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Impact statement

Prevention of hematopoiesis microenvi-
ronment collapse is an important strategy
to effectively eliminate LSCs and restore
bone marrow reconstruction. As an optimal
niche of long-term HSCs, the arteriolar
niche in bone marrow should be protected
as a priority by remodeling its integrity and
effectiveness, or otherwise it will become
the source of relapsed AML blasts. This
study points out that severe hypoxia
caused by AML blasts led to fatal damage
and depletion of MSCs and EPCs in the
arteriolar niche, while excessive con-
sumption of CXCL6, which were helpful for
arterioles but affected by hypoxia, caused
irreversible atrophy of the arteriolar niche.
Therefore, it is suggested that if CXCL6
could be supplemented in time, it will be
possible to reverse the malignant remod-
eling of the arteriolar niche.

Abstract

Acute myeloid leukemia (AML) is a malignant clonal disease derived from hematopoietic stem/
progenitor cell. Leukemia blasts cause extensive hypoxia of bone marrow (BM), which lead to
disorder and remodeling of BM niche, thereby becoming “leukemic niche” to support the
development and drug-resistance of AML as well as the maintenance of normal hematopoi-
etic stem cells. In this study, the biological characteristics (such as self-renewal, apoptosis,
migration, autocrine) and function (vascularization) of mesenchymal stem cells (MSCs) and
human umbilical artery endothelial cells (HUAECs) that make up BM arteriolar niche in sim-
ulated hypoxia AML context were investigated. It was found that moderate hypoxia enhanced
the viability of the arteriolar niche cells, but severe hypoxia of AML BM resulted in the damage
of arteriolar niche cells and the disorder of vascular cytokines C-X-C motif chemokine ligand 6
(CXCL6). The dynamic changes of CXCL6 in the system as well as its anti-apoptotic and
promoting angiogenic effects suggested that CXCL6 played an important role in the remod-
eling of BM arteriolar niche in AML. Taking advantage of CXCL6 can save the damaged MSCs
and HUAECSs, which is the hope of rescuing arteriolar niche. It is suggested that CXCL6 may
be an assistant strategy for microenvironment targeted therapy of AML.
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Introduction

At present, the cure rate of acute myeloid leukemia (AML)
is 35-40% in young adult (<60years old) patients, while
only 5-15% of elderly patients can be cured, and the five-
year survival rate of patients over 65 years old is only 7%."
Therefore, relapse/drug-resistance is an urgent problem
which needs to be solved. The main cause of this problem
is minimal residual disease, which is recognized as leuke-
mia stem cells (LSCs) escaping chemotherapy. It is general-
ly accepted that the bone marrow microenvironment
(BM niche) can provide favorable growth advantages for
LSCs. On the other hand, LSCs could also change the niche.
LSCs may misinterpret the signals from niches and remodel
them, which then provide a shelter for LSCs and protect
them from the cytotoxic effects of chemotherapy. Due to
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the limited number of BM niches, LSCs and normal
hematopoietic stem cells (HSCs) compete for the same
functional area.”

HSCs are mainly located in two specific niches: the
endosteal niche (also known as the arteriolar niche®)
and the sinusoidal niche. It is generally believed that
the marrow cavity is a physiologically hypoxic tissue. In
2014, Spencer’s team used two-photon phosphorescence
lifetime microscope technology to directly measure the
partial oxygen pressure (PaO,) in the BM of living mice,
which showed that the absolute PaO, in BM was
lower than 32mmHg (4.2%). Compared with the
sinusoidal niche in the center of the marrow cavity, the
hypoxia level was lower (as low as 10mmHg or 1.3%)
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in the endosteal niche, because there were abundant thin-
walled arterioles in this area.* As Kunisaki's team
observed by a 3D imaging method, quiescence HSCs
were mainly located in the arteriolar niche.” Once stimu-
lated by the signals of AML cells, the endothelial cells
(ECs) of arterioles and mesenchymal stem cells (MSCs)
around would be changed. Then the permeability of arte-
rioles increased, followed by disappearance of the oxygen
gradient in BM, resulting in extreme hypoxia of the whole
BM niche and circulation of HSCs. The above observa-
tions suggest that the damage of the arteriolar niche
was mainly responsible for disturbing the quiescence of
HSCs. AML cells initially destroyed these arterioles.
Conversely, the loss of these arterioles accelerated the
development and drug resistance of AML resulting
from extreme hypoxia, low perfusion, drug delivery
reduction, and LSC transformation. The arteriolar niche
was normally protected and supported by peripheral
MSCs and pericytes (a kind of NG2* cell). In the later
stage of AML, the differentiation of MSCs into NG2* cells
around the arterioles of AML mice was limited,® which
made the arterioles lose their protection property (Figure
1). HSCs in the arteriolar niche were maintained in a
quiescent state by moderate hypoxia rather than extreme
hypoxia, as with MSCs. It has been proved that moderate
hypoxia enhances the property of MSCs.” The damage of
MSCs and depletion of endothelial progenitor cells
(EPCs) are the main events of the niche changes induced
by AML, and the subsequent loss of osteoblasts and
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HSCs aggravates niche destruction. Therefore, the first
priority of rescuing the arteriolar niche is to save MSCs
and EPCs.

We have learnt that AML cells and stromal cells often
display crosstalk through cytokines, which results in
remodeling of the BM niche. It has been found that
while the angiogenesis in the endosteum area was inhib-
ited, there was no prominent change in the central sinu-
soid area. The transformation is directly related to AML
blasts in the endosteal niche promoting the secretion of
angiogenesis inhibitor CXCL2 and TNF, which play a
reverse role in EC survival.® The abnormality of the
tumor microenvironment vascular cytokines has been
given increasing attention in recent decades. Some clinical
research has been devoted to the antiangiogenic effect of
endothelial growth factor/vascular endothelial growth
factor receptor (VEGF/VEGEFR), but to little effect, which
calls researchers to reflect that the improvement of the
vascular niche is far more than simply anti-angiogenesis.’
Not only to prevent the invalid angiogenesis but also
to promote the effective angiogenesis should be the direc-
tion of research for improving the vascular niches.
Understanding the dynamic changes of vascular niches
in time and space will help to find new treatment strate-
gies. In this study, we have screened out some potential
vascular cytokines such C-X-C motif chemokine ligand 6
(CXCL6) and C-X-C motif chemokine ligand 12 (CXCL2;
both of them combined with the same receptor).
Unfortunately, our knowledge of how these cytokines are
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Figure 1. Normal bone marrow niche and remolding AML niche. (A color version of this figure is available in the online journal.)
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related to the arteriolar niche of AML is not clear at pre-
sent. Therefore, we attempted to investigate more dynamic
changes of the hypoxia arteriolar niche of AML in vitro.

Materials and methods

Cell culture and co-culture

The second parcener (P2) of human umbilical cord mesen-
chymal stem cells (hUC-MSCs, hereinafter referred to as
MSCs) was a gift from Professor Hai Bai. The purity was
identified by flow cytometry as CD90"CD44"CD34 CD45~
cells >94%. MSCs were cultured with a serum-free culture
system (BI, 05-200/201, Kibbutz Beit-Haemek, Israel).
P3-P8 of MSCs were used for the following experiments.
Human umbilical artery endothelial cells (HUAECs, P4)
were purchased from Jennio Biotech (Guangdong, China),
which passed short tandem repeat authentication. The cell
culture system used the endothelial cell medium (ECM,
ScienCell, 1001, USA). P5-P9 of HUAECs were used for
the experiments. THP-1 cells line was purchased from the
Stem Cell Institute of Chinese Academy of Sciences
(Shanghai, China), which was cultured with RPMI-1640
culture medium containing 15% fetal bovine serum.
Standard cells were cultured at 37°C in a 5% CO, incubator.
Hypoxia cells were cultured in a hypoxia incubator
(Billups-rothenberg, mic-101, USA) and filled with N, and
O, pre-mixed with 5% CO, to regulate the oxygen content
in the culture system. After the adherent cells (MSCs and
HUAECS) attached, the suspension cells (THP-1) were
inoculated for a proportion of 1:1 for directly contacted
co-culture. The culture groups were as follows: (a) single
MSC/HUAEC, 21% O; (b) single MSC/HUAEC, 1% O5; (c)
MSC/HUAEC + THP-1, 21% O,; (d) MSC/HUAEC + THP-
1, 1% O,. The supernatant and adherent cells of each group
were collected at 24, 48, and 72h respectively for subse-
quent experiments.

CCK-8 assay

Make growth curves of MSCs and HUAECs in different
oxygen conditions. MSCs (P3) or HUAECs (P5) in good
growth condition were selected to inoculate into 18 pieces
of 96-well plate with a density of 2 x 10°/well, respectively.
The final system of each well was 100 pL, and each 96-well
plate set triple wells. The complete medium without cells
was used as the blank control. Nine 96-well plates were
cultured in 37°C, 5% CO,, 21% O, incubators, the others
were cultured in 37°C, 5% CO,, 1%0O; (3% O, 6% O,) incu-
bators. The culture medium was changed every two days.
Cell proliferation was measured by the CCK-8 Cell
Counting Kit (Meilun, Dalian, China) according to the

Table 1. Sequences of primers used for real-time PCR.

manufacturer’s instructions. In brief, a 96-well plate was
removed every day and given a change of fresh culture
medium with 10pL CCK-8 solution. The plate wall was
gently tipped to help mixing. After incubation in the incu-
bator for 2h, the absorbance (OD) value was measured at
450 nm to represent the cell viability. Mean values and stan-
dard deviation (SD) of triple wells were taken to draw the
growth curves.

Proliferation analysis. MSCs/HUVECs were inoculated in
96-well plates at a density of 2 x 10°/well and treated with
a specific concentration of CXCL2 (PeproTech, LA) or
CXCL6 (PeproTech) for indicated hours under standard
culture conditions. After that, cells were incubated with
the CCK-8 solution to measure OD value.

Flow cytometry. Assessment of apoptotic cells was con-
ducted with the FITC Annexin V Apoptosis Detection Kit
I (BD Pharmingen, San Jose, CA, USA) after being cultured
in 21% O, or 1% O,. Flow cytometry data were acquired
using FACSCantoll6-8 color (BD, San Jose, CA, USA).
Analysis of annexin-V and PI expression was performed
using FlowJo 7.6 software.

Real-time PCR. Cells of each group, which were stimulat-
ed by hypoxia, CXCL6 or BAY87-2243 (MCE, NJ) were used
to extract total RNA with Trizol Reagent (TransStart,
Beijing, China) following the manufacturer’s instructions.
A FastKing-RT Kit (Tiangen, Beijing, China) was used for
cDNA synthesis. Real-time PCR amplifications were per-
formed using SYBR-Green I qPCR SuperMix (TransStart)
and detected by RocheLightCycler® 480 (Roche
Diagnostics, Basel, Switzerland) according to the manufac-
turer’s recommendations. Real-time PCR amplification was
performed with the following parameters: 30s at 94°C and
then 40 cycles of 5s at 94°C, 15s at 61°C and 10s at 72°C. An
additional cycle of 1s at 95°C, 15s at 61°C, 15 at 95°C was
performed at the end of the reaction to generate the disso-
ciation curve of the amplicon to ensure a single and specific
product with the corresponding melting temperature was
produced. A housekeeping gene (B-actin) was amplified
from the same samples to ensure all samples were used
at an equal baseline. The primer sequences for B-actin,
CXCL6, CXCL2, and hypoxia-inducible factor 1o (HIF-1o)
are listed in Table 1. The relative quantification of genes was
performed using the 2~ **“" method.

Enzyme-linked immunosorbent assay (ELISA)

The cytokine levels in the supernatant of each group were
respectively detected by the human CXCL6 ELISA kit

Gene name Forward primer (5'-3') Reverse primer (5'-3')

B-actin GGAGATTACTGCCCTGGCTCCTA GACTCATCGTACTCCTGCTTGCTG
CXCL6 AAGTTTGTCTGGACCCGGAAG AAACTGCTCCGCTGAAGACTG
CXCL2 CGCATCGCCCATGGTTAAG ACATTAGGCGCAATCCAGGTG
HIF-1a CTCATCAGTTGCCACTTCCACATA AGCAATTCATCTGTGCTTTCATGTC

CXCL6: C-X-C motif chemokine ligand 6; CXCL12: C-X-C motif chemokine ligand 12; HIF-1a: hypoxia-inducible factor 1.



(BOSTER, Wuhan, China) and human CXCL2 ELISA Kit
(MULTI SCIENCES, Hangzhou, China) according to the
manufacturer’s protocol. The concentration was calculated
based on the standard curves.

Transwell migration assay. Migration of MSCs and
HUAECs was assessed in transwell permeable 24-well
plates with 8.0 um pores (Costar, WA, USA). The lower
compartment contained 500 puL of media with or without
indicated concentrations of CXCL6/CXCL2, while 7.5 x 10*
cells were inoculated in the upper compartment. After 16 h,
the compartments with migrated cells were fixed with
methanol and then dyed with crystal violet. Under the
phase-contrast microscope (Olympus, Japan) with magni-
fication of 200x, five random sights were selected in each
sample to count migration. The number of migrated cells
was calculated by Image ] software (National Institutes of
Health, USA).

Immunofluorescence analysis. MSCs or HUAECs were
inoculated onto cell carrier plates and allowed to attach
for 24h in the incubator. Then cells were cultured at 1%
O, for 48 h, with or without CXCL6. Cells cultured for the
same time in standard conditions were considered as con-
trol. Then cells were washed in phosphate buffer solution
(PBS) twice and fixed with 4% paraformaldehyde for
20 min. Permeabilization was performed by solution with
0.1% Triton X-100 for 5 min. The cells were incubated with
5% goat serum to prevent nonspecific reaction and incubat-
ed with cleaved-caspase3 (ab32042, 1:200; abcam,
Cambridge, MA, USA) at room temperature for 2h. Alexa
Fluor 488 (Immunoway, 1:500; Plano, TX, USA) was used as
the secondary antibody. Nuclei were stained with 4’,6-dia-
midino-2-phenylindole (DAPIL 1:100, Meilunbio, Dalian,
China). Plates were imaged with the automated Operetta
High Content Imaging System (Perkin Elmer, MA, USA).
Multiple fields of views were imaged with 20x objective
magnification at two different excitation wavelengths
depending on the fluorophores used: 358nm (DAPI),
488nm (cleaved-caspase 3). Mean fluorescence intensity
value for all detected cells was calculated for comparison.

Western blot. The cells of each group stimulated were
washed with ice-cold PBS, lysed in RIPA buffer with
protease inhibitors (Meilunbio) and protein phosphatase
inhibitor complex (Meilunbio) for 30 min at 4°C. After cen-
trifugation at 14,000g for 10 min, the supernatant was col-
lected as protein extract. Protein concentration was
measured by BCA kit (Meilunbio). Equal concentrations
of proteins were fractionated by polyacrylamide gel elec-
trophoresis and were transferred onto a polyvinylidene
fluoride membrane (Biosharp, Hefei, China), followed by
blotting with antibodies against cleaved-caspase3, HIF-1a
(1:1000, CST, Boston, MA, USA), mTOR (1:1000, CST),
p-mTOR (1:1000, CST) and B-actin (YM3028, 1:5000;
Immunoway) at 4°C overnight. Peroxidase-conjugated
secondary antibody (1:5000; Immunoway) was used to
incubate the membrane at room temperature for 1h.
Finally, electrochemiluminescence was applied to detect
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the bands with a chemiluminescence imaging system
(Amersham Imager 680, Massachusetts, USA).

Angiogenesis assay. To investigate the influence of hyp-
oxia and CXCL6 on tubule formation by HUAECsS,
HUAECs were inoculated in 96-well plates coated with
growth factor reduced Matrigel (R&D Systems, NJ, USA).
A 200 umol/L CoCl, was used to simulate hypoxia. CXCL6
was supplied as the concentration of 50 ng/mL. MSCs were
cultured for 48h and collected the supernatant to
be conditional medium (CM). Then the CM and ECM
were mixed with 1:1 for angiogenesis assay. The same
counts of HUVECs were set as positive control. After 15h
of incubation, tubule formation was examined under a
phase-contrast microscope. Parameters of angiogenesis
were measured quantitatively over three different micro-
scopic fields for each well using Image J software.

Quantificational and statistical analyses. Data were ana-
lyzed using GraphPad Prism 8 (GraphPad, USA). Group
means were compared using the unpaired Student’s ¢
test. For all data, differences were considered significant
whenever P <0.05, specifically *P <0.05, **P < 0.01, and
***P < 0.001.

Results

Moderate hypoxia was helpful for self-renewal of MSCs
and HUAECSs, while severe hypoxia reduced the viability
and increased the apoptosis

Since BM is a physiologically hypoxic tissue, the optimal
growth oxygen level of living cells in the microenvironment
may not be 21%. For this reason, we have made the growth
curves of MSCs and HUAECs (represent arteriolar EPCs) in
different oxygen conditions. The growth curves showed
that MSCs and HUAECs had stronger self-renewal ability
at6% O, than 21% O,. However, when the oxygen level was
lower than 3%, the cells (especially HUAECs) demonstrat-
ed prominent growth suppression in the long term, in spite
of increasing in the early stage (within 24 h) of low oxygen
condition (Figure 2(A)). It was sufficiently proved that the
optimal oxygen level for the long-term growth of these BM
stem/progenitor cells was about 6%, which was consistent
with the previous research results.”

Although many studies have shown that a low oxygen
level could reduce apoptosis of MSCs,'* our study indicat-
ed that severe hypoxia (1% O,) increased apoptosis of
MSCs and HUAECs (Figure 2(B)). Therefore, for the subse-
quent function experiments, we used 1% O, to represent
hypoxia. Twenty-one percent O, was adopted to represent
normoxia of the BM model, because the limitations of
experimental conditions did not allow us to carry out two
kinds of low oxygen cultural conditions at the same time.

Severe hypoxia up-regulated the expression of
vascular cytokines in MSCs and HUAECs

Firstly, we identified that the BM hypoxia level in leukemia
was more serious than normal BM based on the oxygen
content of BM measure before (AML patients vs. normal
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Figure 2. Effects of hypoxia on self-renewal and apoptosis of MSCs and HUAECs. (A) Growth curves of MSCs and HUAECs in 21% O,, 6% O,, 3% O,, and 1% O, at

continuous time points detected by CCK-8 assay. (B) Apoptosis (early apoptosi
with 21% O.. (A color version of this figure is available in the online journal.)

people: 4.35+£0.76% vs. 5.65+1.53%). Then we used the
data of 342 AML patients in the TARGET database
(https:/ / ocg.cancer.gov/programs/ target/ data-matrix) to
screen the related cytokines. The results showed that
the expression of CXCL6 in relapsed/refractory patients
(with high blast load) was significantly higher than that
in remission patients. This showed that CXCL6 was up-
regulated in the AML BM microenvironment under
severe hypoxia. In order to verify the effect of AML hypoxia
on CXCL6 expression, we detected the gene expression of
CXCL6 in MSCs and HUAECs at three time points in four
groups (as described in “Cells culture and co-culture” sec-
tion). The presence of THP-1 down-regulated the level of
CXCL6 expressed in MSCs (statistic MSC+THP1/
MSC <1). In addition, the expression of CXCL6 in MSCs
decreased with the time prolonged in the AML microenvi-
ronment. While in the same AML cells co-culture condition,
hypoxia up-regulated the expression of CXCL6 within 48 h,
but after 48 h, the expression of CXCL6 was significantly
inhibited in hypoxia. The expression of HUAECs in the

s -+ late apoptosis) of MSCs and HUAECs increased in 1% O, conditions compared

co-culture group showed a sharp increase due to compen-
sation in 48h at hypoxia condition, but it also decreased
with time. The above results showed that AML cells gen-
erally inhibited the expression of CXCL6 in MSCs and
HUAECs. Moreover, hypoxia up-regulated CXCL6 in a
short time (within 24-48h), but the long-term hypoxia
resulted in the impairment of their own synthesis ability.
CXCL2 has a high homology with CXCL6, and, both of
them belonging to CXC-cytokines, were studied together,
although we did not find any obvious differences in patient
samples (data not shown). We then used the same method
to detect the expression of CXCL2 in cells, and found that
hypoxia continued to significantly upregulate the expres-
sion of CXCL2, especially in MSCs (Figure 3).

Severe hypoxia depleted vascular cytokines in the AML
microenvironment

In order to verify the secretion and consumption of CXCL6
and CXCL2 in the microenvironment, we measured the
content of two kinds of cytokines under the culture
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Figure 3. Effects of hypoxia on CXCL6 and CXCL2 gene expression in co-culture systems. (A) The difference of CXCL6 gene expression between censored (n =95)
and relapse/refractory (n =247) patients in TARGET database. (B to E) The gene expression of CXCL6 and CXCL2 of MSCs and HUAECSs in the co-culture systems
were measured by the co-culture/mono culture ratio. (B and D) MSC + THP-1/MSC; (C and E) HUAEC + THP-1/HUAEC. *P < 0.05, **P < 0.01, ***P < 0.001, and “ns”
for no statistical significance. (A color version of this figure is available in the online journal.)

conditions of 21% O, and 1% O, at different time points. For
the content of CXCL6, both hypoxia and co-culture with
THP-1 significantly reduced the content of CXCL6 in
MSC culture systems. The reduction trend was enhanced
when the two adverse factors were combined, either in
MSCs or HUAECs. Furthermore, the inhibition increased
with time. Since the autocrine and ego depletion of CXCL6
in the constant system were in dynamic change, the content
of CXCL6 in the system decreasing with time sufficiently
proved that CXCL6 secreted by MSCs or HUAECs in the
malignant microenvironment is gradually in short supply
under hypoxia and AML conditions as time progresses.
The difference of gene expression supports the result. For
the content of CXCL2, in MSC culture systems, THP-1 is
obviously a main factor to accelerate the accumulation of
CXCL2. Despite the singular hypoxia condition having a
certain inhibition effect, the accumulation effect of CXCL2
is significantly enhanced by the superposition of the two
factors. In HUAEC culture systems, whether hypoxia or
THP-1, both seemed to have a significant inhibiting effect
on the accumulation of CXCL2, especially when the two
factors are superposed (Figure 4).

Vascular cytokines promoted proliferation and
migration of MSCs and HUAECs

In order to verify the biological effect of the vascular cyto-
kines on MSCs and HUAECs, we treated MSCs and
HUAECs with different concentrations of CXCL6 or
CXCL2 for different times. The results indicated that
CXCL6 could enhance the viability of MSCs and
HUAECs in a certain concentration range, which is consis-
tent with the previous study." Specifically, the effect of
CXCL6 on MSCs was that the cell viability increased sig-
nificantly between 5 and 25 ng/mL, but decreased when it
was greater than 25ng/mL. The growth trend of HUAECs
treated with 0-100 ng/mL CXCL6 was like an “inverted U”,
which means at the concentration of 5-25 ng/mL, the cell
activity gradually increased (P < 0.05), reaching the maxi-
mum value at the concentration of 25ng/mL, while at the
concentration of 25-100 ng/mL, the curve showed a down-
ward trend, indicating that the viability of HUAECs
decreased with the increase of concentration, although
compared with the untreated group, the viability was still
higher (Figure 5(A)). CXCL2 slightly promoted
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proliferation of MSCs but inhibited HUAECs. However,
neither of the differences were of statistical significance
(Figure 5(B)).

Migration experiments by transwell suggested that
CXCL6 showed significant chemotaxis on both MSCs and
HUAECs. CXCL2 promoted MSCs to migrate, while it had
no significant effect on HUAECs. Interestingly, the effect of
CXCL6 on MSCs was stronger than that of CXCL2 in the
same experiment (Figure 5(C)).

In view of the above research, the effect of CXCL2 on
MSCs and HUAECSs had not been obvious, which was con-
sidered to apply to another research. Thus, the follow-up
research was mainly focused on CXCLG6.

CXCLS6 played a pregnant role in anti-apoptosis and
angiogenesis in vitro

In order to investigate whether CXCL6 has an effect on the
cells undergoing apoptosis due to hypoxia, we used
cleaved-caspase3 as a marker and detected that hypoxia
significantly accelerated apoptosis in MSCs and HUAECs.
Furthermore, once CXCL6 was added, the expression of
cleaved-caspase3 was shown to be down-regulated.
Independent experiments through immunofluorescence
and Western blot showed that CXCL6 could reverse the
apoptosis induced by hypoxia, and the reversal effect was
related to the concentration of CXCL6 (Figure 6).

Given the remarkable limitation of HUAECs survival in
severe hypoxia conditions and relatively insufficient level
of CXCL6, which was beneficial to HUAECs, we speculated
that the angiogenic ability of HUAECs might be greatly
reduced. To prove the hypothesis, we inoculated
HUAECs on Matrigel and simulated hypoxia conditions
with 200 pmol /L CoCl,, with or without CXCLS6, to observe
angiogenesis. We found that in the hypoxia group,

evaluation indexes of tubule forming ability such as the
number of main nodes and meshes, the total area of
meshes as well as the total length of segments were lower
than those in the control group. In addition, the integrity of
tubule wall was decreased. In fact, researchers even
observed that hypoxia led to incomplete or malformed
angiogenesis, and the average diameter of blood vessels
decreased in vivo,*? which was consistent with the present
results. Nevertheless, when 50ng/mL of CXCL6 was
added to the system, or treated with CM, this situation
was clearly reversed (Figure 7). In this study, we used
HUVECs as the positive control, which were mostly
adopted to study angiogenesis in vitro according to pub-
lished literature. HUVECs were easier to form tubules
than HUAECs, and the lumen area was larger, which con-
formed to the morphological characteristics of the two
types of vessel.

The expression of CXCL6 was regulated by HIF-1a/
CXCL6 feedback loop in MSCs and HUAECs under
hypoxia condition

In order to study whether the expression of CXCL6 is relat-
ed to HIF1-a, we used AML gene data recently published
by Oregon Health & Science University (OHSU)' to ana-
lyze the correlation between CXCL6 expression and HIF1-
o, and the positive correlation was verified by Person test
(Figure 8).

In order to further verify whether CXCL6 is regulated by
HIF-1a, we treated MSCs and HUAECs with BAY87-2243 in
hypoxia. BAY87-2243 is a selective inhibitor of HIF-10, which
can inhibit the expression of HIF-1a protein and its target
genes.'* After HIF-1o. was inhibited for 24 or 48h, CXCL6
gene expression was significantly down-regulated. The
expression of HIF-la protein was detected to verify the
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Figure 5. The effects of CXCL6 and CXCL2 on the proliferation and migration of MSCs and HUAECs. (A and B) The effects of CXCL6 (A) and CXCL2 (B). Among them,
(a and b) described the effects of cytokines on MSCs and (c and d) described the effects of cytokines on HUAECs. (a and c) showed the effects of different

concentrations of cytokines on target cells. (b and d) showed the time-dependent effect of cytokines on target cells. (C) The chemotaxis of CXCL6 and CXCL2 to MSCs
and HUAECs respectively. The concentration of CXCL6 was 50 ng/mL and of CXCL2 was 100 ng/mL. Scale =100 um. (A color version of this figure is available in the

online journal.)

effect of BAY87-2243 (Figure 9). These results indicate that
the expression of CXCL6 in both cells is regulated by HIF-1a.

However, whether the transcriptional regulation of HIF-
1o will be infinitely positive regulated had aroused our
interest. Thus, we treated MSCs and HUAECs with appro-
priate amount of CXCL6 for 24 or 48 h respectively. The
interesting result was that the expression of HIF-1a
in MSCs increased within 24 h, but decreased significantly
at 48h. For HUAECs, CXCL6 significantly inhibited
the expression of HIF-la, whether within 24 or 48h
(Figure 10). These results suggest that CXCL6 has a nega-
tive feedback effect on HIF-1o.

CXCL6 activated mTOR to promote the survival of
MSCs and HUAECs under hypoxia condition

mTOR is reported to be a signal molecule expressed in a
variety of cells, which is activated in various cell processes
and regulates cell growth, metabolism, and angiogenesis, '’

but hypoxia inhibits mTOR activity.">'® In order to study
the mechanism of CXCL6 promoting the growth and sur-
vival of MSCs and HUAECs in hypoxic microenvironment,
we detected the expression and activation of mTOR under
simulated hypoxia condition, with or without CXCLe6.
The results showed that CXCL6 significantly enhanced
the activation of mTOR in MSCs and HUAECs under hyp-
oxia (Figure 11), which indicated that CXCL6 promoted the
survival and angiogenesis of MSCs and HUAECs partly
through mTOR related pathway.

Discussion

This study describes changes of CXCL6 caused by hypoxia
in the AML context, which led to the biological properties
and functions transforming of MSCs and EPCs, and further
resulted in the remodeling of the arteriolar niche. This
change caused more severe and continuous hypoxia in
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Figure 6. Expression of cleaved-caspase3 in MSCs and HUAECSs. (A) Expression of cleaved-caspase-3 (green fluorescence) measured by immunofluorescence

method increased significantly in hypoxia (1% O,) for 48 h, but decreased after CXCL6 was supplied. The reversion depended on the concentration of CXCL6. MSCs
were pictured at 20 x water objective and HUAECs were pictured at 20x air objective. The heatmap represented the change of average fluorescence intensity in each
group. (B) Western blot method verified the above results. The histograms (MSCs on the left and HUAECs on the right) represented the relative gray value of each

group. (A color version of this figure is available in the online journal.)

the BM niche, bringing out the development and drug-
resistance of AML.

Previous studies have found that BM infiltrated by
leukemia cells was more hypoxic than healthy BM through
leukemic rat model'” and human BM blood gas analysis.
The niche in the development of AML is generally out of
balance, remodeled, and disordered. MSCs and EPCs can
help to restore tissue and support angiogenesis. However,
we found that long-term (>48h) severe hypoxia (1% O,)
directly reduced the survival and self-renewal of MSCs
and EPCs. What is worse, long-term and severe hypoxia
caused high oxidative stress-related damage, and eventu-
ally led to apoptosis through the significant increase of
HIF1-o and accumulation of DNA damage, although the
exposure to moderate hypoxia (5-10% O,) within 24h
could activate the anti-apoptosis mechanism and even pro-
mote the proliferation,18 as in our study. Once MSCs or
EPCs interacted with AML cells, they obtained intensive
functions, such as abnormal MSCs or EPCs secreting a
large amount of growth factors, cytokines, and chemo-
kines,'® which promoted EPCs to differentiate into
mature ECs.*’ In vitro studies have shown that leukemic
cells affected ECs through several pathways in the AML
microenvironment, which were mainly mediated by angio-
genic cytokines (such as members of VEGF family®"). The
present study involved vascular cytokines CXCL6, which

could dramatically promote the proliferation of MSCs and
EPCs. Although the gene expression of CXCL6 increased
under the stimulation of hypoxia in the early stage, it grad-
ually decreased with long-term hypoxia. Additionally, the
protein content measured in the simulated microenviron-
ment decreased significantly, which proved that prolong-
ing the time of the hypoxia and AML cell condition, the
malignant microenvironment developed to a situation of
large consumption of CXCL6 but a difficulty to supply.
When the hypoxia condition lasted for more than 48h,
both MSCs and HUAECs started the apoptotic pathway.
This can be proved by the increased expression of
cleaved-caspase3. However, the addition of CXCL6 blocked
or delayed apoptosis of MSCs and HUAECs. The above
results were sufficient to prove that the depletion of
MSCs and HUAECs in the later stage of the disease was
related to the relative lack of CXCL6. Migration experi-
ments showed that CXCL6 could recruit MSCs and
HUAEC:s to form blood vessels. We found that severe hyp-
oxia made the EPCs state worse, which greatly limited their
differentiation into mature ECs and function of angiogen-
esis. However, when added CM with high-level CXCL6 or
recombinant human CXCL6, vascular formation could be
saved to a certain extent, which further proved CXCL6
played an important role in arterioles. It has been found
that the vascular barrier function was still damaged after
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****P < 0.0001. (A color version of this figure is available in the online journal.)

chemotherapy, and that BM hypoxia was not normalized
after leukemic cells are removed through in vivo imaging on
genetically deficient mice model of AML.'> The results
emphasized that there was a persistent vascular system
with poor function in BM of AML model after chemother-
apy. The above data suggested that short-term hypoxia
could increase viability of the constituent cells of the arte-
riolar niche as compensation, but with prolonging time in
severe hypoxia, there subsequently occurs serious deple-
tion of those cells, which finally becomes irreversible.
Briefly, the primary changes induced by AML blast in the
early stage affected the vascular structure and function of
the niche,?? followed by the loss of osteoblasts and the inhi-
bition of normal hematopoietic function in the later stage of
the disease.® These events were concentrated and devel-
oped continuously, initiated by AML but ended with the
irreversible atrophy of the niche. Just as we found that the
CXCL6 gene expression and the corresponding protein
content in the culture system is contradicted at some time
points, this indicated that these events happen in different
stages of the dynamic process, which also explains why, for
the patients who relapsed or were refractory in large sam-
ples, sequencing data expressed CXCL6 higher than those
in remission.

In the early stage of hypoxia, CXCL6 was up-regulated
in response to HIF-1a transcription regulation. However,
the subsequent increase of CXCL6 inhibited the expression

of HIF-1a in MSCs or HUAECs through negative feedback
loop, so as to avoid excessive accumulation of HIF-1a in
nucleus. Studies have shown that HIF-lo regulates the
expression of many plasma membrane receptors, thus
inducing endocytosis and promoting the release of exo-
somes. Abnormal exosome secretion is related to the adap-
tation to different microenvironments, which can promote
cancer survival.” In addition, HIF-1o up-regulates genes
involved in many characteristics of cancer, including met-
abolic reprogramming, cell proliferation, invasion, metas-
tasis, and drug resistance.”* CXCL6 benefits MSCs and
EPCs mainly due to the activation of mTOR signaling.
Recent studies have shown that mTOR plays an important
role in driving the growth and proliferation of stem cells
and progenitor cells, promoting the differentiation of MSCs
and determining the differentiation process of pluripotent
stem cell population.®

Therefore, for the complex and delicate BM microenvi-
ronment, simply targeting AML cells is not enough to
restore the ecological balance of the BM microenvironment.
Only by recovering the components of the microenviron-
ment, can we restore normal hematopoiesis more suffi-
ciently. The highlight is once the vessel wall collapsed,
there is no treatment strategy to induce its recovery. As a
result, it is suggested that the best treatment strategy is to
prevent AML-induced hypoxia leading to arteriole loss in
the endosteum, so as to prevent the development of AML



b
3 e ns
T 0.0004 I i
L3
[=]
.§ 0.0003+
]
w
& 0.0002+
-
]
< 0.0001+
>
[
€ 0.0000-

MsC

(B)

HIF-1a ‘ . . .

factin — D = D T

HUAEC

Bacn M GEED G S -
CoClz - + + - + +
CXCL6 - - + = = *

HIF-1a

24h 48h

(c) ¢

Li et al. Hypoxia—CXCL6 affects arteriolar niche remodeling in AML 95
c
('S
T 0.0257 *%
S
c
o
g
>
w
<
=
[
£

gogs- I

&£0.0-
=-{= += 4+
c c c d
2 3- * 9 3- * kK
2 =B i
. £ .
5 i
£ 19 £ 19
@ o
g, g,
= o
& == = ++ == =+
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due to the hypoxia area (the real “shelter” of LSCs) derived
from BM niche.?® Some studies have made efforts to this
end. For example, it was found that the ECs of AML mice
model produced more nitric oxide, and the recovery of
normal vascular function in BM through nitric oxide syn-
thetase (NOS) inhibition improved the treatment response.
Thus, they appealed to take the inclusion of NOS inhibitors
to target abnormal vascular wall so as to improve the treat-
ment response in clinical trials."? Equally, we believe that
the depletion of CXCL6 caused by severe hypoxia is related
to the later atrophy of arterioles. Therefore, regulating
CXCL6 may be a promising therapeutic method to

normalize the BM vascular system, and eventually to
enhance drug delivery and reduce hypoxia in the BM niche.

In conclusion, AML resulted in extensively severe hyp-
oxia of BM. CXCL6 up-regulated as compensation, attempt-
ing to promote ECs viability and angiogenesis. However,
due to the long-term hypoxia accumulated damage of
MSCs and EPCs, it was difficult to supply CXCL6 needed
by autocrine, resulting in irreversible EC depletion, which
led to the collapse of the arteriolar niche. Therefore, CXCL6
can be considered as an auxiliary strategy to restore abnor-
mal arteriole niches, although its specific mechanism and
timing need further research in vivo.
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