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Abstract Mountain sickness (MS) occurs among humans

visiting or inhabiting high altitude environments. We

conducted genetic analyses of seven single nucleotide

polymorphisms (SNPs) in the promoter region of VEGFA

gene for lowland (Han) and highland (Tibetan) Chinese.

The seven SNPs were evaluated in Han and Tibetan

patients with acute (A) and chronic (C) MS. We compared

64 patients with AMS with 64 Han unaffected with MS, as

well as 48 CMS patients with 32 unaffected Tibetans. The

SNPs studied are rs699947, rs34357231, rs79469752,

rs13207351, rs28357093, rs1570360, and rs2010963 which

are found in the promoter ranging from -2,578 to -634 bp

from the transcriptional start site (TSS), respectively.

Direct sequencing was used to identify individual geno-

types for these SNPs. Arterial oxygen saturation of

hemoglobin (SaO2) was found to be significantly

associated with the rs699947, rs34357231, rs13207351,

and rs1570360 SNPs in Han patients with AMS, while the

rs2010963 SNP was found to approach significance in the

AMS study group, but found to be significantly associated

in the normal Tibetan study group. The Han and Tibetan

control groups were found to diverge significantly for the

rs28357093 and rs2010963 SNPs, as measured by genetic

distances of 0.073 and 0.054, respectively. All the SNPs

are found in transcriptional factor binding sites (TFBS),

and their possible role in gene regulation was evaluated

with regard to MS. MS was found to be significantly

associated with these SNPs compared with their Han and

Tibetan control groups, indicating that these nucleotide

substitutions result in TFBS changes which apparently

have a physiological effect on the development of high

altitude sickness.
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Introduction

The vascular endothelial growth factor (VEGF) is a family

of key regulators in critical physiological and pathological

angiogenesis [1] including tissue growth, wound healing,

rheumatoid arthritis, proliferative retinopathies, cardio-

vascular disease, and cancer [2], and is a growth factor

activator for angiogenesis, vasculogenesis, and endothelial

cell growth. In most [3–8] but not all [9] studies, It has

been shown that the VEGF is an important component of

the pathogenesis of high altitude adaptation and sickness.

Presently, 7 VEGF family members and 14 alternative

splicing variants have been identified in humans [10–12].

Of the 14 splicing variants, 12 are VEGFA isoforms [12]
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with 3 (VEGFA-121, -165 and -189) being differentially

expressed in humans visiting or living in high altitude

environments and also in chronic mountain sickness (CMS)

patients [4, 5]. Among all family members, VEGFA is the

most potent and best-known angiogenic protein and exerts

its biologic effect through interaction with cell-surface

receptors, which triggers a cascade of downstream dimer-

izations and phosphorylations [13].

High altitude sickness (HAS) arises from two different

diseases: acute and chronic mountain sickness. Acute

mountain sickness (AMS) is very common in lowlanders

who ascend from sea level to altitudes greater than

2,600 m, and is characterized by headache, lightheaded-

ness, breathlessness, fatigue, insomnia, anorexia, and nau-

sea [14, 15]. Symptoms begin 2–3 h after ascent. The

condition is generally self-limiting where most symptoms

disappear after 2–3 days, although insomnia may persist

[16]. AMS must be treated as an emergency and the illness

will resolve if no further altitude is gained; however, in

some cases, descent to a lower altitude may be necessary in

order to reverse the condition. Chronic mountain sickness

(CMS) is characterized by polycythemia and severe hyp-

oxemia, which is reversible upon descent from high alti-

tudes [17, 18]. Hematologic, neurologic, cardiac, and

respiratory symptoms are manifestations of the disease.

The most common symptoms are bone and muscle pain,

headaches, dizziness, dyspnea, insomnia, tinnitus, mental

fatigue, and a loss of appetite. The severity of the condition

increases with advancing age [19]. CMS is a syndrome

resulting from the loss of human adaptation to high altitude

and can occur in permanent residents residing in this

environment [20, 21].

The precise pathogenesis of AMS and CMS is not well

understood, but hypoxia is likely to be a major factor [22–

26]. This raises the question of why, under the same hyp-

oxic conditions, some individuals are susceptible to AMS

and CMS while others are not. Tibetans may be one of the

oldest high altitude-adapted ethnic groups in the world with

origins from the Neolithic period based on current genetic

data [27–30]. Although AMS and CMS are different dis-

eases and are treated differently, they both arise in humans

at high altitudes. We hypothesize that Han and Tibetans

when contracting these diseases may differ genetically and

physiologically from individuals that do not acquire them.

In order to examine this theory, we recently completed an

investigation of genes from the vascular endothelial growth

factor signaling pathway for AMS and CMS patients [31].

Since VEGFA is a key regulator of hypoxia, we decided to

expand our investigation to include the promoter region of

the gene. Here, we report on seven single nucleotide

polymorphisms (SNPs) in the promoter region of the gene

and their association with transcriptional factor binding

sites (TFBS) among the AMS and CMS patients. In

addition, the associations of these SNPs from the VEGFA

promoter with the clinical data acquired from the Qinghai-

Tibetan Plateau patients provides new insight into the

pathogenesis of AMS and CMS in high altitude

environments.

Materials and methods

Study groups

The Chinese ethnic groups studied were the Han who are

considered upward migrants from low altitudes, and the

Tibetans who are high altitude natives. AMS was studied in

association with the Han while CMS was studied in asso-

ciation with the Tibetans, resulting in two different HAS

groups compared with their respective ethnic controls. All

mountain sickness patients in this study had been hospi-

talized and diagnosed at the Lhasa People Hospital (Tibet,

China, at 3,658 m above sea level) from 2002 to 2008. The

CMS patients and Tibetan controls normally live at

3,600–4,400 m. AMS was diagnosed by using the current

consensus of mountain sickness in Tibet (Diagnosis and

Therapeutics for Mountain Sickness, Xizang Autonomous

Region), which is in agreement with the Lake Louise

scoring system [32]. The Lake Louise consensus on the

definition and quantification of altitude illness [32] was the

Qinghai diagnostic criteria for measuring CMS. We sam-

pled Han AMS patients from the hospital with symptoms

of acute pulmonary edema as diagnosed by a cough

accompanied by pink frothy sputum. Moist or bubbling

rales in the lungs was suggestive of pulmonary oedema,

showing a characteristic shadow on chest X-rays. In addi-

tion to the characteristic symptoms of severe acute moun-

tain response, acute cerebral edema, was diagnosed by

ataxia, disturbance of consciousness or coma, abnormal

plantar reflexes, and papilledema. The AMS Han patients

were newcomers from the low land and acquired the illness

within 2 days after arriving at the higher altitude of Tibet.

We also sampled Tibetan CMS patients as diagnosed by

erythropoiesis, pulmonary hypertension and/or high arterial

blood pressure, right ventricular hypertrophy, or right and

left ventricular hypertrophy. AMS patients had an average

age of 34.9 years, while CMS patients had an average age

of 53.6 years. Patients with other diseases having similar

clinical manifestations were excluded. Healthy Tibetan and

Han people from the Lhasa area were randomly selected to

serve as control subjects. All patients and controls sampled

in the study signed an informed consent approved by the

Human Ethics Committee of the Shanghai Institutes for

Biological Sciences, Chinese Academy of Sciences, and

the study was approved by the appropriate institutional

review board.
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Sampling

Buccal brush samples were collected from 85 Hans with

AMS and 45 Tibetans with CMS during the high occur-

rence period (spring and winter) at the Lhasa People

Hospital. Samples for controls were also collected via

buccal brush from unaffected Han and Tibetan individuals

determined to be in good health upon physical examination

by doctors at the Lhasa People Hospital. The controls

consisted of 79 Han lowlanders who had travelled to the

high altitude of Tibet and 31 Tibetan highlander natives.

The people from both ethnic control groups had lived at the

3,600 m altitude for at least 6 months prior to being

sampled.

Physiological measurements

Heart rate was measured by an electrocardiogram. Blood

pressure was measured by an automatic sphygmomanom-

eter (China Jiangsu Diving Medical Equipment). The

arterial oxygen saturation levels measured on all partici-

pants of the study was conducted with a pulse oximeter

device (Model 9500; Nonin Medical, Plymouth, MN,

USA). All measurements were made at the Lhasa People

Hospital, Tibet (3,658 m altitude).

Genotyping

Genomic DNA was extracted from the buccal brushes using

the PureGene DNA method from Gentra Systems (Minne-

apolis, MN, USA). The DNA yield in this study ranged from

0.5 to 7.6 lg per buccal brush. We found the yield adequate

for all PCR reactions conducted in the study. The Vector NTI

Advance 11 computer program from Invitrogen (Carlsbad,

CA, USA) was used to develop the primers for genotyping

each SNP. The upstream VEGFA promoter SNPs [rs699947

(A/C) and rs34357231/rs35569394 (I/D)] were resolved

using PCR sense primer 50-TCCCTGGAGCGTTTTGGT-30

and anti-sense primer 50-TAAGTGCTCCCAAAGGCC-30.
The midstream VEGFA promoter SNPs [rs79469752 (C/T),

rs13207351 (A/G), rs28357093 (A/C), and rs1570360 (A/

G)] were resolved using PCR sense primer 50-TCTGGA

CAGAGTTTCCGG-30 and anti-sense primer 50-GCTAC

CAGCCGACTTTTA-30. The downstream VEGFA pro-

moter SNP [rs2010963 (C/G)] was resolved using PCR sense

primer 50- AGAAGTCGAGGAAGAGAGA-30 and anti-

sense primer 50- CGGTGTCTGTCTGTCTGT-30. The DNA

sequencing reaction mixtures were run on an ABI Veriti

thermal cycler system at standard conditions and the PCR

fragments were detected on 1 % TBE agarose gels. All

genotyping was conducted using PCR of genomic DNA and

Sanger bi-directional DNA sequencing with a Big Dye�

sequencing kit (Applied Biosystems). Direct sequencing was

performed for all samples on an automated sequencer ABI

Prisms� 3130 Genetic Analyzer (Applied Biosystems).

Electropherograms were compared with the VEGFA (NCBI

RefSeq NM_001171626), wild-type sequences. The Muta-

tion Surveyor DNA variant analysis software from SoftGe-

netics (State College, PA, USA) was used to confirm

sequencing genotypes.

Statistical analysis

TIBCO� Spotfire� v.3.0 statistical software (2012) was

used to analyze the clinical data (Table 1) and their asso-

ciation with the VEGFA SNP genotypes (Table 2). Data

was evaluated with the analyses of variance within groups

and single factor analysis of variance across groups. The

criterion for significance was p \ 0.05 for all comparisons.

Population genetic data analysis was conducted using

Arlequin (v.2) software [33]. In our report, we list the allele,

genotype frequencies, and the p values from testing Hardy–

Weinberg equilibrium (HWE) among the polymorphisms in

each study group as well as compute the genetic distances

Table 1 Gender, average ages and the physiological parameters:

arterial oxygen saturation of hemoglobin (SaO2), heart rate (HR),

systolic arterial blood pressure (BPs) and diastolic arterial blood

pressure (BPd) with standard errors for the AMS Han patients, CMS

Tibetans patients, and the corresponding control subjects

Study group Ethnic group n Gender Age average SaO2 (%) BPs (mmHg) BPd (mmHg) HR (bpm)

AMS Han 78 Males 34.2 ± 0.8 64.4 ± 0.9* 116.8 ± 1.4 77.9 ± 1.8 105.1 ± 1.5*

20 Females 37.0 ± 2.4 53.0 ± 1.8* 108.8 ± 2.8 73.6 ± 2.5 99.1 ± 4.1*

Control Han 38 Males 36.1 ± 2.4 90.2 ± 0.4 114.0 ± 3.6 76.0 ± 1.8 81.0 ± 2.9

22 Females 28.0 ± 1.8 91.0 ± 0.5 110.0 ± 3.6 68.0 ± 1.4 79.0 ± 1.6

CMS Tibetan 37 Males 52.1 ± 1.9 82.0 ± 0.9* 136.5 ± 3.3* 96.1 ± 3.1* 86.3 ± 1.9*

13 Females 58.1 ± 3.1 80.8 ± 1.1* 148.0 ± 5.3* 112.0 ± 2.9* 91.8 ± 4.3*

Control Tibetan 17 Males 29.5 ± 1.7 92.8 ± 0.6 115.0 ± 2.8 78.0 ± 2.4 72.1 ± 2.5

19 Females 30.5 ± 1.4 91.3 ± 0.5 113.0 ± 2.7 76.2 ± 2.5 82.3 ± 1.7

n number of patients or subjects sampled

* p \ 0.05 vs. ethnic control
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between the patient and control groups (Table 2). Genetic

distances were used to measure the divergence between

study groups. The genetic distance can range between 0 and

1, where 1 is complete divergence and 0 indicates that two

study groups are genetically identical [34]. Smaller genetic

distances indicate a close genetic relationship, whereas lar-

ger genetic distances indicate a more distant genetic rela-

tionship. Fstat is used in association with genetic distance to

express the proportion of genetic diversity due to allele fre-

quency differences among study groups [35]. We also

computed the odds ratio (OR), confidence intervals, Chi-

square and p values between the mountain illness and control

study groups for alleles of polymorphic loci (Table 3) as a

second method of statistically analyzing the genetic data

because of the small sample size in this study. Haplotype

estimates [36] and linkage disequilibrium (LD) [36, 37] were

computed among the VEGFA SNPs for each of the four study

groups (Fig. 1).

Bonferroni’s correction was used for the physiological

parameters, HWE, Fstat, and OR tests which assumes that a

0.05 significance level obtained for the 8 physiological

parameters, 28 HWE, 21 Fstat, and 13 OR tests yields an

actual significance threshold of 0.0063, 0.0018, 0.0023, and

0.0038, respectively [38].

Table 3 Odds ratio (OR), standard error (SE) of the OR, 95 % confidence interval (CI), Chi square and p values for seven VEGFA SNPs in

comparison of alleles from the AMS and CMS study groups with their Han (H) and Tibetan (T) control study groups, respectively

SNP Study group 2n Alleles ORa SE 95 % CI Chi square p value

A C

rs699947 (-)2578 AMS (H) 126 29 97 0.803 0.296 0.432–1.494 0.35 0.554

Normal (H) 118 32 86

CMS (T) 96 20 76 1.268 0.416 0.524–3.102 0.135 0.713

Normal (T) 64 11 53

I D

rs34357231 rs35569394 (-)2550–2549ins 18 bp I/D AMS (H) 128 30 98 0.788 0.293 0.427–1.455 0.445 0.505

Normal (H) 118 33 85

CMS (T) 96 20 76 1.268 0.416 0.524–3.102 0.135 0.713

Normal (T) 64 11 53

rs79469752 (-)1203 AMS (H) 104 96 8 0.842 0.628 0.275–2.580 0.005 0.944

Normal (H) 118 110 8

CMS (T) 70 63 7 0.509 0.715 0.099–2.342 0.392 0.531

Normal (T) 56 53 3

A G

rs13207351 (-)1190 AMS (H) 96 30 66 0.921 0.298 0.493–1.722 0.016 0.9

Normal (H) 112 37 75

CMS (T) 80 20 60 0.733 0.325 0.309–1.745 0.317 0.573

Normal (T) 48 15 33

A C

rs28357093 (-)1179 AMS (H) 106 89 17 0.648 0.396 0.279–1.499 0.819 0.366

Normal (H) 118 105 13

CMS (T) 92 82 10

Normal (T) 58 58

A G

rs1570360 (-)1154 AMS (H) 92 18 74 0.973 0.355 0.459–2.060 0 1

Normal (H) 110 22 88

CMS (T) 88 11 77 1.4 0.569 0.415-4.962 0.102 0.749

Normal (T) 54 5 49

C G

rs2010963 (-)634 AMS (H) 122 53 69 1.238 0.258 0.724–2.119 0.492 0.483

Normal (H) 128 49 79

CMS (T) 94 49 45 0.833 0.332 0.412–1.681 0.148 0.7

Normal (T) 60 34 26

a Odds ratio between alleles of mountain illness and control populations
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Transcriptional factor binding sites

The JASPAR CORE database [39, 40] and ConSite [41] were

used to identify transcriptional factor binding sites (TFBS)

associated with the seven SNPS in the VEGFA promoter.

JASPAR is a collection of transcription factor DNA-binding

preferences used for scanning genomic sequences where

ConSite is a web-based tool for finding cis-regulatory elements

in genomic sequences. The SNP locations within TFBS for

haplotypes found in each study group are listed in the Sup-

plementary material. The Vector NTI Advance 11 computer

program was used to locate the TFBS in the VEGFA promoter.

Results

Physiological study

The gender, average age and physiological parameters for

the mountain sickness (AMS and CMS) and normal control

study groups are listed in Table 1. The arterial oxygen sat-

uration levels (SaO2) were significantly lower in both the

AMS and CMS study groups while the heart rate (HR) was

significantly higher in both mountain sickness groups com-

pared to their ethnic controls. Blood pressure (BPs/d) was

found to be significantly higher in only the CMS Tibetan

group. It should be noted that the average age of the CMS

patients was 53.6 compared to 30.1 for the Tibetan control

group; however, this would not be expected to change the

outcome of this study because there is little difference in the

SNP allele frequencies between the two groups as measured

by their genetic distances (Table 2), with the exception of the

rs28357093 SNP as discussed below. The measured physi-

ological values of the control study groups fall within the

normal ranges of residents at the Lhasa region.

Genetic study

We examined the association of SNPs from the VEGFA

promoter with the AMS, CMS, and normal Han and

Fig. 1 Different patterns of linkage disequilibrium among seven

VEGFA promoter SNPs in the four study groups: a control Han

Chinese, b AMS patients, c control Tibetan Chinese, and d CMS

patients. The degree of genetic linkage between the seven SNPs is

estimated as r2 values where dark red color (r2 = 1) in the linkage

disequilibrium pattern means that there exists strong pairwise linkage

disequilibrium between adjacent SNPs and no color means that LD is

weak or non-existent (r2 [ 0). The SNPs are labeled by their nucleotide

distance in base pairs from the transcription start site (TSS). The tagged

(blue color) VEGFA-2578 SNP (rs699947) is furthest from the TSS
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Tibetan study groups (Tables 2, 3). These polymorphisms

were found to be in Hardy–Weinberg equilibrium (HWE)

for all Chinese study groups (Table 2). During further

examination of the genetic data, we found the VEGFA-A

allele for the rs28357093 SNP (A/C) to be fixed in the

Tibetan control resulting in a significant divergence

between the CMS and Tibetan control study groups as

measured by Fstat statistics on the genetic distance (0.078;

Table 2). This also resulted in a divergence for the SNP

between the Han and Tibetan control groups as measured

by Fstat statistics on the genetic distance (0.073; Table 2).

There were no VEGFA-AA genotypes observed for the

rs1570360 SNP (A/G) among all four study groups

(Table 2). A divergence was also found for the rs2010963

SNP between the Han and Tibetan control groups as

measured by Fstat statistics on the genetic distance (0.054;

Table 2). Odds ratio testing of the seven SNPs between the

high altitude sickness groups and their respective control

revealed no significant difference between the sick and

healthy groups (Table 3). After applying the Bonferroni

corrections to the Fstat and OR statistical tests, we found no

changes in the above significance levels.

Linkage disequilibrium (LD) values were computed

between the seven VEGFA SNPs for each study group

(Fig. 1). Strong LD was found between the VEGFA SNPs

at -2,578 bp (A/C) and -2,549 bp (I/D) due to their close

proximity within 29 bp of each other. The 18 bp (I/D) of

the rs34357231/rs35569394 SNPs create a strong linkage

block for all the study groups (Table 2; Fig. 1). This LD

extends to the midstream SNPs located at -1,190 and

-1,154 bp which is about the same between the AMS and

Han control study groups but appears much stronger in the

CMS study group compared to its Tibetan control group

(Table 2; Fig. 1). The LD between SNPs (rs13207351 and

rs1570360) at -1,190 and -1,154 bp, respectively and

between SNPs (rs79469752 and rs28357093) at -1,203

and -1,179 bp, respectively, among the study groups has

previously been reported [42].

VEGFA promoter SNPs and haplotypes

The rs34357231/rs35569394 SNPs are created by an 18-bp

insertion/deletion (I/D) polymorphism located in the pro-

moter at -2,549 bp from the TSS [43]. This polymorphism

probably causes most of the above LD. The difference

between the two SNPs depends on where the deletion

comes out of the promoter sequence. Sixteen base pairs of

the deletion are the same for both SNPs. The additional two

G bp are added at the 30 end of the 16-bp sequence which is

allele D of the rs34357231 SNP while the two G bp are

added at the 50 end of the 16-bp sequence which is allele D0

of the rs35569394 SNP (Fig. 2). There were only four D0

alleles observed in the entire study and those were pooled

with the rs34357231 D alleles of the respective study

group. Two D0 alleles were found in the CMS group and

two were found in the Tibetan control group.

Haplotypes and frequencies for the seven SNPs and

allelic associations with TFBS for the four study groups are

found in the Supplementary material. The TFBS presented

in bold are associated only with that given allele for each

SNP while the TFBS with regular type are found associated

with both alleles of the SNP. As an example, the TFBS

(HIF1a:ARNT) of the hypoxia inducible factor-1a and aryl

hydrocarbon receptor nuclear translocator TFs contains the

VEGFA-C allele but not the VEGFA-A allele of the

rs699947 SNP. The HIF1a and ARNT TFs play an

essential role in cellular and systemic responses to hypoxia.

The HIF1a:ARNT binding site in the promoter is the only

NM_00117626  (I)

rs34357231  (D)

rs35569394  (D’)

Fig. 2 VEGFA SNPs (rs34357231 and rs35569395) alleles (I, D, and

D0) identified within the electropherograms from the direct DNA

sequencing data. The reference sequence NM_00117626 contains the

18-bp inserted (I) allele while the rs34357231 SNP illustrates a D

allele and the rs35569395 SNP illustrates a D0 allele each having an

18-bp deletion. The difference between the two deletion alleles results

from whether the deleted sequence contains two G nucleotides on the

30 sequence (rs34357231) or on the 50 sequence (rs35569394)
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one found in the VEGFA gene when surveyed with the

Vector NTI Advance 11 computer program.

The first haplotype containing the rs699947 VEGFA-C

allele and the HIF1a:ARNT TFBS is the most common

haplotype among all study groups and more frequent in the

Tibetan than in the Han study groups (Supplementary

material). In fact, haplotypes 1 and 2 are found over 50 %

of the time in Tibetans and over 45 % of the time in Han

Chinese, while the third haplotype is found less than 20 %

of the cases in the four study groups. All seven SNPs are

associated with TFBS specific for a given allele. The total

number of haplotypes found in the study groups were 10

(NH), 16 (AMS), 11 (NT), and 10 (CMS).

Clinical and genetic associations

The VEGFA SNPs were analyzed for associations with age,

red blood cell count, hematocrit, hemoglobin, oxygen sat-

uration level of hemoglobin (SaO2), heart rate and blood

pressure among the mountain sickness groups and their

respective controls. A significant association (Fstat = 3.47,

p \ 0.05) was found between the physiological parameter

SaO2 and the rs699947 and rs34357231 SNPs while a

nearly significant association (Fstat = 2.99, p \ 0.07) was

observed for the rs2010963 SNP from the promoter region

of AMS patients (Fig. 3). A significant association

(Fstat = 6.18, p \ 0.01) was also found between SaO2 and

the rs2010963 SNP within the normal Tibetan study group

(Fig. 4) but not the Tibetan CMS patientsn which probably

results from the age differential between the two Tibetan

study groups (Table 1), suggesting that younger Tibetans

maybe more influenced by SaO2 than older individuals. If

the younger Tibetan population having this SNP variation

in the regulatory region of the VEGFA gene is influenced

by SaO2 during the aging process then the outcome may

lead to CMS later in life [44, 45]. We have previously

reported that other VEGFA promoter SNPs have been

associated with SaO2 and HR among AMS patients while a

similar association was found between the red blood cells

(RBCs) parameter and the rs1570360 SNP among CMS

patients [31]. No other associations were found between

the SNPs and physiological parameters; however, two

SNPs (rs699947 and rs34357231) were found to approach a

significant correlation with SaO2 (Fstat = 2.38, p \ 0.11)

for the CMS study group.

Discussion

It has been shown that VEGFA promoter SNPs rs699947

(A/C), rs1570360 (A/G) and rs2010963 (C/G) have been

associated with amyotrophic lateral sclerosis (ALS) [46]

A

B

0

10

20

30

40

50

60

70

80

AA, II AC, ID CC, DD

S
aO

2
(%

)

Genotypes (Fstat=3.47, p<0.05)

VEGFA
(rs699947, rs34357231)

0

10

20

30

40

50

60

70

80

CC CG GG

S
aO

2
(%

)

Genotypes (Fstat=2.99, p<0.07)

VEGFA
(rs2010963)

Fig. 3 VEGFA genotypes for SNPs a rs699947, rs34357231 and

b rs2010963 and their significant association with arterial oxygen

saturation of hemoglobin (SaO2) in acute mountain sickness (AMS)

patients. The number of AMS patients with the VEGFA SNP

genotypes is found in Table 2. The SaO2 data are expressed as the

mean ± SEM
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Fig. 4 VEGFA SNP (rs2010963) genotypes and their significant

association with arterial oxygen saturation of hemoglobin (SaO2) for

the normal Tibetan study group. The number of normal Tibetan

individuals with the VEGFA SNP genotypes is found in Table 2. The

SaO2 data are expressed as the mean ± SEM
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where Swedish, Belgium and English individuals with the

haplotypes AAG and AGG, respectively, have a signifi-

cantly greater risk of ALS. These haplotypes lowered cir-

culating VEGFA levels in vivo and reduced gene

transcription relative to the CGC haplotype in both norm-

oxic and hypoxic conditions. In a human myoblasts study,

the same three SNPs were also found to impact VEGFA

gene expression, and maximal oxygen consumption [47].

These SNPs have also been found to be associated with

VEGFA protein expression in MCF7 breast cancer cells

[48]. In this report, we analyzed seven VEGFA promoter

SNPs including the three mentioned in the above investi-

gations in relation to high altitude sickness in Chinese

patients. We also identified the VEGFA TFBS in the pro-

moter region which are affected by each of the seven SNPs

(Supplementary material). From the Supplementary mate-

rial, it can be seen that all seven SNPs alter the TFBS in the

promoter of VEGFA. The seven SNPs control which TFs

bind the promoter region of VEGFA and regulate the gene.

Using the TFBS HIF1a:ARNT example as mentioned in

‘‘Results’’, the rs699947 SNP VEGFA-C allele provides a

binding location for the HIF1a:ARNT protein dimer to

attach the promoter of VEGFA and regulate the gene,

where the VEGFA-A allele eliminates this binding site. In

high altitude environments like Tibet, the oxygen levels are

greatly reduced, which results in hypoxia conditions for

individuals inhabiting or visiting such environments.

Hypoxia leads to an increase in HIF activity that induces

the expression of genes which mediates the adaptive

responses through glycolytic enzymes, hemeoxygenase,

vascular endothelial growth factor, and erythropoietin [49].

Since the HIF1a:ARNT binding site is under the control of

the rs699947 SNP and is the only HIF1a:ARNT site in the

VEGFA gene (see ‘‘Results’’), the presence or absence of

this binding site should have a tremendous impact on

individuals inhabiting or visiting high altitude environ-

ments. However, instead of using the HIF-1a:ARNT TF, a

switch could occur to the hypoxia-inducible factor-1a
(HIF-1a) TF and its hypoxia-responsive elements (HRE,

ACGTC, GCGTG or TACGTGGG [50]) that are also

located in the promoter and are unaffected by known SNPs.

Chinese HAS patients with either AMS or CMS display

a significant decrease in SaO2 (Table 1). An examination

of the allele frequency data for the seven VEGFA SNPs

revealed little difference between the HAS patients and

their respective controls (Tables 2, 3) with the exception of

the rs28357093 SNP (A/C), where the VEGFA-A allele is

fixed in the Tibetan control resulting in a significant

divergence between the CMS and Tibetan control study

groups as measured by Fstat statistics on the genetic dis-

tance (0.078; Table 2) as previously reported [42]. Also, a

significant divergence in VEGFA SNPs (rs28357093 and

rs2010963) allele frequencies as measured by Fstat statistics

(p \ 0.05) on the genetic distance (0.073 and 0.054,

respectively) was observed between the Han and Tibetan

control groups, respectively (Table 2). The seven SNPs

were found to be in HWE for all study groups (Table 2);

however, a visual examination of the table reveals that

there are a very low number of homozygous individuals

consisting of the allele with the minor frequency for these

SNPs. We believe that this results from tight linkage

associations between SNPs groups throughout the promoter

region as indicated by the heavy LD between the SNPs

(Fig. 1). In a previous study, we found the VEGFA SNPs

rs13207351 and rs1570360 to be in LD as were the

rs28357093 and rs79469752 SNPs among all four study

groups [42]. In this study, we found the SNPs rs699947 and

rs34357231 to be in heavy LD (r2 = 1) and also in LD with

rs13207351 and rs1570360 (Fig. 1), which consists of a

four SNP haplotype group. The heavy LD is no doubt due

to the 18-bp I/D polymorphism of rs34357231 (Fig. 2),

which creates a linkage block with little chance of

recombination between closely linked SNPs. The 18-bp

inserted sequence contains the AGGCCT palindrome at the

50 end of the deleted sequence which creates two TFBS

(CREB1 and NFIC) whose TFs are known to bind palin-

dromes (cf. Supplementary material). The rs28357093 and

rs79469752 SNPs appear to be part of a second linkage

group intervening between the SNPs of the first linkage

group (Fig. 1). The two linkage groups may be regulated

by the chromatin insulator-binding factor (CTCF) which

has a binding site (TCACTAGGGGGCGC) at -1,617 bp

from the TSS [51] and falls within the domain of the two

linkage groups. CTCF is a highly conserved zinc finger TF

implicated in diverse genomic regulatory functions,

including transcriptional activation/repression, insulation,

and imprinting [52], which restricts upstream enhancers

from activating VEGFA and thereby restraining angio-

genesis [51]. The CTCF protein has been shown to be

involved with chromatin loop formation and co-associates

with the zinc finger domains [52], such as the Zfx TFBS

found to be associated with four of the seven SNPs in the

promoter of VEGFA (cf. Supplementary material).

The seven VEGFA promoter SNPs were examined in

relation to the clinical physiological parameters of HAS

[31, 53, 54] and their respective control groups. The results

of four of these SNPs (rs79469752, rs13207351,

rs28357093, rs1570360) have previously been reported

[31]. The remaining three SNPs were found to have a

significant association with SaO2 (Figs. 3, 4). The tightly

linked SNPs (rs699947 and rs34357231) which segregate

as a single linkage group displayed a significant

(Fstat = 3.47, p \ 0.05) association with SaO2 (Fig. 3a)

and the rs2010963 SNP approaches a significant

(Fstat = 2.99, p \ 0.07) association with SaO2 (Fig. 3b) in

the AMS study group. The Tibetan control group also
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displayed a significant (Fstat = 6.18, p \ 0.01) association

with SaO2 (Fig. 4), indicating that these VEGFA promoter

SNPs appear to be important indicators for people inhab-

iting or visiting high altitude environments in that certain

genotypes are preferentially favored under low oxygen

conditions.

The rs699947, rs1570360, and rs2010963 VEGFA SNPs

have been studied the most [46–48] in relation to gene

regulation where the CGC or CGG haplotypes of these

SNPs have strong associations with oxygen consumption.

In the present HAS study, these haplotypes have the

highest occurrence among all study groups (Supplementary

material). These SNPs and the rs1327351 SNP [31] have

been significantly associated with SaO2 in HAS patients

indicating a strong association with hypoxia. We believe

that the presence of the rs699947 VEGFA-C allele which

provides a HIF1a:ARNT binding site plays an important

role in an individual’s ability to respond to hypoxia, while

the VEGFA-A allele which eliminates this TFBS is detri-

mental to the individual’s ability to respond to hypoxia.

Although there is little difference in the SNP allele fre-

quencies between the control groups and the HAS groups

(Tables 2, 3), the genetic difference lies in the linkage

disequilibrium (LD) between these SNPs for the control

and HAS groups (Fig. 1), where there are changes in LD

levels between the control and HAS groups, especially for

CMS. This disequilibrium reflects unfavorable haplotype

combinations that are expressed in HAS groups compared

to their controls and are emphasized in the Supplementary

material table along with transcriptional factor binding site

(TFBS) changes.
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