment. Results showed that
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FIGURE 1 Cysteine-rich protein 61 (Cyré61) levels are upregulated in plasma and bone marrow (BM) samples from patients with CML. A,
Left panel: Levels of Cyré1 in the plasma from CML patients (n = 36) and normal plasma from age-matched healthy individuals (CON; n = 66)
were detected by ELISA. Right panel: Levels of Cyré1 in the BM supernatant from CML patients (n = 33) and the normal BM supernatant
from age-matched healthy transplant donors (n = 11) were detected by ELISA. B, Levels of Cyré1 in the plasma from CML patients in blast
crisis (BC) (n = 5) and in chronic phase (CP) (n = 31) were detected by ELISA. Right panel: Levels of Cyré1 in the marrow from CML patients
in BC (n = 4) and in CP (n = 29) were detected by ELISA. C, Relative levels of Cyr61 mRNA in a T acute lymphoblastic leukemia (ALL) cell

line (Jurkat), B ALL cell line (Nalm-6), and CML cell line (K562) were detected by gRT-PCR, and the level of Cyr61 mRNA in Nalm-6 cells

was taken as the control to calculate the relative expression of Cyré1 in Jurkat and K562 cells. D, Levels of Cyré1 protein in Jurkat, Nalm-6,
and K562 cells were detected by western blotting. Band intensity of Cyré61 was quantified by densitometry and normalized to GAPDH. E,
Concentration of Cyré1 in the culture supernatant of Jurkat, Nalm-6, and K562 cells was detected by ELISA. Data represent mean + SEM of

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

treatment with the anti-Cyr61 093G9 monoclonal antibody in-
creased apoptosis in K562 cells induced by IM, suggesting that en-
dogenous Cyré1 from the BM of CML patients decreased K562 cell
apoptosis induced by IM (Figure 2E).

To investigate whether Cyré1 decreased IM-induced apoptosis is
common for CML cells, we carried out the same experiments using
another human CML cell line, KCL22 cells, and primary CML cells.
After 24 hours of incubation with Cyré61, KCL22 cells and primary
CML cells were treated with IM for 24 hours and the results showed
that Cyré1 also partially decreased KCL22 cell and primary CML cell
apoptosis induced by IM (Figure 2F,G).

3.3 | Cysteine-rich protein 61 activates Bcl-2
transcription in CML cells

As Bcl-2 family molecules are important regulators of cellular
apoptosis, we examined Bcl-2, Bcl-xL, XIAP, and Survivin tran-
scription in Cyré1-treated K562 cells by gqRT-PCR. As shown in
Figure 3A, Bcl-2 mRNA was significantly increased in Cyré1-
treated K562 cells, whereas the expression of Bcl-xL, XIAP, and
Survivin mRNA was not affected. Simultaneously, shRNA was

used to knock down Cyré1 expression in K562 cells. As expected,
we observed that Bcl-2 transcription was markedly decreased in
Cyré1-knockdown K562 cells (Figure 3B). In addition, Bcl-2 pro-
tein expression was significantly increased in Cyré61-treated K562
cells and decreased in Cyré61-knockdown K562 cells (Figure 3A,B).
Last, a Bcl-2 inhibitor (ABT199) was used to block the function of
Bcl-2 in Cyré1-treated K562 cells. We found that blocking Bcl-2
function restored K562 cell apoptosis induced by IM (Figure 3C).
Together, these results suggested that the IM-induced apoptosis
of K562 cells is regulated by Cyré1, possibly through the upregu-
lation of Bcl-2.

3.4 | Cysteine-rich protein 61 inhibits IM-induced
apoptosis through the NF-kB signaling pathway

Previous studies have shown that NF-xB,2? ERK1/2,%® and PI3K-
AKT?3! are activated downstream of Cyré1 and are associated
with innate chemoresistance in breast cancer cells. To address
the mechanism by which Cyré61 protects CML cells from IM-in-
duced apoptosis, we evaluated the profile of the AKT, NF-xB,
and ERK1/2 pathways using known inhibitors of these pathways,
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FIGURE 2 Role of cysteine-rich protein 61 (Cyré1) in the chemosensitivity of CML cells to imatinib mesylate (IM). A, K562 cells were

treated with Cyré1 (125, 250, 500, 1000 ng/mL) for 24 h, and then treated with 0.5 pmol/L IM for 24 h; the percentages of apoptotic K562
cells were determined by flow cytometric analysis. Average percentage of apoptotic cells is shown. B, K562 cells were collected, incubated
with Cyré1 (1000 ng/mL) preincubated with the antihuman Cyr61 093G9 monoclonal antibody (5000 pg/mL) or murine isotype-matched
antibody (Con-IgG) (5000 pg/mL), and then treated with 0.5 pmol/L IM for 24 h. Cell apoptosis was determined by flow cytometric analysis.
C, Cyré61 knockdown by shCyré1 or shNC (negative control) in K562 cells. Endogenous Cyré1 expression is shown in the upper panel,
whereas the secreted Cyré1 level in culture medium was determined by ELISA and shown in the lower panel. D, Ratio of apoptotic K562-
shCyré61 and K562-shNC cells was determined by flow cytometry at 24 h post-treatment with or without 0.5 pmol/L IM. E, K562 cells were
incubated with BM supernatants from a mixture of different CML patients (Cyré61 concentration was 243 pg/mL) with preincubation with
1000 pg/mL 093G9 antibody or murine isotype-matched antibody (Con-IgG) for 2 h, and then treated with 0.5 pmol/L IM for 24 h. F, Human
CML cell line KCL22 cells were treated with Cyré1 (1000 ng/mL) for 24 h and then treated with 0.5 pmol/L IM for 24 h; the percentages of
apoptotic cells were determined by flow cytometric analysis. G, Primary leukemic cells from three patients with CP CML were isolated and
treated with exogenous recombinant human Cyré1 (1000 ng/mL) for 24 h, and then treated with 0.5 pmol/L IM for 24 h. Data represent
mean + SEM of at least 3 independent experiments. *P < 0.05, **P < 0.01

namely, PDTC (an inhibitor of NF-xB activation), LY294002 (an
inhibitor of the PI3BK/AKT pathway), and PD98059 (an inhibitor
of ERK1/2). As shown in Figure 4A, compared with Cyré61 alone,
IM-induced CML cellular apoptosis was markedly increased in the
presence of Cyrél together with the NF-xB inhibitor, whereas
inhibition of AKT and ERK1/2 activity had no effect on apopto-
sis. In addition, the AKT inhibitor alone, ERK1/2 inhibitor alone,
or NF-kB inhibitor alone had no effect on CML cellular apopto-
sis (data not shown). Further analysis showed that Cyré1 treat-
ment led to a dramatic increase in the phosphorylation of the
NF-kB p65 subunit in IM-treated K562 cells (Figure 4B). Next, we
treated the cells with PDTC to determine whether NF-xB is as-
sociated with the Cyré61-mediated regulation of Bcl-2. Our results
indicated that treatment with PDTC blocked the activation of
Bcl-2 transcription by Cyré1 in IM-treated K562 cells (Figure 4C).
To further examine the autocrine role of Cyré1 in the regulation

of NF-kB phosphorylation and Bcl-2 expression in K562 cells, we
used specific siRNA to knock down Cyré61 expression in K562
cells. The results showed that NF-kB phosphorylation and Bcl-2
expression were markedly reduced in Cyré1-knockdown K562
cells (Figure 4D). In conclusion, our data showed that IM-induced
CML cellular apoptosis is negatively regulated by Cyré1, likely
through the NF-kB pathway by upregulating Bcl-2.

3.5 | Inhibition of Cyré1 restores the
chemosensitivity of CML cells to IM in vivo

Finally, we examined the in vivo role of Cyré61 in CML cell chemo-
sensitivity to IM using a mouse model of CML. K562-shNC and
K562-shCyré1 cells were injected s.c. into NOD/SCID mice, respec-
tively. At 10 days after cell inoculation, treatment with IM (10 mg/kg)
or normal saline was started. IM dosage was chosen based on a
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C, K562 cells were treated with Cyré1 (1000 ng/mL), ABT199 (1 umol/L) (specific Bcl-2 inhibitor), Cyr61 + ABT199, or ABT199 for 24 h,
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analysis. Data represent the mean + SEM of at least 3 independent experiments. *P < 0.05, **P < 0.01

previous report showing that daily treatment with 10 mg/kg IM
partially inhibited the tumor growth of K562 cells.*? Our results
showed that IM treatment partially inhibited tumor growth in the
K562-shNC xenograft model, achieving 45% and 48% suppression
of tumor weight and size, respectively. In contrast, in the s.c. injected
K562-shCyré1 cell xenograft model, IM treatment essentially abol-
ished tumor growth, resulting in 76% and 71% reduction in tumor
weight and size, respectively (Figure 5B,C). Together, these results
showed that inhibition of Cyré1 increases the chemosensitivity of
CML cells to IM in vivo.

4 | DISCUSSION

Imatinib mesylate is an effective treatment for CML as a result of
its highly selective binding to the ATP-binding site of BCR-ABL
protein and inhibition of BCR-ABL activation. Despite this, not all
patients respond to the therapy, indicating that some factors po-
tentially interfere with IM treatment in certain groups of patients.
In the present study, we first showed that Cyré1 levels were in-
creased in the plasma and BM of patients with CML. Furthermore,
we provided key evidence showing that the increased levels of
Cyré61 in BM protected CML cells from IM-induced apopto-
sis. These findings suggested that Cyré61 may interfere with IM
treatment.

As mentioned earlier, Cyré61 overexpression promotes the
growth of solid tumors.**” Our recent study showed that Cyré1
levels are increased in the plasma and BM of patients with ALL, and
elevated Cyré61 levels promote cell survival.?® In the present study,
we discovered that Cyré1 levels were also upregulated in the plasma
and BM of patients with CML, suggesting that Cyré61 may play an
important role in the pathogenesis of CML.

Previous studies have shown that Cyré1 decreases the apopto-

22,23

sis induced by anticancer drugs in breast cancer cells, ovarian

24 renal cell carcinoma,?® and AML,?” suggest-

carcinoma cells,
ing that Cyré1 is linked to chemotherapy resistance in tumors.
However, whether Cyré1 is involved in chemoresistance in CML
has not been reported. In this work, we explored the function of
Cyré1 in IM-induced CML cellular apoptosis and found that recom-
binant human Cyré1 decreased IM-induced CML cellular apoptosis.
Moreover, shRNA targeting Cyré61 and a Cyré1-blocking antibody
(093G9) restored the sensitivity of CML cells to IM. Considering
that the effectiveness of Cyré61 may depend on the BM microen-
vironment, we focused on assessing the contribution of CML BM
Cyré1 in protecting leukemic cells from the damage induced by IM.
Our results showed that Cyré61 in CML BM decreased the apop-
tosis of CML cells induced by IM. The findings reported here are
consistent with previous reports, in which Cyré1 blocks antitumor
drug-induced apoptosis of cancer cells, resulting in chemotherapy
resistance in breast cancer, cervical cancer, and AML.?22426.27 Apn
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FIGURE 4 Cysteine-rich protein 61 (Cyré1) inhibits imatinib mesylate (IM)-induced apoptosis through the nuclear factor kappa B
(NF-xB) signaling pathway. A, Effect of the inhibitors of signaling pathways on Cyré1 decreased CML cell apoptosis induced by IM. K562
cells were treated with 20 pmol/L LY294002, 1 umol/L PD98059 or 4 pmol/L PDTC in combination with Cyré1 (1000 ng/mL) for 24 h and
then treated with 0.5 pmol/L IM for 24 h; the percentages of apoptotic K562 cells were determined by flow cytometric analysis. B, NF-xB
phosphorylation was detected by western blotting. Lane 1: stimulation of K562 cells with 0.5 pmol/L IM for 10 min; lane 2: stimulation of
K562 cells with 1000 ng/mL Cyré1 + 0.5 pmol/L IM for 10 min. C, K562 cells were treated with 1000 ng/mL Cyré1 in combination with

or without 4 pmol/L PDTC for 24 h, and then treated with 0.5 pmol/L IM for 24 h. Protein levels of Bcl-2 in K562 cells were detected by
western blotting. D, K562-shCyré1 cells and K562-shNC cells were treated with 0.5 pmol/L IM for 24 h. Left panel: NF-kB phosphorylation
was detected by western blotting. Right panel: Bcl-2 protein levels in K562 cells were detected by western blotting. Band intensity of
Bcl-2 was quantified by densitometry and normalized to GAPDH. Data represent the mean + SEM of at least 3 independent experiments.

*P <0.05,**P<0.01

important observation was that inhibition of Cyré1 restored the
chemosensitivity of CML cells to IM in a mouse model of CML. On
the basis of these results, we propose that Cyré61 may interfere
with IM treatment. Our previous findings also showed that block-
ing Cyré1 activity with specific antibodies ameliorates the severity

3334 and psoriasis.35 In addition, it has been

of rheumatoid arthritis
reported that a secondary structure, called the G-quadruplex (G4)
structure, can form on the 3'-untranslated region of Cyr61 mRNA,
potentially modulating its translation.’¢%” For example, thera-

peutic strategies using either G4 stabilizing small molecules or a

nucleic acid clamp approach could possibly be used to modulate
the stability of this MRNA G4 structure, and thus the translation of
Cyr61.49% In conclusion, Cyré1 plays important roles in the sur-
vival of CML cells and could potentially serve as a molecular target
for the treatment of CML.

It is well known that the regulation of cellular apoptosis is
determined by the balance of anti-apoptotic and pro-apoptotic
factors of Bcl-2 family proteins.** We evaluated the effect of
Cyré1 on the expression of Bcl-2, Bcl-xL, XIAP, and Survivin.
Our findings showed that Cyré1 upregulated Bcl-2 expression
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without affecting Bcl-xL, XIAP, or Survivin, and blocking Bcl-2
function with a specific Bcl-2 inhibitor restored IM-induced CML
cell apoptosis. The findings reported here are consistent with our
previous results in which Cyré1 can promote the survival of ALL
cells by upregulating Bcl-2 expression.?® Considering that Bcl-2
acts as an anti-apoptotic factor, we propose that Cyré1 regu-
lates the apoptosis of IM-induced CML cells through the Bcl-2
pathway.

Bone marrow

® 9
Cyré61 ® ® Insensitive to IM
. (J
IM-induced apoptosis
NF-kB %\
\

Chronic myelogenous leukemia cell

FIGURE 6 Proposed signaling pathway by which cysteine-rich
protein 61 (Cyré1) reduces imatinib mesylate (IM)-induced CML cell
apoptosis. Increased Cyré1 in the bone marrow from CML patients
stimulates nuclear factor kappa B (NF-kB) phosphorylation, then
upregulates Bcl-2 production, finally leading to decrease of IM-
induced CML cell apoptosis and insensitivity to IM

Day

Previous studies have shown that NF-kB,%?2 ERK1/2,%® and
PI3K-AKT®! are downstream targets of Cyré61 and are associated
with innate chemoresistance in breast cancer cells. To elucidate
the signaling pathway involved in the anti-apoptotic function of
Cyré1, we evaluated the profile of the AKT, NF-xB, and ERK1/2
pathways. As expected, the NF-kB pathway contributed to the
anti-apoptotic function of Cyré61. Recent evidence suggests that
Cyré1 mediates ALL and AML cell survival by the AKT pathway?®
and by the ERK1/2 pathway, respectively;* however, we found
that AKT and ERK1/2 were not involved in the ability of Cyré1
to inhibit the apoptosis of CML cells induced by IM. Further
analysis showed that Cyré1 treatment led to strong activation of
NF-kB signaling as well as Bcl-2 production. Together, we sug-
gest that the anti-apoptotic effects of Cyré1 are derived from the
activation of NF-xB signaling and the transactivation of Bcl-2.
Considering the complexity of the BM microenvironment with a
variety of cytokines, chemokines, and other growth factors, 61146
in vitro studies seem to be insufficient to elucidate the role that
Cyré1 plays in inhibiting the apoptosis of CML cells induced by
IM treatment. Therefore, further in vivo studies are required to
identify the signaling pathways underlying the ability of Cyré1 to
decrease IM-induced CML cell apoptosis.

Taken together, we first discovered that Cyré1 levels are up-
regulated in BM and plasma samples of patients with CML and
that this upregulation can effectively protect CML cells from
IM-induced apoptosis, resulting in insensitivity to IM therapy
(Figure 6). Our study indicates that Cyré1 plays an important
role in regulating the sensitivity of CML cells to IM, and that
targeting Cyré1 or its relevant effector pathways might dramat-
ically improve the clinical responses of patients with CML to IM
treatment.
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