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Abstract

Juan Su, Zhanquan Li, Sen Cui, Linhua Ji, Hui Geng, Kexia Chai, Xiaojing Ma, Zhenzhong Bai, Yingzhong
Yang, Tana Wuren, Ri-Li Ge, and Matthew T. Rondina. The local HIF-2a/EPO pathway in the bone marrow is
associated with excessive erythrocytosis and the increase in bone marrow microvessel density in chronic
mountain sickness. High Alt Med Biol. 16:318-330, 2015.—Aim: Chronic mountain sickness (CMS) is char-
acterized by excessive erythrocytosis, and angiogenesis may be involved in the pathogenesis of this disease.
The bone marrow niche is the primary site of erythropoiesis and angiogenesis. This study was aimed at
investigating the associations of the levels of hypoxia-inducible factors (HIFs), erythropoietin (EPO), and
erythropoietin receptor (EPOR), as well as microvessel density (MVD) in the bone marrow with CMS.
Results: A total of 34 patients with CMS and 30 control subjects residing in areas at altitudes of 3000-4500 m
were recruited for this study. The mRNA and protein expression of HIF-2a and EPO in the bone marrow cells
was significantly higher in the CMS patients than in the controls. Moreover, changes in HIF-2o expression in
CMS patients were significantly correlated with EPO and hemoglobin levels. In contrast, the expression of
mRNA and protein expression of HIF-1a and EPOR did not differ significantly between the CMS and control
patients. Increased MVD was observed in the bone marrow of the patients with CMS and it was significantly
correlated with hemoglobin.

Conclusions: Bone marrow cells of CMS patients may show enhanced activity of the HIF-2¢/EPO pathway,
and EPO may regulate the erythropoiesis and vasculogenesis through autocrine or/and paracrine mechanisms in
the bone marrow niche. The increased MVD in the bone marrow of CMS patients appears to be involved in the
pathogenesis of this disease.

Key Words: bone marrow cells; chronic; erythropoietin; hypoxia-inducible factors; microvessel density;
mountain sickness

Introduction

HRONIC MOUNTAIN SICKNESS (CMS) is a clinical syn-

drome caused by maladaptation to chronic exposure to
a high-altitude hypoxic environment and occurs among
some individuals in high-altitude regions worldwide. Cur-
rently, 140 million people live permanently at altitudes of
more than 2500 m (Penaloza and Arias-Stella, 2007). The
prevalence of CMS was found to be increased by 10% in the

adult population living at altitudes of more than 2500 m in
the Peruvian Andes (Ledn-Velarde et al., 1994), and the
prevalence of this disease in Chinese Han men who mi-
grated to the Qinghai-Tibetan plateau (altitude of 3700-
5000 m) was increased by 17.8% (Jiang et al., 2014). CMS
is characterized by excessive erythrocytosis (EE) and hyp-
oxemia (Ledn-Velarde et al., 2003, 2005). Chronic high-
altitude hypoxia is a key pathological mechanism for the
development of this disease.
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Hypoxia-inducible factors (HIFs) control a wide spectrum
of tissue-specific and systemic hypoxia responses. HIFs are
heterodimers comprising one of three major oxygen-labile
HIF-o subunits (HIF-10, HIF-2«, and HIF-3«) and a constitu-
tive HIF-1f subunit, which together form the HIF-1o, HIF-2¢,
and HIF-3« transcriptional complexes, respectively (Wang
et al., 1995). Of the three o-subunits, HIF-1« and HIF-2« are
the most studied. Little information is available about HIF-3c,,
which plays an inhibitory role in certain contexts (Makino
etal., 2001). HIF-1o has been described as the master regulator
of hypoxic responses and the crucial node in ensuring survival
during hypoxic stress (Wang et al., 1995). Moreover, levels
have been measured in white blood cells (WBCs) and corre-
lations have been identified between increased HIF-1a ex-
pression in WBCs and CMS (Appenzeller et al., 2006).

In comparison, HIF-2o. was initially identified as the en-
dothelial PAS domain protein 1 (EPAS1) and hence has been
traditionally considered to have a more specialized function
than HIF-1« (Tian et al., 1997). While HIF-1« is ubiquitously
expressed, HIF-2o expression is more restricted, found lar-
gely within cardiomyocytes, hepatocytes, type II pneumo-
cytes, glial cells, renal cortical interstitial cell, and bone
marrow stromal cells (Rosenberger et al., 2002; Wiesener
et al., 2003; Ben-Shoshan et al., 2008). The localization of
HIF-20 within bone marrow cells suggests that it may be a
critical factor in hypoxia responses (Wiesener et al., 2003).
HIF-10 and HIF-2« play divergent, but complementary, roles
during hypoxic response in tissues under both physiological
and pathophysiological conditions. Studies of families in the
idiopathic EE registry revealed the presence of mutations in
the HIF-2a-coding, but not HIF-1a-coding, sequence (Gor-
dan et al., 2007; Gale et al., 2008; Martini et al., 2008; Percy
et al., 2008a, 2008b; Furlow et al., 2009). Genetic variants of
the HIF2x gene have been associated with high-altitude
dwellers who seem to be protected from CMS (Beall et al.,
2010; Simonson et al., 2010; Yi et al., 2010).

Nevertheless, while the bone marrow niche is known to be
one of the primary sites of erythropoiesis, the expression and
role of HIFs in the bone marrow of patients with CMS have
not been studied previously.

Erythropoietin (EPO) is an essential glycoprotein that fa-
cilitates the maturation of red blood cells from erythroid
progenitors and mediates erythropoiesis. EPO also mediates
nonerythroid processes such as angiogenesis, neuroprotec-
tive properties, and immune regulation (Jaquet et al., 2002;
Bahlmann et al., 2004; Wang et al., 2004; Lifshitz et al.,
2010). EPO is a classic example of a hypoxia-inducible gene
and both HIF-1a and HIF-2a regulate the expression of the
EPO gene. While in adult organisms, the kidney produces
around 90% of systemic EPO, hypoxia-induced EPO tran-
scripts have also been found in the liver, brain, spleen, lung,
and bone marrow tissue (Yeo et al., 2008; Weidemann and
Johnson, 2009). EPO is also produced by erythroid progen-
itors (Stopka et al., 1998; Fandrey, 2004) and osteoblasts
(Rankin et al., 2012) in the local bone marrow. It can also
regulate erythropoiesis through autocrine or paracrine
mechanisms (Sato et al., 2000). Upon ligand binding, the
erythropoietin receptor (EPOR), which lacks intrinsic cata-
lytic function and is hypoxia inducible (Chin et al., 2000;
Yoon et al., 2006), may contribute to the increased sensitivity
of response to EPO (Beleslin-Cokic et al., 2004).

Previous studies examining EPO polymorphisms, EPOR,
and EE failed to show any evidence of a major monogenic
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contribution of the loci tested in response to EE in CMS
patients (Mejia et al., 2005). Although the variation in serum
EPO levels does not explain the striking variation in hemo-
globin at high altitudes, EPO in the serum usually shows high
expression in patients with elevated hemoglobin (Hb) levels
(Ledn-Velarde et al., 1991). Recently, whole-genome se-
quencing revealed significantly higher SENP1 expression in
individuals with CMS than in those without (Zhou et al.,
2013; Cole et al., 2014). SENPI1 has also been shown to
regulate EPO production by regulating the stability of HIF
during hypoxia (Cheng et al., 2007; Yu et al., 2010). There-
fore, there is reason to believe that EPO, especially EPO in
the bone marrow niche, might play an important role in the
pathophysiology of CMS.

Plasma-soluble EPOR levels are known to be decreased in
CMS (Villafuerte et al., 2014), but the changes in EPOR in
bone marrow cell membrane (mEPOR), which are a direct
response to EPO, have not previously been studied in CMS.
Hence, whether the increased expression of mEPOR in CMS
leads to the development of EE is still unclear.

It is well established that angiogenesis and vasculogenesis
are part of the physiological response to hypoxia. Angio-
genesis might be a compensatory process in high-altitude
residents that occurs to alleviate hypoxia in microcirculation
and it may also be involved in the pathophysiology of CMS
(Appenzeller et al., 2003; Ge et al., 2011; Buroker et al.,
2012, 2013; Espinoza et al., 2014). The bone marrow is the
primary site of angiogenesis and is a readily accessible tissue
for the investigation of angiogenesis. Angiogenesis is com-
monly estimated in terms of the concentration of vessels and
is expressed as microvessel density (MVD) in the bone
marrow. Nevertheless, to the best of our knowledge, little
research has been performed on the changes in bone marrow
MVD in patients with CMS.

This study was aimed at evaluating the association of EE
with the expression of HIF-1a, HIF-2¢, EPO, and EPOR, and
MVD in the bone marrow of CMS patients. We hypothesized
that the bone marrow cells of CMS patients might show en-
hanced activity of EPO/EPOR through increase in HIF-1a
and HIF-2«. Thus, EPO/EPOR might regulate erythropoiesis
through autocrine or/and paracrine mechanisms in the bone
marrow niche. We further hypothesized that MVD would be
increased in the bone marrow of CMS patients, which con-
tributes to the pathogenesis of the disease.

Materials and Methods
Subjects

The research protocol was approved by the human subject
protection committee at the Qinghai University Affiliated
Hospital. Informed consent was obtained from each subject.
Thirty-four patients with CMS (men; Han Chinese; age
range, 35-60 years) and 30 control subjects (men; Han Chi-
nese; age range, 33—59 years) participated in this study. All
the participants were residing at altitudes of 3000—4500 m in
the Qinghai province for 5-20 years. The control subjects
were healthy patients without any chronic diseases, who were
undergoing elective orthopedic surgery to remove remotely
placed internal fixation rods. None of the participants had a
history of respiratory or cardiovascular diseases, such as
chronic obstructive pulmonary disease, pulmonary infection,
asthma, shunt, valvular disease, congenital heart disease, or
hypertensive heart disease. All participants first underwent



320

blood routine testing and the Qinghai CMS score was cal-
culated as described previously (Ledn-Velarde et al., 2005)
for determining the presence of CMS. Arterial O, saturation
(Sa0;) was measured by pulse oximetry (YX302 Pulse
Oximeter, Yuyue-Jiangsu, China).

Assessment of CMS

A complete clinical examination was performed for each
participant. The presence and severity of CMS were assessed
using the Qinghai CMS score, which is based on Hb levels and
the following symptoms: breathlessness, palpitations, sleep
disturbance, cyanosis, dilatation of veins, paresthesia, head-
ache, and tinnitus. Each item was scored on a scale of 0-3
according to the severity. Hb level was dichotomized as either
0 or 3 points with a cutoff of 210 g/L for males and 190 g/L for
females. All the participants were males, who were considered
to have CMS if Hb levels were 2210 g/L and the CMS score
was >5; Hb level of <210g/L or a CMS score of <5 was
considered to indicate that the participant was a control.

Blood sampling and assay

Blood samples were drawn between 7 and 10 AM to avoid
variations in serum EPO due to circadian rhythm and EPO
levels in the circulating blood were determined. For these
measurements, 5 mL of blood was drawn from the brachial
vein, collected into a serum separator tube, and centrifuged at
3000 rpm for 15 minutes. The separated serum samples were
stored on dry ice during transport to Xining, where they were
further analyzed.

Bone marrow sampling and assay

All the CMS patients (n=34) underwent conventional
bone marrow biopsy and bone marrow puncture of the pos-
terior superior iliac spine. Samples from the control subjects
(n=30) were drawn by bone surgery during orthopedic sur-
gery. Fifteen milliliters of the bone marrow fluid was col-
lected into one serum separator tube and two tubes containing
ethylene diamine tetraacetic acid (EDTA). The bone marrow
tissues were fixed with formalin. All the bone marrow sam-
ples were transported on dry ice to Xining within 24 hours of
collection, and then analyzed within 1 hour after arrival.

The bone marrow supernatant was harvested for measuring
the EPO levels. Ficoll lymphocyte solution was used to iso-
late bone marrow mononuclear cells (BMMNCs) for flow
cytometry and real-time RT-polymerase chain reaction
(PCR) analysis. The fixed bone marrow tissues were em-
bedded in paraffin after EDTA decalcification and alcohol
dehydration.

Flow cytometry

For flow cytometry, 1x 10° cells were collected, washed
with phosphate-buffered saline (PBS), and then fixed with
4% paraformaldehyde for 20 minutes. After the addition of
0.1% Triton X-100 (2mL) for permeabilization, the cells
were stained for 40 minutes at 4°C with DyLight488-
conjugated mouse anti-human HIF-2o IgG (Novus Biologi-
cals, Littleton, CO), FITC-conjugated mouse anti-human
EPO IgG (Millipore, Billerica, MA), or the appropriate iso-
type control antibodies. The washed cells were then analyzed
and the percentage of positive cells was determined using
FACSCalibur (CellQuest Version 3.2.1) software.
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HIF-1o0 and EPOR levels were measured by indirect flow
cytometry. The BMMNCs were collected and washed, and
then incubated with anti-EPOR (mouse IgG antibody; Ab-
cam, Cambridge, United Kingdom) for 40 minutes at 4°C,
washed again, and stained with the R-phycoerythrin-
conjugated goat anti-mouse IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA) for 40 minutes at 4°C. The
washed cells were analyzed on a flow cytometer.

The cells were fixed (20 minutes, 4% paraformaldehyde),
washed with PBS, and permeabilized (20 minutes, 0.1%
Triton X-100), and then stained with an anti-HIF-1« antibody
(rabbit IgG antibody; Abcam) for 40 minutes at 4°C. After
washing, the cells were again incubated for 40 minutes at 4°C
with the R-phycoerythrin-conjugated goat anti-rabbit sec-
ondary antibody (Jackson ImmunoResearch Laboratories).
BMMNC:s incubated only with the secondary antibody were
used as negative controls. The washed cells were then ana-
lyzed on a flow cytometer.

Real-time PCR

Real-time quantitative PCR was used to determine the
expression of HIF-1a, HIF-2o, EPO, EPOR mRNA, and 18S
rRNA (housekeeping gene) in the BMMSCs. Total RNA was
isolated using Trizol Reagent (Life Technologies, Carlsbad,
CA). cDNA was generated from 2 ug of total RNA using
Quant Reverse Transcriptase (TTANGEN, Beijing, China).
The cDNA obtained was then amplified using the SYBR
Green PCR Master Mix (Life Technologies) in an Applied
Biosystems 7500 Real-Time PCR System. Two-step real-
time PCR was performed as follows: 95°C for 2 minutes,
60°C for 1 minute extension, and detection, for 40 cycles.
The specific primers used were as follows: HIF-1a (forward:
5-ATCCATGTGACCAT GAGGAAATG-3’; reverse: 5'-
TCGGCTAGTTAGGGTACACTTC-3"), HIF-20 (forward:
5’-CCTTTGATGCCGGACAAG-3’; reverse: 5'-GGGACTG
AGGCAGATGG-3"), EPO (forward: 5-TCATCTGTGACA
GCCGAGTC-3"; reverse: 5-TTTGGTGTCTGGGACAGT
GA-3’), EPOR (forward: 5'-AC CTTGTGGTATCTGACTC
TGG-3'; reverse: 5'-GAGTAGGGGCCATCGG ATAAG-3")
and 18S rRNA (forward: 5-GAGGATGAGGTGGAACG
TGT-3’; reverse: 5-GGACCTGGCTGTATTTTCCA-3").
Data were analyzed using the 27T method (Livak and
Schmittgen, 2001).

Immunohistochemical evaluation

The primary antibodies used were as follows: mouse anti-
human HIF-1le monoclonal antibody (Santa Cruz Bio-
technology, Santa Cruz, CA), rabbit anti-human HIF-2a
polyclonal antibody (Santa Cruz Biotechnology), rabbit anti-
human EPO polyclonal antibody (Santa Cruz Biotechnology),
rabbit anti-human EPOR polyclonal antibody (Santa Cruz
Biotechnology), and mouse anti-human CD34 monoclonal
antibody (Maixin, Fuzhou, China). Immunohistochemical
assays were performed on the paraffin-embedded sections. The
5-um-thick sections were deparaffinized in xylene, rehydrated
in graded alcohol, and then boiled in EDTA (pH 9.0) for 20
minutes. Endogenous biotin was blocked using the Biotin
Block Kit (Maixin), according to the manufacturer’s specifi-
cations. After blocking with normal goat serum, all the sec-
tions were incubated with the primary antibodies overnight at
4°C. Negative controls were prepared by replacing the specific
primary antibodies with PBS. The sections were washed with
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TABLE 1. CHARACTERISTICS OF THE PARTICIPANTS

CMS Control
patients subjects
Characteristics (n=34) (n=30) p
Age, years 46.6£8.9 432+11.0 0.196
Height, cm 173.4£58 169.5£5.2 0.143
Body-mass index, kg/m*> 24.6+2.1 229+17 0.071
Heart rate, beats/min 80.9+8.6 81.4+7.5 0.886
Systolic blood 1245+15.5 113.6+x7.5 0.089
pressure, mmHg
Diastolic blood 81.3+103 72995 0.075
pressure, mmHg
Hemoglobin, g/dL. 223+£15 152%+15 <0.001
Hematocrit, % 68.1£45 543140 <0.001
Erythrocytes, x10'%/L 71406  53+0.3 <0.001
Leukocyte, x10°/L 49+1.8 43+1.9 0448
Platelet, x10°/L 109.3£59.8 134.9+£77.1 0.370
Sa0,, % 85.7+6.6 90.6x1.4 0.014
CMS score 10 (8-15) 2 (0-3) <0.001

Data are presented as mean £ SD unless specified otherwise.
CMS, chronic mountain sickness; SaQ,, arterial O, saturation.

PBS, and then incubated with the appropriate biotin-labeled
goat anti-rabbit or goat anti-mouse IgG secondary antibodies
(Maixin) for 30 minutes at 37°C. The sections were then in-
cubated with streptavidin-biotin-peroxidase (Maixin) for 40
minutes at 37°C, after which the slides were developed using
diaminobenzidine chromogen (Maixin) for 10 minutes and
counterstained with hematoxylin. Positive cells were scored
according to the staining intensity as follows: 0, colorless; 1,
light buffy; 2, heavy buffy; and 3, brown. Scores based on the
percentage of positive bone marrow cells were as follows: 0,
no positive cells; 1, 1%-25%; 2, 26%—-50%; 3, 51%—75%; and
4, 76%—-100%. The results were analyzed by the sum of the
scores obtained based on staining intensity and the percentage
of positive cells as follows: 0-1 (-); 2-3 (+); 4-5 (++); and >5
(++).

MVD was determined using immunohistochemical stain-
ing for CD34 as a marker for neovessel endothelium in ac-
cordance with published studies (Korkolopoulou et al.,
2003). The slides were examined at low-power magnification
(100x) to identify the area with the highest vascular density
within the bone marrow. Three fields with the greatest
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number of blood vessels for each slide under 200x magnifi-
cation were examined by two pathologists blinded to the
study group, and the fields with the highest MVD were se-
lected for counting. The average of the three fields was re-
corded as the MVD level for each subject.

ELISA

The concentration of EPO in the serum and bone marrow
supernatant was measured using an enzyme-linked immu-
nosorbent assay (Uscn Life Science, Inc., Wuhan, China).
The measurable range of the EPO assay was 6.25-400 pg/mL
and the intra-assay and interassay coefficients of variation
were <10% and <12%, respectively.

Statistical analysis

All calculations were performed using the SPSS statistical
software version 19.0 (SPSS, Inc., Chicago, IL). Data of the
normal distributions were tested using the Student’s r-test,
while the data of the non-normal distributions were tested
using the Mann—Whitney U test. Non-normally distributed
data were log transformed before the statistical correlation
and relationships between the variables were analyzed by
calculating the Pearson product-moment correlation. Fol-
lowing this, stepwise regression analysis was performed to
determine the correlation between the various components
and Hb levels. Spearman’s correlation coefficients were
calculated for the non-normally distributed data that could
not be log transformed. The chi-square test was applied for
the comparison of ratios. All tests were two-sided and
p <0.05 was considered to indicate statistical significance.

Results
General characteristics

The general characteristics of the study subjects are shown
in Table 1. The two groups were similar in terms of age, height,
and body—mass index. As expected, SaO, was markedly lower,
while hemoglobin, hematocrit, and erythrocyte counts were
significantly higher in patients with CMS than in the control
subjects. Heart rate, blood pressure, leukocyte, and platelet
counts were similar between the two groups. Based on Qinghai
CMS scoring guidelines, 10 subjects had mild CMS, 16 had
moderate CMS, and 8 had severe CMS.
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mRNA expression of HIF-2« and EPO, as measured using real-time quantitative polymerase chain reaction, was

higher in the BMMNCs of CMS patients than in the controls. (A) mRNA expression of HIF-1a and HIF-2a. (B) mRNA
expression of EPO and EPOR. Data are presented as mean+ SEM. The statistical differences from the controls were
calculated using the z-test after log transformation. *p <0.05. **p <0.001. BMMNC, bone marrow mononuclear cell; CMS,
chronic mountain sickness; EPO, erythropoietin; EPOR, erythropoietin receptor; HIF, hypoxia-inducible factor.
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FIG. 2. Cells positive for HIF-2o0 and EPO were higher in the BMMNCs of CMS patients, as determined by flow
cytometry. (A) The protein expression of HIF-1a, HIF-20, EPO, and EPOR in CMS patients versus the controls. Numbers
shown in each plot are means of the percentage of positive cells. (B) Contents of the HIF-1« and 2a subunits. (C) Contents
of EPO and EPOR. Data are presented as mean+ SEM. The statistical differences from the controls were calculated using
the z-test after log transformation. *p <0.05. **p<0.001.
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FIG. 3. Relationship between (A) percentage of HIF-2a-positive cells and Hb levels, (B) percentage of HIF-2u-positive
cells and EPO-positive cells, and (C) percentage of EPO-positive cells and Hb levels in the BMMNCs of the 34 patients

with CMS (+) and 30 control subjects (®).

The mRNA expression of HIF-2¢ and EPO was higher
in the BMMNCs of CMS patients than in those
of the controls

The mRNA expression of HIF-1o, HIF-20, EPO, and EPOR
was assayed using real-time quantitative PCR. In BMMNCs of
CMS patients, the mRNA levels of both HIF-2o and EPO were
1.83-fold (p<0.05) and 2.95-fold (p<0.001) higher, respec-
tively, in the CMS patients than in the controls, while HIF-1a
and EPOR mRNA levels were similar between the two groups
(0.74- and 0.75-fold higher, respectively; p>0.05) (Fig. 1).

The percentage of HIF-2x-positive cells in the
BMMNCs of CMS patients was higher than that
in the BMMNCs of the controls

We determined whether the increased HIF-2« levels in the
bone marrow niche were associated with EE in CMS. Based
on the results of the flow cytometry, the percentage of HIF-
2a-positive cells, but not that of HIF-1a-positive cells, was
significantly higher in the BMMNCs of CMS patients than in
the controls (p<0.05; Fig. 2A, B). Furthermore, the per-
centage of EPO-positive cells in CMS patients was also
significantly higher in the BMMNCs of the CMS patients
than in those of the controls (p <0.01), while the percentage
of EPOR-positive cells in the BMMNCs was similar in the
two groups (Fig. 2A, C).

The increase in the percentage of HIF-2x-positive cells
was associated with an alteration of EPO
and Hb levels in the BMMNCs

The percentage of HIF-2a-positive cells was positively
correlated with Hb levels, both in the entire study population
(r=0.305, p=0.013) and more strongly in the CMS patients
(r=0.462, p=0.006) (Fig. 3A). Similarly, the percentage of
HIF-2o-positive cells and EPO-positive cells was signifi-
cantly correlated in the entire study population (r=0.424,
p<0.001) and in the patients with CMS (r=0.342, p=0.043)
(Fig. 3B). Furthermore, the percentage of HIF-1o-positive
cells and HIF-2a-positive cells was significantly correlated in
the CMS patients (r=0.351, p=0.042) and in the entire study
population (r=0.357, p=0.006). Nevertheless, the percent-
age of HIF-1a-positive cells in the BMMNCs from the CMS
patients did not significantly differ from those in the controls
(Fig. 2B) and there was no correlation between HIF-1« and
Hb levels in either the CMS patients (r=-0.007, p=0.956) or
the entire study population (r=-0.023, p=0.896). Neither

HIF-1o levels nor HIF-2a levels correlated with EPOR in
either the CMS patients or the entire study population.

Moreover, the percentage of EPO-positive cells and Hb levels
significantly and positively correlated in the CMS patients
(r=0.347, p=0.043) and in the entire population (r=0.453,
p<0.001) (Fig. 3C), whereas there was no correlation between
EPOR and Hb levels in the CMS patients (r=—0.107, p=0.546)
or in the entire study population (r=0.067, p=0.593).

The expression of HIF-20. and EPO proteins was
higher in the bone marrow tissues of CMS patients
than in the controls

The protein expression of HIF-1a, HIF-2o, EPO, and
EPOR in the bone marrow tissues was examined by immu-
nohistochemistry (IHC) (Fig. 4-7 and Table 2). As shown in
Figure 4 and Figure 5, HIF-1o and HIF-2a appeared to lo-
calize within the nucleus and cytoplasm in the bone marrow
tissues with staining patterns that were widely distributed in
the cellular regions of the bone marrow. The expression of
HIF-2a was significantly higher in the CMS patients than in
the controls ( p =0.004), while there was no difference in the
HIF-10 expression between the two groups (Figs. 4 and 5 and
Table 2). In the bone marrow tissues, EPO was present dif-
fusely, localizing to the cytoplasm in bone marrow cells,
while EPOR localized to both the cytoplasm and the cyto-
membrane. EPO expression by IHC was significantly in-
creased in CMS (p<0.001) (Figs. 6 and 7 and Table 2).

Increased protein expression of HIF-2: and EPO was
associated with Hb levels in the bone marrow tissues

Spearman analyses indicated a significant positive corre-
lation between HIF-200 and Hb levels in the CMS patients
(p=0.690, p=0.019) and in the entire population (p =0.649,
p=0.001). HIF-2a expression also correlated with EPO lev-
els in CMS patients (p=0.692, p<0.001) and in the entire
study population (p=0.649, p<0.001). HIF-1o. and HIF-2«
expression was also positively correlated, both in CMS pa-
tients and in the entire population (p=0.553, p=0.006;
p=0.663, p<0.001, respectively). There was no significant
correlation between HIF-1« and either Hb or EPO levels in
CMS patients (p=0.384, p=0.070; p=0.319, p=0.094, re-
spectively). Spearman analyses showed a significant positive
correlation between EPO and Hb in CMS patients (p =0.534,
p=0.009) and the entire population (p=0.534, p=0.009).
There was no correlation between EPOR and Hb either in
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Controls CMS Controls

HlF-1a

FIG. 4. HIF-1o IHC in the bone marrow of CMS patients FIG. 6. EPO IHC in the bone marrow of CMS patients
and the controls. Magnification: (A, B) x100; (C, D) x200; and the controls. Magnification: (A, B) x100; (C, D) x200;
(E, F) x400. IHC, immunohistochemistry. Arrows indicate ~(E, F) X400. Arrows indicate the EPO-positive cells.

the HIF-1a-positive cells.

CMS Controls CMS Controls

FIG. 5. HIF-2a IHC in the bone marrow of CMS patients FIG. 7. EPOR IHC in the bone marrow of CMS patients.
and the controls. Magnification: (A, B) x100; (C, D) x200; Magnification: (A, B) x100; (C, D) x200; (E, F) x400.
(E, F) x400. Arrows indicate the HIF-2o-positive cells. Arrows indicate the EPOR-positive cells.
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TABLE 2. IMMUNOHISTOCHEMICAL ANALYSES FOR THE VARIOUS PARAMETERS BETWEEN
CMS PATIENTS AND THE CONTROLS
CMS patients, n=34 (%) Controls, n=30 (%)
Positive cells Positive cells
- + ++ +++ - + ++ +++ P
HIF-1o 17 (50.0) 6 (17.8) 10 (29.4) 1.9 17 (56.7) 3(10.0) 9 (30.0) 1(3.3) 0.563
HIF-2« 4 (11.8) 5(14.7) 18 (52.9) 7 (20.6) 7 (23.3) 13 (43.3) 8 (26.7) 2 (6.6) 0.004
EPO 4 (11.8) 4 (11.8) 7 (20.6) 19 (55.9) 10 (33.3) 10 (33.3) 8 (26.7) 2 (6.7) <0.001
EPOR 4 (11.8) 14 (41.2) 5 (14.7) 11 (32.4) 2 (6.67) 10 (33.3) 8 (26.7) 10 (33.3) 0.064

The expression of HIF-1a, HIF-2a, EPO, and EPOR in the bone marrow tissues, as determined by IHC; data were compared using the

chi-square test.

EPO, erythropoietin; EPOR, erythropoietin receptor; HIF, hypoxia-inducible factor.

CMS patients (p=0.144, p=0.513) or the entire population
(p=0.243, p=0.172).

Increased MVD was involved in the pathological
changes in CMS and associated with the alteration
of EPO and Hb levels

CD34 expression and MVD were assessed in the bone
marrow tissues by IHC (Fig. 8). CD34-positive vascular en-
dothelial cells were identified by brown staining. The MVD
values in the bone marrow tissues from CMS patients were
significantly higher than those in the controls (14.54+8.84
vs. 8.451+2.98, p=0.004, Fig. 9). There was also a positive
correlation between MVD and Hb levels both in the CMS
patients (p=0.413, p=0.050) and in the entire study popu-

CMs

Control

FIG. 8. MVD in the local bone marrow tissue of the CMS
patients and the controls. Magnification: (A, B) x100; (C, D)
%x200; (E, F) x400. MVD, microvessel density. Arrows in-
dicate the microvessel in bone marrow tissue.

lation (p=0.703, p<0.001). In the CMS patients, both
HIF-1a and HIF-2o expression levels were correlated with
MVD (p=0.456, p=0.029; p=0.600, p=0.002, respective-
ly); furthermore, EPO expression was also correlated with
MVD (p=0.435, p=0.028). Similar results were also ob-
tained in the entire study population (p =0.609, p <0.001 and
0=0.726, p<0.001 for HIF-1o and HIF-2a, respectively; and
p=0.447, p=0.010 for EPO). There was no correlation be-
tween EPOR and MVD (p=0.232, p=0.519).

The local high EPO concentration in the bone marrow
played a role in EE through an autocrine/paracrine
mechanism in CMS

The concentration of EPO in the serum and bone marrow
supernatant was measured using ELISA (Fig. 10). EPO
concentration in the serum was similar between the two
groups (p=0.068) (Fig. 10A), whereas it was significantly
higher in the bone marrow supernatant of the CMS patients
than in the controls (p=0.027) (Fig. 10B). To determine
changes in EPO concentration locally in the bone marrow, the
concentration gradient of EPO in the bone marrow and serum
was calculated as described previously (Abali et al., 2002).
The concentration gradient of EPO was found to be signifi-
cantly higher in the CMS patients than in the controls
(p=0.014) (Fig. 10C).

*%
20 -

L
Controls

CMS

FIG. 9. MVD in the local bone marrow tissue was sig-
nificantly higher in the CMS patients than in the controls.
Data are presented as mean = SED. The statistical differ-
ences were calculated using the r-test. **p <0.01.
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FIG. 10. EPO concentration in the bone marrow was significantly higher in the CMS patients than in the control subjects.
(A) EPO concentrations in the serum, (B) EPO concentrations in the bone marrow supernatants. (C) EPO concentration
gradient in the bone marrow and the serum. The statistical differences from the controls were calculated using the Mann—

Whitney U test.

EPO concentration in the serum was not correlated with
Hb levels in the CMS patients (r=0.331, p=0.054), but a
positive correlation was found in the entire study population
(r=0.270, p=0.031) (Fig. 11A). EPO concentrations in the
bone marrow supernatants too correlated with Hb levels in
the CMS patients and in the entire study population
(r=0.397, p=0.020; r=0.460, p<0.001, respectively) (Fig.
11B). Significant correlations were found between the con-
centration gradient of EPO and the Hb levels both in the CMS
patients (r=0.349, p=0.043) and in the entire study popu-
lation (r=0.310, p=0.013) (Fig. 11C).

Since the EPO concentration in the serum and bone marrow
supernatant, the gradient concentration, the percentages of
EPO-positive cells, and the percentages of HIF-2a-positive
cells would present multicollinearity when included in the
same model, stepwise regression analysis was performed. The
independent variables in the multiple regression model that
had significant influence on Hb levels were found to be the
concentration gradient of EPO ($=0.487, p<0.001), which
showed the highest regression coefficient, followed by the
percentage of EPO-positive cells (=0.284, p=0.014). EPO
concentrations in the serum and the bone marrow supernatant
and the percentages of HIF-2o-positive cells had little influ-
ence on Hb levels (f=0.214, p=0.063; f=0.175, p=0.173;
p=0.189, p=0.092, respectively) in this adjusted model.

Discussion

In this study, we identified several important aspects of
how changes in the bone marrow niche occur in patients with

CMS. Patients with CMS show an upregulation of the HIF-2o/
EPO pathway and increase in bone marrow MVD. We hy-
pothesize that the upregulation of these pathways mediates
the pathological changes in CMS likely through induction of
EE and angiogenesis.

CMS is a multifactorial disease caused by maladaptation to
chronic exposure to a high-altitude hypoxic environment.
HIFs play a central role in the regulation of oxygen homeo-
stasis and regulate EPO gene expression, both of which are
essential for adaptive erythropoiesis and angiogenesis.
However, the pattern of mechanisms underlying the changes
in HIF-1o and HIF-2o within the bone marrow (the primary
site of erythropoiesis) remains unknown. To our knowledge,
this is the first study to show a significant upregulation of
HIF-20 levels in the bone marrow niche of CMS patients.

HIF-1o0 and HIF-2o have similar protein structures while
also having distinct target genes and mechanisms of regula-
tion. HIF-1o levels have been identified to be increased in
WBCs of CMS patients (Appenzeller et al., 2006). Re-
searchers have previously proposed genetic variants of HIF-2a
to be associated with Hb levels in Tibetan natives living in
high-altitude areas (Beall et al., 2010; Simonson et al., 2010;
Yi et al., 2010). Oxygen tensions in the bone marrow tissue
are significantly lower than the ambient oxygen tensions in
healthy humans and HIFs are the important regulators that
help maintain hematopoiesis (Carreau et al., 2011). The
hypoxic bone marrow microenvironment would be more
severe in a highlander. Therefore, changes in HIF-1o and
HIF-2u levels in the bone marrow niche might be involved in
the pathogenesis of CMS.

& 2.6+
25 r=0.270
p=0.031
2.4 PO 2.4
a + '4"".!—0 0":‘&:: 3 & ‘&
- — S I
o 2.24 o 229 g
3 ., 3 -
2.0 2.04
1.8 T T T T 1.8 T T T T 1.8 T T T 1
05 12 19 2% 34 24 27 3.0 33 15 20 25 3.0 35
Log(EPO in serum) Log(EPO in supernatant) Log(Gradient of EPO)
FIG. 11. Relationship between (A) EPO concentration in the serum and Hb levels, (B) EPO concentration in the bone

marrow supernatant and Hb levels, and (C) EPO concentration gradient and Hb levels of the 34 patients with CMS (+) and
the 30 control subjects (®).
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We indeed found that the expression of HIF-2a was
higher in the bone marrow niche of CMS patients than in
the controls, while HIF-1a expression was similar between
the two groups. In a previous study, HIF-1o was found to
be the initial responder to hypoxia and its activity was
found to be increased in severe hypoxia (<0.1% O,). On the
other hand, HIF-2a has been known to play a more sus-
tained role during chronic hypoxia and mild or physiolog-
ical hypoxia (<5% O,) (Holmquist-Mengelbier et al., 2006;
Koh et al., 2011). We speculate that HIF-1o in the bone
marrow niche might be initially active in the hypoxic mi-
croenvironment in people living in high-altitude areas.
Furthermore, HIF-1a facilitates O, delivery and cellular
adaptation to hypoxia by stimulating a wide spectrum of
biological processes. Through these processes, the concen-
tration of O, might be maintained at a suitable level so that
HIF-20 would be continuously active and stabilized, which
would improve the MVD and Hb levels to allow the cells to
adapt to hypoxia. In some cases of maladaptation to chronic
high-altitude hypoxia, excessive activation of HIF-2« would
lead to EE and excessive angiogenesis in the bone marrow
niche. It has been suggested that HIF-2« is an important
control factor in patients with CMS.

We found HIF-1o and HIF-2a expression to be signifi-
cantly correlated with one another in the bone marrow in the
CMS patients as well as in the entire study population, yet
only HIF-2« was found to be correlated with Hb levels or
EPO expression. The activity of HIF-2a would follow that of
HIF-1a because of the increased concentration of O, and the
prolonged duration of hypoxia because of which HIF-1« and
HIF-2a levels are significantly correlated with one another
in the bone marrow. Although HIF-1o0 was originally pro-
posed to promote the hypoxic induction of EPO expression
in vitro (Semenza et al., 1992; Haase, 2013), HIF-2o has now
emerged as the main regulator of EPO expression and
erythropoiesis in vivo (Warnecke et al., 2004; Scortegagna
et al., 2005; Kapitsinou et al., 2010). Our data also revealed
that EPO levels in the bone marrow significantly correlated
with HIF-2o levels, but not with HIF-1o levels. Although
HIF-1 and HIF-2 recognize the same consensus target gene
promoters, their role in hypoxic gene induction is apparently
nonredundant and it remains unclear as to how HIF-1 and
HIF-2 determine their respective targets. Our findings sug-
gest that HIF-2o might preferentially be involved in the
regulation of EPO expression within the bone marrow niche
and the subsequent EE associated with CMS.

Vasculogenesis and angiogenesis are also part of the phys-
iological responses to hypoxia, and angiogenesis is medi-
ated mainly by HIF-1a and HIF-2a (Dachs et al.,, 1997,
Blancher et al., 2000). HIF-1o: and HIF-2o perform comple-
mentary functions in pathophysiological angiogenesis (Skuli
et al., 2012). HIF-1«a plays a dominant role during vasculo-
genesis occurring under intense and early hypoxia, while
HIF-2u is a control checkpoint for the later stages of vascular
remodeling and maturation under mild hypoxic conditions
(Adams and Alitalo, 2007; Skuli et al., 2009, 2012). Bone
marrow stromal cells (BMSCs) participate in postnatal angio-
genesis and HIF-2a appears to play a greater role in the regu-
lation of BMSC-induced angiogenic responses than HIF-1o
(Ben-Shoshan et al., 2008). Consistent with these prior reports,
we found that MVD and HIF-2a expression was significantly
higher in the CMS patients than in the controls, while HIF-1«
expression did not differ between the two groups. However, the
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levels of both HIF-1o and HIF-2x correlated with MVD in
the bone marrow tissue. These findings suggest HIF-2a to be
the primary regulator driving increased angiogenesis in the
bone marrow niche of CMS patients. We speculate that al-
though the activation of HIF-2a would be dominant in CMS
because of chronic and continuous exposure to high-altitude
hypoxia, HIF-1« plays a crucial role in the vasculogenesis.
Both HIF-1 and HIF-2 drive overlapping functions, which
might be the reason for the correlation of their expression with
MVD in the bone marrow tissue. Further studies to elucidate
the underlying mechanisms are necessary.

Erythropoiesis is primarily regulated by EPO. Given the
EE in CMS, previous research was focused on the changes in
serum EPO levels (Ledn-Velarde et al., 1991; Mejia et al.,
2005). However, we focused on the bone morrow niche and
attempted to determine the changes in EPO expression in the
bone marrow of patients with CMS. The protein and mRNA
expression levels of EPO were increased in CMS patients.
Although the concentrations of EPO in the serum showed no
difference between the CMS patients and the controls, the
percentage of cells positive for EPO, the EPO concentrations
in the bone marrow, and the EPO concentration gradient of
the CMS patients were significantly higher compared with
the controls. Moreover, in a multiple regression analysis, the
EPO concentration gradient and the percentage of cells
positive for EPO were found to have significant influence on
Hb levels. Hence, we suggested that EPO in the bone marrow
niche was indeed involved in the development of CMS and
that the increased expression of EPO in the bone marrow may
act as an important regulator of EE in CMS through autocrine
or/and paracrine mechanisms.

EPOR is expressed most abundantly in colony-forming
unit erythroid (CFU-E) and forms a homodimer that triggers
phosphorylation upon stimulation. The circulating EPO
concentrations are similar between CMS patients and healthy
people living in high-altitude regions (Ledn-Velarde et al.,
1991). Therefore, we hypothesized that EPOR expression is
increased to promote EPO signal transduction in the bone
marrow of CMS patients. Although we did not find any sig-
nificant difference between EPOR expression in the bone
marrow of the CMS patients and the controls, EPOR forms a
homodimer and triggers phosphorylation upon stimulation.
Whether the increased levels of phosphorylation of EPOR
lead to the increased sensitivity of the EPO signal in CMS is
worth investigating in future studies.

It is well established that regulation of erythropoiesis and
vasculogenesis is an adaption to hypoxia in the healthy body.
Hematopoietic and endothelial cell lineages share common
progenitors and EPO affects the proliferation and differen-
tiation of bone marrow-derived or umbilical cord blood-
derived endothelial progenitor cells, which in turn promote
angiogenesis (Bahlmann et al., 2004; Bennis et al., 2012).
EPO exhibits the same angiogenic effect on endothelial cells
from human adult myocardial tissue as vascular endothelial
growth factor, which is a key mediator of angiogenesis (Ja-
quet et al., 2002). Hypoxia upregulates local EPO expression
in the retina and contributes to intravitreal neovascularization
(Morita et al., 2003; Chen et al., 2009). Building on these
published results, we now show that increased EPO expres-
sion in the bone marrow of CMS patients also correlates with
MVD. Taken together, these findings suggest that EPO in the
bone marrow niche may be involved in the increased an-
giogenesis and contributes to the development of CMS.
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During clinical examinations, we have frequently ob-
served that patients with CMS exhibit an erythemic facial
color with marked congestion of the mucosa and conjunctiva
as a result of the formation of new vessels; however, whether
CMS is associated with changes in bone marrow MVD and
whether these changes correlate with EE in CMS have not
previously been examined. In this study, we show that MVD
in the bone marrow is higher in patients with CMS than in the
controls and the increase in the MVD significantly correlates
with Hb levels. The hematopoietic function of the bone
marrow depends on the support and regulation of the hema-
topoietic microenvironment, of which bone marrow micro-
vessels are a fundamental structure. We speculate that on the
one hand, the increase in MVD might be a partly compen-
satory process to help alleviate hypoxia, but, on the other
hand, excessive angiogenesis might change the normal
morphology and structure of the bone marrow tissue under
chronic hypoxic conditions. Due to this, the original bone
marrow niche might be reconstructed, which might affect its
function, eventually leading to a degree of maladaptation to
hypoxia and the occurrence of CMS.

Conclusions

Our findings indicate that the upregulation of the HIF-2a/
EPO pathway within the bone marrow niche of CMS pa-
tients may regulate EE and angiogenesis. Increased MVD in
the bone marrow of CMS patients appears to be involved in
the pathogenesis of this disease. We further suggest that the
hypoxia-induced angiogenesis might contribute to changes in
the structure and function of the bone marrow, thus resulting
in the development of CMS.
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