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Objective: To date, a major class of kinases, serine–threonine kinase, has been scantly inves-

tigated in stress-induced rare, fatal (if not treated early), and morbid disorder, high altitude 

pulmonary edema (HAPE). This study examined three major serine–threonine kinases, ROCK2, 

MYLK, and JNK1, along with six other genes, tyrosine hydroxylase, G-protein subunits GNA11 

and GNB3, and alpha1 adrenergic receptor isoforms 1A, 1B, and 1D as candidate gene markers 

of HAPE and adaptation.

Methods: For this, 57 variants across these nine genes were genotyped in HAPE patients 

(n=225), HAPE controls (n=210), and highlanders (n=259) by Sequenom MS (TOF)-based 

MassARRAY® platform using iPLEX™ Gold technology. In addition, to study the gene expres-

sion, quantitative real-time polymerase chain reaction was performed in human peripheral blood 

mononuclear cells of the three study groups.

Results: A significant association was observed for C allele (ROCK2 single-nucleotide poly-

morphism, rs10929728) with HAPE (P=0.03) and C, T, and A alleles (MYLK single-nucleotide 

polymorphisms, rs11717814, rs40305, and rs820336) with both HAPE and adaptation (P=0.001, 

P=0.006, and P=0.02, respectively). ROCK2 88 kb GGGTTGGT haplotype was associated 

with lower risk of HAPE (P=0.0009). MYLK 7 kb haplotype CTA, composed of variant alleles, 

was associated with higher risk of HAPE (P=0.0006) and lower association with adaptation 

(P=1E–06), whereas haplotype GCG, composed of wild-type alleles, was associated with lower 

risk of HAPE (P=0.001) and higher association with adaptation (P=1E–06). Haplotype–haplotype 

and gene–gene interactions demonstrated a correlation in working of ROCK2 and MYLK.

Conclusion: The data suggest the association of ROCK2 with HAPE and MYLK with HAPE 

and adaptation in Indian population. The outcome has provided new insights into the physiol-

ogy of HAPE and adaptation.
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Introduction
High altitude pulmonary edema (HAPE) is a disorder experienced by unacclimatized 

sojourners under hypobaric hypoxic condition of high altitude (HA), ie, .2,500 m. 

HAPE is a noncardiogenic form of pulmonary edema that is characterized by smooth 

muscle proliferation and exaggerated hypoxic pulmonary vasoconstriction, leading to 

an abnormal buildup of fluid in the lungs and vascular leakage through overperfusion, 

stress failure, or both.1–3 The disease is associated with significant morbidity. Several 

pathways, such as oxygen-sensing, vascular homeostasis, and sympathetic nervous sys-

tem (SNS), and the associated molecules, such as nitric oxide, endothelin-1, superoxide 
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dismutase, and serotonin, are reported to be involved in the 

pathophysiology of HAPE.1–6 However, the primary signaling 

entities, such as kinases, have not been studied in detail except 

tyrosine kinase.7–10 The present study thus focuses on the role 

of three major serine–threonine kinases, ie, rho-associated 

coiled-coil kinase isoform 2 (ROCK2), myosin light chain 

kinase (MYLK), and c-jun N-terminal kinase 1 (JNK1), in 

the signaling of SNS via alpha1 adrenergic receptor under 

stress (hypobaric hypoxia) conditions of HA.

Stress-activated SNS releases catecholamines (epineph-

rine, norepinephrine, and dopamine) through the enzyme 

tyrosine hydroxylase (TH). Catecholamines activate 

G
q/11

-coupled alpha1-adrenergic receptors on the smooth 

muscle cells, thereby activating a membrane-bound enzyme 

phospholipase-C (PLC) that leads to an increase in intrac-

ellular Ca2+ concentration through endoplasmic reticulum 

(Figure 1). Three isoforms of alpha1-adrenergic receptors 

are known, alpha 1A, alpha 1B, and alpha 1D. Increased 

calcium ion concentration activates MYLK, which, in 

turn, phosphorylates myosin light chain at serine residue 

19 inducing the formation of actin–myosin cross-bridge 

formation, thus causing exaggerated vasoconstriction.11,12 

Likewise, stress-activated ROCK2 works in conjunction 

with MYLK to cause exaggerated vasoconstriction by 

directly phosphorylating myosin light chains and inhibiting 

an enzyme called myosin light chain phosphatase (MLCP) 

that acts in reverse direction to MYLK. ROCK2 also attenu-

ates the synthesis of critical vasodilatory molecule nitric 

oxide that is involved in the pathophysiology of HAPE 

(Figure 1).13–17 Under these conditions, JNK1 decreases 

the voltage-gated potassium channel activity, leading to 

a depolarization wave across the membrane that in effect 

increases the intracellular Ca2+ concentration and smooth 

muscle cell proliferation (Figure 1).10,17–23
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Figure 1 Pathway specifying the role of the constituent genes and biomarkers in the progression of hAPe.
Note: Genes (i–ix) selected for the study.
Abbreviations: Ca2+, calcium ions; DAG, diacyl glycerol; er, endoplasmic reticulum; hAPe, high altitude pulmonary edema; iP3, inositol trisphosphate; nO, nitric oxide; 
PiP2, phosphatidylinositol 4,5-bisphosphate; PlC, phospholipase-C; UV, ultraviolet.
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From the earlier description, it is evident that the three 

kinases are involved in the hallmark processes, ie, smooth 

muscle cell proliferation and exaggerated vasoconstriction, 

which are associated with HAPE. Hence, it becomes per-

tinent to study these molecules in association with HAPE 

and adaptation. But biology is complex, and to understand a 

pathway in totality, many molecules need to be studied; hence, 

apart from the three kinases, six other molecules associated 

with the concern signaling pathway were also studied, namely, 

1) TH (tyrosine hydroxylase), G-protein subunits attached to 

the alpha1 receptor; 2) GNA11 (guanine nucleotide-binding 

protein [G protein], alpha 11 [Gq class]); 3) GNB3 (guanine 

nucleotide-binding protein [G protein], beta polypeptide 3); 

alpha1-adrenergic receptor isoforms 4) ADRA1A (adreno-

ceptor alpha 1A), 5) ADRA1B (adrenoceptor alpha 1B), and 

6) ADRA1D (adrenoceptor alpha 1D).

Since there is a genetic basis to HAPE in sojourners, only a 

small portion of the lowland population acquires this disorder 

while the majority remains healthy on ascent to HA, and in 

contrast, highlanders (HLs), the permanent residents of HA, 

remain well adapted to HAPE.24,25 Hence, the present study 

was aimed to determine the genetic features associated with 

HAPE patients when compared with controls (lowlanders) 

and natives (HLs). In this regard, 57 variants across the nine 

genes, namely, ROCK2, MYLK, JNK1, TH, GNA11, GNB3, 

ADRA1A, ADRA1B, and ADRA1D, were studied in order to 

investigate the pathway in totality. In addition, the transcript 

level expression of these genes was also measured in human 

peripheral blood mononuclear cells.

Materials and methods
ethics statement
The study protocol was approved by the human ethical 

committees of both the CSIR Institute of Genomics and 

Integrative Biology, Delhi, and the Sonam Norboo Memo-

rial Hospital, Leh, Ladakh. Informed written consent was 

obtained from each subject for participation in the study.

study groups
All the subjects were recruited by Sonam Norboo Memo-

rial Hospital, Leh, Ladakh. The study comprises three 

well-defined groups: 1) HAPE patients (HAPE-p; n=225): 

sojourners who acquired HAPE upon ascent to HA 

(∼3,500 m) on first exposure; 2) HAPE controls (HAPE-c; 

n=210): sojourners who did not acquire HAPE upon ascent 

to HA (∼3,500 m) under similar conditions as experienced 

by HAPE-p; and 3) HLs (n=259): healthy natives of the HA 

region, residing for generations at an HA.

subject selection criteria
1) A detailed medical examination was performed, and the 

clinical findings that are mandatory for HAPE were recorded 

in an exhaustive questionnaire that was administered to the 

participants. The diagnosis of HAPE was based on chest 

radiographic infiltrates being consistent with pulmonary 

edema. The other clinical symptoms included hypoxemia, 

cough and dyspnea at rest, breathlessness, the presence of 

pulmonary rales, the absence of any infection, reduced exer-

cise performance, and cyanosis. The clinical parameters, eg, 

age, sex, body mass index (BMI), blood pressure (BP), and 

arterial oxygen saturation (SaO
2
), were also measured. The 

subjects rested prior to BP measurement. Three measure-

ments of BP in supine position using a calibrated mercury 

sphygmomanometer with the appropriate adult cuff size 

were recorded. The SaO
2
 was measured using Finger-Pulse 

Oximeter 503 (Criticare Systems Inc., Waukesha, WI, USA). 

Lake Louise scoring was applied to rule out any symptoms 

of acute mountain sickness among HAPE-c. 2) HAPE-p and 

HAPE-c were ethnically matched. 3) Both the HAPE-c and 

HLs were declared healthy and fit, devoid of any disorder. 

4) All of the study subjects are permanent residents of India. 

5) None of the participants that were included in the study 

had any kind of disorder, including diabetes, renal disease, 

hypertension, or cardiopulmonary or coronary disorders, 

which could have affected the study. 6) Only subjects within 

15–50 years of age were recruited for the study.

sample collection
Ten milliliters of venous blood was drawn in acid– 

citrate–dextrose anticoagulant tubes (∼3,500 m). The plasma 

was collected after centrifuging the tubes at 1,500 rpm for 

5 minutes and was stored at -80°C until analysis. The remain-

ing blood was stored at -20°C to isolate the DNA. The RNA 

was isolated from the peripheral blood leukocytes from 2 mL 

of venous blood that was kept in tubes containing TRI Reagent® 

RT blood (RB 211; Molecular Research Centre, Cincinnati, 

OH, USA). Patient’s blood was collected once HAPE was diag-

nosed but prior to the beginning of any treatment. Blood sam-

ples from the subjects of the two healthy groups, ie, HAPE-c  

and HLs, were drawn following overnight fasting.

Genotyping
The DNA was isolated from the peripheral blood leukocytes 

using a modification of the salting-out procedure.26 A total 

of 57 polymorphisms across nine genes, namely, ROCK2, 

MYLK, JNK1, TH, GNA11, GNB3, ADRA1A, ADRA1B, and 

ADRA1D, were selected by utilizing the ENSEMBL and 
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HapMap databases along with related published literature 

for genotyping. These polymorphisms were genotyped by the 

Sequenom MS (TOF)-based MassARRAY® platform using 

iPLEX™ Gold technology in the three study groups, com-

prising 225 HAPE-p, 210 HAPE-c, and 259 HLs. The assay 

was designed using proprietary Sequenom software (San 

Diego, CA, USA), SpectroDESIGNER. The DNA was quan-

tified by absorbance measurement at 260 nm on a multimode 

microplate reader (Infinite® 200, TECAN, Switzerland). An 

absorbance ratio of 1.8 taken at 260 nm and 280 nm was taken 

as an indicator of DNA purity. Table S1 details the primers 

that were used for genotyping.

Quantitative real-time polymerase  
chain reaction
The gene expression analysis was performed on a total 

of 45 samples, comprising ten HAPE-p, 18 HAPE-c, and 

17 HLs. The total RNA was extracted from 2 mL of whole 

blood using TRI Reagent® RT blood (RB 211; Molecular 

Research Centre) according to the manufacturer’s protocol. 

The quantity and quality of the RNA were determined on 

a NanoDrop ND-1000 spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA, USA), and the integrity was 

checked on a 1% agarose gel. One microgram of total RNA 

was used to generate complementary DNA (cDNA) using 

the EZ first-strand cDNA synthesis sample kit for real-time 

polymerase chain reaction (RT-PCR) (Biological Industries, 

Israel). The primers for quantitative RT-PCR (qRT-PCR) 

were designed for ROCK2, MYLK, JNK1, and RN18S1  

(18S rRNA; housekeeping gene) using the Perl Primer 

software. The DNA and cDNA sequences were extracted 

from the ENSEMBL database. qRT-PCR was performed 

in a 384-well format on LightCycler® 480 Instrument 

(Hoffman-La Roche Ltd, Basel, Switzerland) using a MESA 

GREEN qPCR Master Mix Plus for SYBR® Assay No ROX 

(RT-SY2X-03+NRWOU, EUROGENTEC, USA) according 

to the manufacturer’s protocol. qRT-PCR was performed 

in duplicate and was repeated three times for each gene 

and each sample. To account for the false positives, a no 

template control was kept in all the plates in duplicate. 

The relative transcript expression was calculated using 

the ∆∆Ct method,27 with RN18S1 as the endogenous refer-

ence gene. Primer sequences and cycling conditions are 

mentioned in Table S2.

statistical analysis
Adjustment for population stratification was made by calcu-

lating Hardy–Weinberg equilibrium test of single-nucleotide 

polymorphism (SNP) using Michael H Court’s (2005–2008) 

online calculator28 and SNPStats.29 The genotype and allele 

distributions along with genetic models, ie, dominant, reces-

sive, and overdominant, were analyzed by a multinomial 

logistic regression using the softwares, SPSS Version 16.0 

(Armonk, IBM Corp, NY, USA) and SNPStats (Barcelona, 

Spain). A multilevel approach involving different genetic 

models for the estimation of data was adopted to avoid the 

problem of multiple comparison and false positives. The 

SNPs, significant at both the genotypic and allelic levels 

and significant in at least one of the genetic models along 

with positive regression coefficients in HAPE-p vs HAPE-c, 

were considered significant (P,0.05). The significant SNPs 

were analyzed for multiplicity of testing to avoid false posi-

tives using false discovery rate (FDR). FDR was calculated 

by BenjaminiHochberg.xlsx calculator Version 1.1 with a 

threshold adjusted P-value set at 0.05. The LD plots were 

constructed, and the tagging efficiencies (cutoff; r2$0.8) 

were calculated by the Haploview software ( Cambridge, 

MA, USA) from Broad Institute.30 The haplotype frequen-

cies were calculated, and a permutation analysis of the hap-

lotypes was performed using PHASE-2.1.31 The gene–gene 

and haplotype–haplotype interactions were measured by 

multifactor dimensionality resuction software (Nashville, 

TN, USA).32 A partial correlation model was fitted for 

biomarker–biomarker and haplotype–biomarker correla-

tions by controlling for age and sex using software SPSS 

Version 16.0. The transcript factor-binding sites were identi-

fied by TFSEARCH Version 1.3.33 Binding efficiency (BE) 

cutoff for the transcription factor-binding sites was kept at 

80%. An RNA secondary structure analysis was performed 

using RNAfold (Vienna RNA Web Services, Institute for 

Theoretical Chemistry, Wien, Austria). The real-time cal-

culations were performed on EpiInfo Version 6.0 software 

(Atlanta, GA, USA) using one-way analysis of variance.  

A P-value of ,0.05 was considered statistically significant. 

All the P-values were adjusted with age and sex in human 

study to nullify their effects.

Results
Clinical characteristics
The clinical characteristics of the three study groups are 

summarized in Table 1. SaO
2
 (69.6%) was significantly lower 

(P,0.0001) in HAPE-p compared with the levels in the other 

two healthy control groups, ie, HAPE-c (90.2%) and HLs 

(88.0%). Furthermore, HLs had comparatively lower SaO
2
 

levels than HAPE-c. Mean arterial pressure was significantly 

elevated in HAPE-p compared with the two healthy groups 

(P=0.008). BMI was nonsignificantly higher in HAPE-p com-

pared with the two healthy control groups (P,0.0001).
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Genotypic and allelic distributions
Of the total 57 SNPs across nine genes, 21 SNPs were 

removed from further analysis due to no call, low call 

(,95%), single major genotype call, or for controls not 

being in Hardy–Weinberg equilibrium. A total of 36 SNPs 

were finally identified for further analysis (Table S3), out 

of which, four SNPs (ROCK2 SNP rs10929728, MYLK 

SNPs rs11717814, rs40305, and rs820336) emerged 

significant among the study groups (P,0.05). An over-

representation of the risk alleles, ie, rs10929728C and 

rs11717814C, rs40305T, and rs820336A in HAPE-p 

(Tables S4 and S5), and an underrepresentation of the 

same alleles in HAPE-c (Table S4) and HLs (Tables S5 

and S6) were observed (Figure 2). There was no significant 

difference in the representation of rs10929728C between 

the two control groups, ie, HAPE-c and HLs (P=0.13), 

whereas there was a significant decrease in the represen-

tation of the rs11717814C, rs40305T, and rs820336A in 

HLs (P,0.05; Table S5). An FDR of ,5% was observed 

for the four SNPs.

haplotypes and lD pattern
Haplotype blocks of 88 kb and 7 kb were found at ROCK2 

and MYLK loci, respectively (Figure 3A, B and Table S7). 

The 88 kb ROCK2 haplotype GGGTTGGT formed of wild-

type alleles had an odds ratio (OR) of 0.64 in HAPE-p vs 

HAPE-c (P=0.0009), 1.05 in HAPE-p vs HLs (P=0.70), and 

0.62 in HLs vs HAPE-c (P=0.0003; Figure 3C). The 7 kb 

MYLK haplotype CTA formed of variant alleles had an OR of 

1.63 in HAPE-p vs HAPE-c (P=0.0006), 4.23 in HAPE-p vs 

HLs (P=1.0E–07), and 0.43 in HLs vs HAPE-c (P=1.0E–07; 

Figure 3D), whereas the haplotype GCG formed of wild-type 

alleles had an OR of 0.63 in HAPE-p vs HAPE-c (P=0.001), 

0.32 in HAPE-p vs HLs (P=1.0E–07), and 2.35 in HLs vs 

HAPE-c (1.0E–07; Figure 3E). No significant haplotype 

blocks were observed for the remaining investigated candi-

date genes (P.0.05; Table S7).

interactions
Haplotype–haplotype interactions between the haplotype 

blocks formed of wild-type alleles, GGGTTGGT (ROCK2) 

Table 1 Clinical characteristics of the three study groups

Clinical 
characteristics

HAPE-c 
(n=210)

HAPE-p 
(n=225)

HLs  
(n=259)

P-value

HAPE-p vs HAPE-c HAPE-p vs HLs HLs vs HAPE-c

Age (years) 26.6±7.2 32±7.6 38.7±8.5 ,0.0001 ,0.0001 ,0.0001
saO2 (%) 90.2±7.0 69.6±9.7 88.0±4.6 ,0.0001 ,0.0001 ,0.0001
BMi (kg/m2) 19.8±2.9 25.3±4.6 21.8±3.3 ,0.0001 ,0.0001 ,0.0001
MAP (mmhg) 93.6±10.8 96.3±10.3 92.2±11.9 0.008 0.0001 0.187

Notes: The data are presented as mean ± sD. A one-way analysis of variance was used to calculate the P-values using the epi info™ software Version 6 (Atlanta, GA, UsA).
Abbreviations: BMi, body mass index; hAPe, high altitude pulmonary edema; hAPe-c, hAPe controls; hAPe-p, hAPe patients; hls, highlanders; MAP, mean arterial 
pressure; saO2, arterial oxygen saturation; sD, standard deviation.
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and GCG (MYLK), demonstrated a difference in the OR, 

0.8 in HAPE-p vs HAPE-c, 0.7 in HAPE-p vs HLs, and 

1.28 in HLs vs HAPE-c (Figure 4A–C). A synergistic 

relationship was observed between these two haplotypes 

(Figure 4D). Gene–gene interactions between ROCK2 SNP 

rs10929728 and MYLK SNP rs40305 revealed a correlation 

in the effect of the two genes (Figure 4E). Also, ROCK2 

SNP rs10929728 and MYLK SNP rs40305 together had a 

higher proportion of protective genotypes rs10929728TT 

and CC rs40305CC in HAPE-c and HLs and risk genotypes 

rs10929728CC and GG rs40305GG in HAPE-p (Figure 

4F–H). A combination of wild-type alleles TGCG of SNPs 

rs10929728, rs11717814, rs40305, and rs820336 of ROCK2 

and MYLK provided an OR of 0.57 in HAPE-p vs HAPE-c 

(P=0.0002), 0.42 in HAPE-p vs HLs (P,0.0001), and 1.44 

in HLs vs HAPE-c (P=0.007). In contrast, a combination of 

variant alleles, CCTA of the same SNPs, provided an OR of 

2.54 in HAPE-p vs HAPE-c (P=0.0001), 4.12 in HAPE-p 

vs HLs (P,0.0001), and 0.66 in HLs vs HAPE-c (P=0.18) 

(Figure 4I and J).

In silico analysis of the significantly 
associated snPs
TFSEARCH evaluated the significance of three associated 

intronic SNPs, ROCK2 rs10929728, MYLK rs11717814, 

and rs820336 (MYLK). A difference in the transcrip-

tion factor-binding site was observed for rs10929728 

and rs820336. The variant allele rs10929728C bound 

to a transcription factor Nkx-2 with a BE of 97.7 was 

compared with the wild-type allele rs10929728T that 

bound to CdxA (BE =88.5). Similarly, the variant allele 

rs820336A bound to the transcription factors GATA-2 

(BE =87.0), cEts (BE =86.3), and GATA-1 (BE =86.1), 

whereas its wild-type allele rs820336G did not have any 

transcription factor-binding site. No transcription factor-

binding site was found for the alleles of rs11717814. 

Secondary structure of mRNA was determined for the 

associated exonic SNP rs40305 of MYLK. A difference 

in the secondary structure of RNA was apparent between 

the C (variant) and T (wild-type) alleles (Figure 5). The 

minimum free energies of structure with the C and T 

alleles were -2,681.60 kcal/mol and -2,683.10 kcal/

mol, respectively.

Gene expression
A marginal difference in gene expression analysis was observed 

in the transcript expression for the nine genes under study 

for the three groups (Figure 6). No expression was observed 

for ADRA1B in the three consecutive runs. Fold changes 

in HAPE-p against HAPE-c were –2.64 (ROCK2), –2.36 
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Figure 3 linkage disequilibrium (lD) and forest plots of ROCK2 and MYLK.
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(MYLK), –1.44 (JNK1), 1.78 (TH), –1.01 (GNA11), –1.29 

(GNB3), 1.14 (ADRA1A), and –1.04 (ADRA1D) (Figure 6).  

Fold changes in HLs against HAPE-c were 2.10 (ROCK2), 

1.44 (MYLK), 1.78 (JNK1), 2.35 (TH), 1.07 (GNA11), –1.29 

(GNB3), 1.08 (ADRA1A), and –1.05 (ADRA1D) (Figure 6).

Discussion
The present study was undertaken to elucidate the genetic 

intricacies of the pathophysiology of HAPE and its adaptation 

with respect to the primary signaling entities in SNS signaling 

pathway, with major focus on three kinases and related genes. 

Overrepresentation of ROCK2 rs10929728C and MYLK 

rs11717814C, rs40305T MYLK, and rs820336A in HAPE-p 

and an underrepresentation of the same alleles in HAPE-c 

and HLs demonstrated the role of these alleles in increasing 

the risk susceptibility to HAPE. Of note, the representation of 

rs10929728C was almost similar in the two control groups, 

suggesting that rs10929728 was not involved in adaptation 

rather is restricted to associating with HAPE physiology. In 

contrast to rs10929728C, the representation of rs11717814C, 

rs40305T, and rs820336A was significantly less in HLs than 

HAPE-c, suggesting that these SNPs associated with the 

physiology of both HAPE and adaptation.

It is of relevance to add that out of the nine studied SNPs 

of ROCK2, only a single SNP rs10929728 associated with 

HAPE, but in haplotype analysis, all the nine SNPs syner-

gized to make a complete block of 88 kb GGGTTGGT that 

inclined toward protection. The haplotype emerged as a major 
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Figure 5 Influence of C and T alleles of rs40305 on the secondary structure of RNA.
Notes: A 7,834 nucleotide-long sequence was fed to rnAfold to get this structure. 
The sequence was extracted from enseMBl database. Minimum free energy fold 
algorithm was selected to deduce the structure.
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protective haplotype block at the ROCK2 locus, with signifi-

cantly higher prevalence in the healthy lowland control group 

HAPE-c in contrast to HAPE-p, whereas no significant dif-

ference in the haplotype distribution was observed between 

HAPE-p and HLs. The haplotype seems to be inclined to 

sojourners, with a role only in the pathophysiology of HAPE 

and acclimatization and with no observed role in adaptation. 

Hence, it can be deduced that stress-activated ROCK2 has a 

role in predisposing an individual to HAPE. Likewise, the 

7 kb MYLK haplotype CTA emerged as a risk haplotype, with 

significantly higher proportions in HAPE-p when compared 

with both the healthy control groups, whereas haplotype 

GCG, formed of wild-type alleles, emerged as a protective 

haplotype, as it was prevalent in HAPE-c and HLs when com-

pared with the HAPE-p. The 7 kb locus thus seems to have 

a role in both the pathophysiology of HAPE in sojourners 

and adaptation in highland natives. The protective nature of 

ROCK2 haplotype GGGTTGGT and MYLK haplotype GCG 
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was further testified by the interaction analysis of haplotype–

haplotype and gene–gene, where the protective haplotypes 

and genotypes, respectively, were prevalent in HAPE-c 

and HLs compared with HAPE-p. The interaction analysis 

confirms the correlation or a synergism in the working of 

ROCK2 and MYLK, as ROCK2 activates MYLK indirectly 

by inhibiting MYPT, an enzyme that inhibits MYLK lead-

ing to exaggerated vasoconstriction, a hallmark feature of 

HAPE (Figure 1).

In the present study, an in silico analysis was performed 

for the significantly associated intronic and exonic SNPs so 

as to understand the relevance of these SNPs or their alleles 

and the associated transcription factors in the regulation of 

physiology. Overall, the transcription factor-binding affinities 

of the alternate alleles of rs10929728 and rs82033634 were 

observed to be different. It seems that SNPs rs10929728 of 

ROCK2 and rs820336 of MYLK constitute enhancer/repres-

sor regions downstream of transcription start sites and may 

regulate promoter activities of the respective kinases in an 

allelic-dependent manner. These transcription factors may 

alter the physiology by altering the activity of the genes, 

further demonstrating the functional relevance of these sig-

nificantly associated intronic SNPs. The associated exonic 

SNP rs40305 is a synonymous SNP, and synonymous SNPs 

act by altering the RNA-folding ability of the transcripts.35 

Hence, the alleles of this SNP were checked in silico for the 

differences in the secondary structure of resulting mRNA. 

Interestingly, a difference in the RNA-folding pattern was 

observed due to the two alleles. Instead of a protruding 

arm in the presence of C allele, the arm of the mRNA was 

tapered inside in the presence of T allele (Figure 5). The 

interaction of the ribosome with mRNA governs the rate of 

translation;36 hence, this difference in the secondary RNA 

structure along with the lower minimum free energy for the 

variant T allele accounts for the larger stability of the subse-

quent mRNA structure; this seemingly, leads to higher rate 

of translation.37,38 Higher MYLK protein means exaggerated 

vasoconstriction, a hallmark of HAPE (Figure 1).

In the present study, although gene expression analysis 

did not reveal any significant fold changes for the nine 

genes under study, there was a pattern in the expression of 

the three kinases and TH with a fold difference of $1.4. In 

HAPE-p, the three kinases, namely, ROCK2, MYLK, and 

JNK1, were observed to be downregulated. This is contrary 

to the expectation, where an increase in gene expression was 

anticipated for these genes as these kinases are involved in the 

process of exaggerated vasoconstriction and smooth muscle 

proliferation. This could be due to the fact that initially the 

protein level of ROCK2, MYLK, and JNK1 may be low and 

thus the cell must be actively transcribing the corresponding 

gene in order to produce the needed amount of protein. As 

the protein of interest accumulated, it acted as a repressor of 

transcription, signaling that there is no need to synthesize the 

protein at a higher rate. TH, a marker of SNS activity, was 

observed to be upregulated in HAPE-p, this was consistent 

with the finding of increased SNS activity under hypobaric 

hypoxic conditions of HAs. We hypothesize that gene 

expression pattern of TH would be same as that of the three 

kinases, ie, downregulation in HAPE-p and upregulation in 

HLs. When expression levels in HAPE-p would reach beyond 

HLs, then gene transcription would subside leading to a drop 

in expression. An upregulation in the gene expression for the 

three kinases and TH in HLs again suggested that the HA 

population was under stress. Nevertheless, despite this stress, 

the population was well adapted. We understand that increase 

in the sample size might help in achieving a significant level 

of expression.

Conclusion
In conclusion, the results of individual polymorphisms, 

haplotypes, combination of significant polymorphisms, 

interhaplotype, and intergene interactions of ROCK2 and 

MYLK have demonstrated their role in an individual’s 

susceptibility to HAPE and adaptation. A synergism in the 

working of ROCK and MYLK has also been validated. The 

outcome has provided new insights into the physiology of 

HAPE and adaptation.

Limitations of the study
Similar samples having both DNA and RNA were limited. 

This difference in the number of samples for genotyping 

and qRT-PCR is due to the fact that our base laboratory for 

experimental purpose is located in Delhi, and the samples are 

collected and delivered at intervals from Leh, Ladakh. We 

admit that a higher number of samples are needed for gene 

expression analysis to further confirm the findings.
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