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Abstract: The plateau zokor (Myospalaxbaileyi) is a specialized subterranean rodent that lives on the Qinghai-Tibet Plateau, and has successfully adapted to 
hypoxic environment. Raised expression of vascular endothelial growth factor (VEGF) and enhanced microvessel density (MVD) in tissues enable subterranean 
rodents to adapt to hypoxic sealed burrows. However, the expression of VEGF is inhibited by decreases in oxygen content, which is different from what obtains 
in Sprague Dawley (SD)rats. Thromspondin-1(TSP-1) is the first endogenous angiogenesis inhibitor identified inp53 pathway. It has several domains that bind 
to different proteins which regulate cell-to-cell interactions, inhibit endothelial cell proliferation and induce endothelial cell apoptosis (anti-angiogenesis). In this 
study, we analyzed the coding region and the expression pattern of TSP-1 gene in plateau zokor under different oxygen partial pressures using bioinformatics 
and qRT-PCR, respectively. Our results showed that the base and amino acid homologies between plateau zokor and Northern Israeli blind subterranean mole 
rat (Nannospalaxgalili) were 95.08 and 97.61%, respectively. There were eight parallel evolution sites with Nannospalaxgalili. Evaluation by ‘Sorting Tolerant 
From Intolerant’ (SIFT) algorithm showed four sites with significant effects on the function of TSP-1. Three-dimensional (3D) structures revealed that Asp185 and 
Thr270 were located in the NH2 terminal domain, with Glu536 in the Type I repeat domain, and Thr1092 in the COOH terminal domain. Compared to SD rats, the 
polarities of these four mutation sites changed. The expression levels of TSP-1 in plateau zokor tissues increased significantly from 2 260 m(16.12kPa) to 3 300 
m(14.13kPa), but there was no significant difference in TSP-1 expression in SD rats. In conclusion, due to long-term adaption to the hypoxic environment of sealed 
burrows, plateau zokor upregulates the expression of TSP-1 to effect anti-angiogenesis. Moreover, mutations in gene structure of TSP-1 may play an important 
role in inhibiting angiogenesis.
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Introduction

Angiogenesis is the physiological process by which 
new blood vessel capillaries are formed, and it is tight-
ly regulated by a balance between pro-angiogenic and 
anti-angiogenic factors (1). Under hypoxic conditions, 
the levels of hypoxia-induced factor-1α (HIF-1α) are 
stabilized. With reduction in oxygen content, the ability 
to activate the transcription of VEGF by binding with 
hypoxia response element (HRE) is enhanced (2, 3). 
Meanwhile, HIF-1α combines with p53 to enhance the 
transcription of downstream anti-angiogenesis factors, 
resulting in inhibition of unlimited growth of microves-
sels in hypoxic environment (4). These factors are TSP-
1, angiostatin and platelet factor-4(5,6).

Thromspondin-1 (TSP-1) is a disulfide-bonded 
trimer with several different domains: NH2-terminal 
domain, procollagen homology domain (PC), type I 
(thrombospondin structural or properdin-like) repeats, 
type II (EGF-like) repeats, type III(calcium-binding) 
repeats, and COOH-terminal domain (7). These bind to 
low density lipoprotein receptor-like protein (LRP1), 
CD36 and integrin-associated protein CD47(IAP) to 

inhibit angiogenesis and metastasis by regulating cell-
to-cell interaction and proliferation of endothelial cells, 
and induce endothelial cell apoptosis (8, 9).Studies have 
demonstrated that amino acid mutations in TSP-1 type I 
repeat domain in patients with pulmonary hypertension 
activated TGF-beta and CD36, and increased the pro-
liferation rates of endothelial cells and smooth muscle 
cells, suggesting that structural mutations have impact 
on function (10). The expression level of TSP-1is low 
under normal conditions, but it increases gradually with 
decrease in oxygen content, and is negatively correla-
ted with micro-vessel density (MVD). Thus, hypoxia 
inhibits the growth of microvessels by upregulating the 
expression of TSP-1 (11-14).

The plateau zokor (Myospalax baileyi) is small 
native mammal distributed in the Qinghai-Tibetan Pla-
teau from 2000 m to 4200 m. They spend their whole 
life cycle in sealed burrows which are characterized by 
remarkable hypoxia and high carbon dioxide levels. At 
an altitude of 3200 m, the average oxygen concentra-
tionis156.68 g/m3 in the borrows of plateau zokor (15). 
Currently, the most extensive research on subterranean 
rodent is on the family of Spalaxcidae which comprises 
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Myospalacinae, Spalacidae and Rhizomyinae subfami-
lies called “mole rats” (16). Nannospalax galili belongs 
to the subfamily of Spalacidae which lives in the up-
per Galilee mountains in northern Israel at an altitude 
about 600m (oxygen content in the atmosphere is about 
19.76%) and belongs to the Spalax ehrenbergi supers-
pecies (17, 18). However, studies have found that the 
plateau zokor has in vivo nomoxia at such hypoxic envi-
ronments, suggesting that after long-term evolution and 
natural selection like other subterranean rodents, they 
have produced a series of phenotypic, physiological and 
genomic strategies to adapt to their harsh environment. 
They have smaller area of pulmonary alveolar and big-
ger volume of lungs which enhance oxygen uptake. 
They have increased counts of red blood corpuscle and 
contents of myoglobin and hemoglobin which facilitate 
transport of oxygen (19-24). Abundance of capillaries 
in the alveolar septum and mitochondria in muscle 
cells increase blood flow to the lungs and the surface 
area for gas exchange, and reduce barrier to oxygen 
consumption (25, 26). These strategies explain their 
distinguished ability at adaptation (27). Transcriptome 
studies have revealed that under hypoxic environments, 
positive selection and convergence evolution sites occur 
in some genes of the plateau zokor (28). The micro-ves-
sel density (MVD) of plateau zokor in hypoxic envi-
ronment is significantly higher than that of the SD rat. 
This enhances the transport of O2, nutrients and metabo-
lites, and is an important mechanism used by the plateau 
zokor to adapt to hypoxia (29). It has been shown that 
in Spalax, the MVD increased 2-fold, but the expres-
sion level of VEGF decreased 2-fold, relative to SD rat, 
in the brain and skeletal muscle kept at 6% O2 for 4 h 
(30). In Myospalax baileyi, the MVD in the liver and 
brain were significantly increased, relative to SD rat at 
an altitude of 3200 m, compared to an altitude of 2300 
m. Interestingly, the VEGF expression level significant-
ly decreased in Myospalax baileyi (20). These findings 
indicate that the expression pattern of angiogenesis in 
subterranean rodent is different from that in SD rat un-
der hypoxia, due to upregulated expressions of angioge-
nic growth inhibitors. 

The sequence characteristics of TSP-1 and the res-
ponse to hypoxia in Myospalax baileyi are not well un-
derstood. Therefore, in the present study, we used bioin-
formatics analysis of the evolution of TSP-1 in plateau 
zokor to investigate whether there existed similarities 
with, and differences from other subterranean species. 
In addition, differences in TSP-1 expression between 
low and high altitudes in plateau zokor tissues using 
qRT-PCR were investigated.

Materials and Methods

Sample collection and treatment
Plateau zokors were trapped alive at Zongjiagou re-

gion in Huangyuan County, Qinghai Province, China. 
They were divided into two groups: (1) high altitude 
group zokors captured at an altitude of 3300mwhere 
the oxygen partial pressure and oxygen content were 
14.13kPa and 193.4 g/m3, respectively; and (2) low alti-
tude group zokors captured in the Zongjiagou region 
and raised for 8 days in Xining City, Qinghai Province, 
China at an altitude of 2260m at oxygen partial pressure 

and oxygen content of 16.12kPa and 229.7 g/m3, res-
pectively. Sprague Dawley (SD) rats were bought from 
Lanzhou City, Gansu Province, China. The rats were 
divided into two groups: (1) high altitude group rats 
raised in the Zongjiagou region at an altitude of 3300m 
for 8 days; and (2) low altitude group of rats raised in 
Xining City, Qinghai Province, China at an altitude of 
2260m for 8 days. The sample size was 8 animals per 
group. All animals were anaesthetized with sodium pen-
tobarbital (5%) and sacrificed using cervical dislocation 
immediately before dissection. Liver, lung and skeletal 
muscles tissues of plateau zokor were rapidly removed 
and quickly frozen in liquid nitrogen. The RNA extrac-
tion, cDNA library construction and the next generation 
sequencing (NGS), and Isoform Sequencing (Iso-Seq) 
library construction were performed according to the 
procedure of Novogene Bioinformatics Technology 
Co. Ltd, Beijing, China. The NGS and Iso-Seq were 
sequenced on Illumina Hiseq 4000 and PacBio RSII 
platform, respectively. All procedures involved in the 
handling and care of animals were in accordance with 
the China Practice for the Care and Use of Laboratory 
Animals. The study was approved by the China Zoolo-
gical Society (permit number: GB 14923-2010).

TSP-1 CDS sequence acquisition
Trinity fasta format gene in the NGS transcriptional 

databases and the flnc gene in the Iso-Seq Transcriptio-
nal databases were used to build local databases using 
ncbi-blast- 2.7.1 program (https://ftp.ncbi.nlm.nih.gov/
blast/executables/LATEST).Complete TSP-1 coding 
sequences of Nannospalax galili were used as query 
sequences to find the homologous sequences or frag-
ments by local blast. The fragments were resembled and 
translated using Lesergene 7.0 program (31). All selec-
ted sequences were used to construct a homologous tree 
using MEGA7.0 program. The sequence with the highest 
homology with Nannospalax galili was selected as the 
coding sequence of target protein. Then, the sequence 
was screened by DNAMAN version 9.0 (http://www.
lynnon.com) from three Iso-Seq Transcriptional data-
bases and one PacBio Transcriptional database, and 
the final Plateau zokor TSP-1 sequence was selected. 
Complete TSP-1 coding sequences for 23 mammalian 
species (including 13 Rodentia, 4 Lagomorpha and 6 
other mammalian species serving as Outgroup) were 
downloaded from 23 available published mammalian 
genome sequences from National Center for Biotechno-
logy Information (NCBI; www.ncbi.nim.nih.gov).

Prediction of physicochemical properties and homo-
logy comparison

The physicochemical properties of TSP-1 amino 
acid sequences of Myospalaxbaileyi, Nannospalaxgalili 
and Rattus norvegicus were predicted using the Prot-
Param tool (http://web.expasy.org/protparam/). Nucleo-
tide sequences of each TSP-1 and their deduced amino 
acid sequences were aligned separately using Clus-
talW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2) and 
MEGA 7.0(32). The maximal likelihood tree based on 
TSP-1 coding sequences and amino acid sequences of 
24 species were constructed using MEGA 7.0.
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cal Bayes (BEB >0.95) prediction.

Evolutionary or parallel analysis
The maximal likelihood tree based on TSP-1 coding 

sequences of 24 species was used for evolutionary ana-
lysis. To infer convergent or parallel evolution sites of 
24 species, ancestral sequences of TSP-1 were recons-
tructed by Ancestors program in the MEGA 7.0 software 
(42). The posterior probability of the reconstructed an-
cestral sites were used to evaluate the accuracy of the 
reconstruction results. In order to avoid the interference 
of the ancestral locus polymorphism in subsequent ana-
lysis, the site at which the posterior probability was 
less than 0.9 was abandoned. Then, the Jones-Taylor-
Thornton (JTT) and Poisson amino acid substitution 
models (43) were used to test whether the probability of 
observed convergent or parallel sites were significantly 
higher than expected by chance.

Evaluation of the effects of mutation sites on the 
function of TSP-1

The effects of convergent or parallel evolution sites 
on the function of TSP-1 was predicted using ‘Sorting 
Tolerant From Intolerant’ (SIFT) algorithm (44). The 
TSP-1sequence of Mus musculus (NP_035710.2) was 
used as a query sequence. Other parameters used default 
settings according to Kumar’s studies.

Construction of space structure
The 3D structures of TSP-1 Subunit from Myospalax 

baileyi was modeled using the SWISS-MODEL (https://
swissmodel.expasy.org/) (45) to assemble amino acids 
selected with a homology modeling protocol, and the 
3D coordinates were constructed using Pymol software 
(46). Known homologues of TSP-1 were retrieved from 
the Protein Data Bank (PDB) (http://www.pdb.org/) and 
a PDB entry was identified to provide a suitable structu-
ral template. Based on the sequence alignment, the 3D 
structure of TSP-1 was constructed with a high level of 
confidence.

Determination of expression level of TSP-1 byQuan-
titative Real-time Polymerase Chain Reaction (qRT-
PCR) 

Total RNA was isolated from the liver, lung and ske-
letal muscle of Myospalax baileyi with Trizol reagent 
(Invitrogen Corp, USA). The RNA concentration and 
purity were assessed by ultraviolet (UV) spectrophoto-
metry (1.8<A260/A280<2.0). The RNA integrity was 
checked via electrophoresis. Reverse transcription reac-
tion was prepared with 3.8µg of total RNA using the 
First Strand cDNA Synthesis kit (Tiangen, China). To 
make standard curves, 1 µL of first-strand cDNA was 
amplified with Premix Ex Taq Version Kit (TaKaRa 
Bio, Japan), and the quantified PCR products were used 
for plotting standard curves. The initial product concen-
tration was set at 1 and standard curves were generated 
using a 10-fold serial dilutions ranging from 1 to 10-8.

Quantitative real-time polymerase chain reaction 
(qRT-PCR) was performed using SYBR®Premix Ex 
Taq™ II (TaKaRa Bio, Japan) protocol on BIO-RAD 
Connect real-time PCR detection system with cycling 
conditions of 95oCfor 3 min, followed by 40 cycles of 
95oC for 30 sec and 60oC for 30 sec. β-Actin was used 

Construction of tree species from mitochondrial 
DNA data

We use mitochondrial DNA sequences to construct 
phylogenetic tree in order to reflect the relationship 
among species more scientifically, and to prepared for 
the next selective pressure analysis and evolutionary 
analysis. The complete mitochondrial DNA (mtDNA) 
sequences for 24 mammalian species were downloaded 
from NCBI (www.ncbi.nlm.nih.gov), including four-
teen rodents, four lagomorphas, four artiodactylas and 
two primates. The mtDNA phylogenetic trees were 
reconstructed using MrBayes 3.2.6 (33). Bayesian infe-
rence (BI) with Markov-chain Monte Carlo (MCMC)
(34) sampling was performed using MrBayes 3.2.6 run 
for one million generations. Two simultaneous runs 
were made, sampling trees every 1,000 generations, 
with three heated and one cold chain to encourage 
swapping among the MCMC chains and to avoid the 
analysis remaining in local rather than global optima. 
ModelTest (35) was used to select the optimal models 
based on the Akaike Information Criterion (AIC) (36-
38). Convergence of sampled parameters and potential 
autocorrelation (effective sampling size/ESS for all pa-
rameters>200) were investigated in Tracer 1.6 (http://
tree.bio.ed.ac.uk/software/ tracer/). Moreover, the ave-
rage SD of split frequencies between both runs was 
checked (<0.01). The Bayesian posterior probabilities 
were obtained from the 50% majority rule consensus 
of the post-burn-in trees sampled at stationarity, after 
removing the first 25% of trees as a “burn-in” stage.

Selection pressure analyses
The sequence alignment was obtained using Clua-

talX1.81 and format conversion was performed with 
MEGA7.0 software. The maximum-likelihood method 
was used to estimate the positive sites using branch-site 
models in codeml from the PAML4.8 software package 
(39) based on the 24 mammalian species tree. Positive 
selection was detected using branch-site model A, in 
which ωvaries among sites along specific lineages (40). 
The significance of the likelihood ratio test (LRT) statis-
tic was determined by Chi-squared test (41).

Selective pressure was tested based on the phylogeny 
by comparing the non-synonymous/synonymous substi-
tution ratios (ω = dN/dS) with ω = 1, <1, and >1 indica-
ting neutral evolution, purifying selection, and positive 
selection respectively. Branch-site models were used 
that allowed ω to vary among the branches on the tree, 
testing whether a specific branch’s ω was significantly 
different from that of the other branches. The branch-site 
Model A and the recommended test2 (a simplified ver-
sion of model A with ω2 = 1) were therefore employed 
with each gene to test this hypothesis. The branch-site 
model A requires a-priori partitioning of the phylogeny 
into foreground and background branches and assumes 
that positive selection occurs along the foreground 
branch. The LRTs between nested models were conduc-
ted by comparing twice of the difference of the log-like-
lihood values (2ΔlnL) between two models. The signi-
ficance of the LRT statistic was determined using a χ2 
distribution, with the standard degrees of freedom being 
used for each analysis. Potential positively selected sites 
(i.e. amino acid residues) were recorded according to 
high posterior probabilities following the Bayes empiri-
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as an internal control. The PCR primers for TSP-1 were:
5’-CGCTACAGGACAGCATTCGCAA-3’(sense); 
5’-AGCCATCGTCAGCAGAGTCACT-3’(antisense). 
The amplicon length was 267 bp. The primer sequences 
for β-actin were: 5’-TCACCAACTGGGACGATA-
TG-3’(sense); 5’-GTTGGCCTTAGGGTTCAGAG-3’ 
(antisense); the amplicon length was 119bp. The TSP-
1 mRNA level was normalized with β-actin mRNA to 
compensate for variations in initial RNA amounts. Nor-
malization was carried out by dividing the logarithmic 
value of TSP-1 by the logarithmic value of β-actin (47).

Statistical analysis
Statistical analysis was performed with one-way 

analysis of variance (ANOVA)and Duncan’s test using 
SPSS 17.0 (SPSS Inc., Chicago, IL, USA). A value of 
p< 0.05 was considered statistically significant.

Results

Sequence characterization of TSP-1
Complete TSP-1 coding sequences for 23 mam-

malian species were downloaded from 23 available 
published mammalian genome sequences from NCBI 
(www.ncbi.nim.nih.gov): 
Nannospalax galili (XM_017796147.1), 
Rattus norvegicus (NM_001013062.1), 
Mus musculus (BC050917.1), 
Microtus ochrogaster (XM_005364238.2), 
Mesocricetus auratus (XM_013122355.2), 
Cricetulus griseus (XM_007628935.2), 
Jaculus jaculus (XM_012949250.1), 
Heterocephalus glaber (XM_004852682.3), 
Fukomys damarensis (XM_015632040.2), 
Cavia porcellus (XM_013158839.1), 
Chinchilla lanigera (XM_013512591.1), 
Octodon degus (XM_004623416.2), 
Ictidomys tridecemlineatus (XM_013359376.2), 
Ochotona princeps (XM_004578183.2), 
Oryctolagus cuniculus (XM_002717799.3), 
Bos grunniens (XM_014482984.1), 
Bos taurus (NM_174196.1), 
Ovis aries (XM_012131912.2), 
Capra hircus (XM_018054475.1), 
Homo sapiens (NM_003246.3), 
Pan troglodytes (XM_016927922.1). 

However, TSP-1 con-sequences of Ochotona curzo-
niae and Ochotona collaris were not found in NCBI.

In this study, TSP-1 subunit in Myospalax baileyi, 
Nannospalax galili and Rattus norvegicus were ana-
lyzed. The coding sequence (CDS) of Myospalax bai-
leyi and Nannospalax galiliTSP-1 subunits was 3516bp, 
and it encoded1171 amino acids. The TSP-1 subunit of 
Rattus norvegicus studied was 3513 bp, and it encoded 
1170 amino acids. Results of prediction of physicoche-
mical properties showed that the TSP-1 subunit molecu-
lar weight of the three species were about 129KDa; the 

theoretical isoelectric points (pI) in Nannospalax galili 
and Rattus norvegicus were lower than that in Myospa-
lax baileyi. Isoelectric points are characteristic parame-
ters of proteinsand amino acids. While pI is not affec-
ted by external conditions such as pH and temperature, 
long-term evolutionary and environmental changes 
can cause mutations resulting in changes in amino acid 
sequence and changes in isoelectric point (Table 1).

Comparison of homologies
Results of homology analysis showed that the CDS 

of Myospalaxbaileyi TSP-1 nucleotide sequence had 
95.08, 88.88, 90.76, 90.53, 90.81, 90.90, 90.70 and 
89.9% homologies, while the amino acid sequence had 
97.61, 93.08, 95.05, 95.13, 95.39, 95.22, 94.96 and 
94.62% homologies with those of Nannospalax galili, 
Heterocephalus glaber, Homo sapiens, Rattus norvegi-
cus, Mus musculus, Cricetulus griseus, Mesocricetus 
auratus and Microtus ochrogaster, respectively. From 
the phylogenetic tree, it was observed that plateau zo-
kor had the highest homology with Nannospalax galili. 
These results are shown in Figure 1.

Construction of tree species from mtDNA data
To construct the phylogenetic tree, mtDNA sequences 

from 24 mammalian species (including 14 Rodentia, 4 
Lagomorpha and 6 other mammalian species which ser-
ved as Outgroup) were included in the study (Table 2). 
Bayesian phylogenetic reconstruction based on the nu-
cleotide sequences yielded a tree with a topology simi-
lar to the well-accepted mammal species tree according 
to published phylogenetic studies. The mtDNA Bayes 
tree which well supported the phylogeny of Rodentia, 
Lagomorpha and Outgroup and proved its accuracy was 
used as the input tree in this analysis [Bayesian poste-
rior probability (BPP) =100%] (Figure 2).

Selective pressure analysis
Selective pressure analysis reflects the fact that spe-

cies are affected by their external environment. Site 
mutation may enhance the ability of species to adapt to 

Protein Species Number of amino acids Molecular weight Theoretical pI

TSP-1
Myospalax baileyi 1171 129606.24 4.79
Nannospalax galili 1171 129818.01 4.76
Rattus norvegicus 1170 129671.26 4.74

Table 1. Physicochemical properties of anti-angiogenesis protein TSP-1 subunit.

Figure 1. Neighbor-Joining tree of the TSP-1 gene(A) and amino 
acids (B). Values of posterior probabilities (%) are indicated at the 
nodes. The approach branches to Myospalax baileyi are labeled in 
red boxes.
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the hypoxic environment effectively. To detect the posi-
tively selected sites of TSP-1 in plateau zokor, the pla-
teau zokor branch was treated as the foreground branch. 
Using the LRT test based on the branch-site model for 
TSP-1 gene, it was observed that there were no positive 
selection sites in plateau zokor TSP-1(P > 0.05) (Table 
3).

Evolutionary analysis
Although no statistically significant positively selec-

ted sites were detected in the TSP-1 in plateau zokor, it 
did not indicate that the TSP-1 did not adaptively evolve 
in these species. Convergent or parallel evolution is a 
strong evidence for adaptive evolution. To detect the 
convergent sites in subterranean rodents in response to 
hypoxia environments, convergent changes were identi-
fied by comparing ancestral and extended TSP-1 protein 
sequences. It was observed that eight sites experienced 
parallel evolution on subterranean rodent branch of 
Eospalax baileyi and Nannospalax galili. The19th, 65th, 
185th, 270th, 517th, 536th, 1052th and 1092th positions of 
TSP-1 were asparagine (N, Asn), asparagine (N, Asn), 
serine (S, Ser), isoleucine (I, Ile), serine (S, Ser), valine 
(V, Val), asparagine (N, Asn) and arginine (R, Arg), 

Class Species Common name GenBank ID

Rodentia

Mospalax baileyi Plateau zokor NC_018098.1
Nannospalax galili Northern Israeli blind

subterranean mole rat JN571132.1
Rattus norvegicus Rat KF011917.1
Mus musculus Mouse J01420.1
Microtus ochrogaster Prairie vole NC_027945.1
Mesocricetus auratus Golden hamster EU660218.1
Cricetulus griseus Chinese hamster DQ390542.2
Jaculus jaculus African jerboa NC_005314.1
Heterocephalus glaber African Naked Mole-Rat HQ689652.1
Fukomys damarensis Damara Mole Rat KT321364.1
Cavia porcellus Guinea pig NC_000884.1
Chinchilla lanigera Chinchilla NC_021386.1
Octodon degus Degu HM544134.1
Ictidomys tridecemlineatus Thirteen-linedground 

squirrels NC_027278.1

Lagomorpha
Ochotona curzoniae Plateau pika EF535828.1
Ochotona princeps American pika NC_005358.1
Ochotona collaris Collared pika AF348080.1
Oryctolagus cuniculus Rabbit NC_001913.1

Outgroup

Bos grunniens Yak AY684273.2
Bos Taurus Cow V00654.1
Ovis aries Sheep KR868678.1
Capra hircus Goat KY305183.1
Homo sapiens Human V00662.1
Pan troglodytes Chimpanzee NC_001643.1

Table 2. Names of 24 kinds of mammals with placenta and their IDs in GenBank.

Figure 2. Phylogenetic tree of 24 mammals. Inferred by Bayesian 
inference under the GTR+I+G model (Posada 2008). Values of 
posterior probabilities (%) are indicated at the nodes. The branch 
of plateau zokor is indicated with red four-pointed star.

Genes Model code Estimate of parameters -InLa Model comparison Positively selected sites 2ΔInL (p-value)

TSP-1

Branch-site e 
Model
Null A

p0=0.947, p1=0.053, (p2+p3=0), 
ω0=0.030, ω1=1, ω2=1

16199.13 NA

Model A
p0=0.947, p1=0.053,
(p2+p3=0),ω0=0.030, ω1=1, ω2=1

16199.13 Model A vs. Null A Not Found 0 (p = 1.000)
aInL is the log-likelihood score. * P> 0.95, ** P> 0.99.

Table 3. Likelihood values, parameter estimates and sites under positive selection for TSP-1 in plateau zokor.
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respectively on the ancestral branch. The same replace-
ments of serine (S, Ser), serine (S, Ser), aspartic acid (D, 
Asp), threonine (T, Thr), asparagine (N, Asn), glutamic 
acid (E, Glu), lysine (K, Lys) and threonine (T, Thr) oc-
curred on subterranean rodent branch of Eospalax bai-
leyi and Nannospalax galili. Statistical test (34) showed 
that the eight parallel evolution sites were significantly 
greater than random expectations (p <0.01), suggesting 
selection rather than chance (Figure 3).

Evaluation of the effects of the convergent evolution 
sites on the function of TSP-1

According to the SIFT algorithm, if the score is less 
than 0.05, the amino acid mutation has an effect on the 
function of the protein, and vice versa. The results revea-
led that the convergent evolution sites (Asp185, Thr270, 
Glu536 and Thr1092) showed significant effects on the 
function of TSP-1. Otherwise, the convergent evolution 
site (Ser19, Ser65, Asn517 and Lys1052) showed no 
significant effects on the function of TSP-1 (Table 4).

Construction of TSP-1 3D structure 
A template structure was selected from Protein data 

bank (PDB) (Model A: 1az4 was from amino acids 29 
to 233, Model B: 3r6bwas from amino acids 435 to 548, 
Model C: 1ux6was from amino acids 834 to 1170) to 
simulate the 3D structure of TSP-1.Thrombospondin-1 
(TSP-1) is a homologous trimer consisting of three iden-
tical peptide chains. Each polypeptide chain consists of 
the NH2-terminal, the procollagen homology domain 
(PC), type I repeats, type II repeats, type III repeats, and 
the COOH-terminal six functional regions. The type I 
repeats are composed of three thrombospondin type 1 
repeats (TSRs), i.e. TSR1, TSR2 and TSR3; and there 
is a specific amino acid sequence CSVTCG in TSR2 
and TSR3 motif, which is specifically combined with 
CD36 receptor. The peptide 4N1K of C-Terminal com-
bines with CD47 receptor (integrin-associated protein). 
From the 3D models, it was found that mutation site185 
Asp was located in the NH2-terminalof TSP-1 in Model 
A. However, Thr270was located in the NH2-terminal 
but it was not built in Model A, because the Model A 
structure from PDB was not complete NH2 terminal of 
TSP-1, this region is usually combined with low density 
lipoprotein receptor-like protein (LRP1) to inhibit acti-
vation of matrix metalloprotease (MMP), and reduce 
the expression of VEGF, which regulates the activity 
of the protease and mediates the combination of TSP-1 
with heparin sulfate polysaccharide and integrin-asso-
ciated protein. This results in inhibition of the adhesion 
between endothelial cells and matrix fibronectin, and 
indirectly restrains the proliferation and angiogenesis of 
endothelial cells. The Type I repeats existed in mutation 
sites Glu536, type I repeat domain is composed of three 
groups of repetitive peptide sequences (TSR1, TSR2 
and TSR3). The sequence of CSVTCG in TSR2 and 
TSR3(amino acids 448-510) is specifically associated 
with CD36. Nonpolar amino acids are hydrophobic and 
more likely to bind to CD36 on the surface of endo-
thelial cells, thus activating Fyn (non-receptor protein 
tyrosine kinase) to further activate the downstream p38 
mitogen-induced apoptosis of endothelial cells, there-
by inhibiting angiogenesis. Thr1092 located in COOH 
terminal that consists of a hydrophobic group 4N1K, 

which binds to the integrin-related protein CD47 (inte-
grin-associated protein, IAP), mediates cell adhesion 
and platelet aggregation, and inhibits the proliferation of 
endothelial cells. Different functional regions of TSP-1 
work with different anti-angiogenesis mechanisms, and 
mutation sites may have a great influence on function of 
TSP-1 (Figure4).

qRT-PCRassay of TSP-1 mRNA expression
The mRNA expression levels of TSP-1 in plateau 

zokor and SD rat at altitudes of 3 300 m and 2 260 m 
were determined in the liver, lung and skeletal muscle 
usingqRT-PCR analysis (Table 5).

For all tissues, the expression levels of TSP-1 in 
plateau zokor were significantly higher in the 3 300 m 
group than in the 2 260 m group (p < 0.01). However, 
there was no difference between the 3 300 m and 2 260 
m groups of SD rats in the three tissues. The relative 

Figure 3. Convergent evolution sites of the TSP-1 sequence. Ami-
no acids and codons of eight sites are shown. Eospalax baileyi and 
Nannospalax galili are highlighted with red color, while the other 
species are shown in black color.

Protein Substitution SIFT score SIFT Prediction 
(cutoff=0.05)

TSP-1

S185D 0.017 Damaging
I270T 0.003 Damaging
V536E -0.379 Damaging
R1092T 0.050 Damaging
N19S
N65S
S517N
N1052K

0.585
0.064
0.174
0.796

Tolerated
Tolerated
Tolerated
Tolerated

Table 4. The effects of convergent evolution sites on the function 
of TSP-1.

Figure 4. The 3D protein structure models of single strand TSP-1 
in plateau zokor (Model Awas from amino acids 29 to 233; Model 
B was from amino acids 435 to 548; Model C was from amino 
acids 834 to 1170. The blue area in Model B is amino acid domain 
sequence of CSVTCG which belongs to TSR2 and TSR3; and the 
blue area in Model C is polypeptide 4N1K domain. The parallel 
evolution sites are labeled in red.
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expression levels of TSP-1 in plateau zokor in the three 
tissues were significantly higher than those in SD rat 
in the 3 300 m and 2 260 m groups (p < 0.05). These 
results are shown in Figure 5.

Discussion

The plateau zokor belongs to the order Rodentia, in 
the Cricetidae family, and genus Myospalax (48).From 
the phylogenetic homology tree, it was observed that 
plateau zokor shared high homology with Nannospalax 
galili. The two species are far apart in classification, 
but their lifestyles and morphologies are similar. They 
spend their whole lives in underground sealed burrows, 
in extreme hypoxia and hypercapnia especially during 
the rainfall and flood periods (22, 49). These species are 
grouped into a large branch with R. norvegicus. Hetero-
cephalus glaber belongs to the family of subterranean 
rodents. However, this species was far removed from 
other subterranean rodents. Studies on the phylogenetic 
relationship based on genome and transcriptome analy-
sis have found that the plateau zokor diverged from the 
rat approximately 52 million years ago (50). 

Thromspondin-1(TSP-1) is released from multiple 
cells including platelets, endothelial cells, keratino-
cytes and fibroblasts (51). The coding sequence (CDS) 
of Myospalax baileyi and Nannospalax galili TSP-1 
subunit was 3516 bp, encoding 1171 amino acids. The 
theoretical pI values of the protein in Nannospalaxgalili 
and Rattus norvegicus were lower than that in Myospa-
lax baileyi, indicating that physicochemical properties 
of genes are changed by the living environment. This 
affects functions such as targeting cells for apoptosis, 
clearance of apoptotic cells by macrophages and regu-
lation of vascular endothelial cell formation by bin-
ding to a variety of function domains to extracellular 
matrix proteins (52). Previous TSP-1 studies revealed 
that asparagine(N) mutated to aspartic acid(D) at posi-
tion 362 of TSP-1 in familial pulmonary hypertension, 
which induced less than half of the ability of TSP-1 to 
activate TGF-β binding to CD36, and increased proli-
feration of endothelial cells and smooth muscle cells 
(10).Genome and transcriptome data have shown that 
TSP-1 is not positively selected in subterranean rodents 
(28, 53). In the present study, the LRT test based on 
the branch-site model A for TSP-1gene indicated there 
were no positive selection sites in plateau zokor (P > 
0.05). This suggests that variation in ω-ratios across the 
phylogeny are not attributed to positive selection in the 
TSP-1 of the foreground branch. This is in agreement 
with previous studies which reported that its upstream 
target gene p53 was not positively selected in plateau 
zokor (53, 54). Compared to other species with respect 
to the amino acid sequence of TSP-1 protein, it was 
observed that there were eight common parallel evolu-

tion sites in Eospalax baileyi and Nannospalax galili, 
which were located in the functional regions. Using 
SIFT algorithm, it was shown that the parallel evolution 
sites (Asp185, Thr270, Glu536 and Thr1092) exerted 
significant effects on the function of TSP-1 in plateau 
zokor. The 3D structure constructed revealed these four 
parallel evolutionary sites in different functional areas. 
Firstly, there were two common mutation sites Asp185 
and Thr270NH2-terminal domain. In contrast, in Ser185 
and Ile270 in SD rat, there were switches between po-
lar and nonpolar amino acids. Changes in polarity and 
electric charge may enhance the affinity of binding to 
LRP1 (55-58). Secondly, a mutation site Glu536 located 
near CSVTCG domain may affect their interaction with 
the amino acids around them. Compared with Val536 
in SD rat, there was a switch from nonpolar amino acid 
to negative electrode polar amino acid (59). Thirdly, 
the COOH-terminal domain mutation site Thr1092, in 
contrast, Arg1092 in SD rat, there was a switch from 
positive electrode polar amino acid to nonpolar amino 
acid (60). It is predicted that these evolution sites may 
play significant roles in extreme environmental adapta-
tion of plateau zokor, but further investigations are nee-
ded to confirm this.

In this study, it was shown that the expression le-
vel of TSP-1 was related to degree of hypoxia. Under 
normal condition, TSP-1 is expressed at low levels in 
most cells. In contrast, its expression level increases and 
stabilizes in response to unrestricted increase in micro-
vessel density in hypoxia, so as to maintain dynamic 
balance with VEGF, thus maintaining the stability of 
internal environment of angiogenesis (11,13,14). With 
aggravation of hypoxia, there is a breakdown in the 
balance of angiogenesis in tumor cells, and the ratio 
of TSP-1/VEGF gradually decreases and micro-vessel 
density increases, thereby accelerating angiogenesis of 
tumor tissues. However, after over expression of TSP-

Tissue
Plateau zokor SD rat
3 300 m 2 260 m 3 300 m 2 260 m

Liver 0.193 ± 0.007** 0.042 ± 0.006 0.006 ± 0.001 0.009 ± 0.003
Lung 0.088 ± 0.013** 0.028 ± 0.008 0.007 ± 0.001 0.002± 0.001
Skeletal muscle 0.089 ± 0.003** 0.029 ± 0.002 0.006 ± 0.002 0.008 ± 0.002

Table 5. Quantification mRNA levels of TSP-1 at altitudes of 3 300 m and 2 260 m.

**p < 0.01, *p < 0.05; n = 8 for each group.

Figure 5. Relative expression levels of TSP-1 gene in the different 
tissues of plateau zokor and SD rat at different altitudes. M: Mar-
ker; H: high altitude group, 3 300 m; L: low altitude group, 2 260 
m;(A-C) Quantification of TSP-1 mRNA levels in plateau zokor 
and SD rat tissues at different altitudes. **p <0.01, *p <0.05; n = 8 
for each group.
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1, the vascular density in tumor cells decreases signi-
ficantly, and the blood supply decreases, resulting in 
the necrosis of tumor cells. Thus, TSP-1 is an effective 
inhibitor of angiogenesis. In the present study, it was 
found that the expression level of TSP-1 in the tissues 
of liver, lung and skeletal muscle of plateau zokor were 
increased significantly from 2260m to 3300m, but there 
was no corresponding significant difference in TSP-1 
expression in SD rat under the same conditions. Thus, 
TSP-1 gene is expressed in different patterns in the 
two species (61, 62). It is known that TSP-1 is the first 
endogenous angiogenesis inhibitor identified in p53 
pathway (63-68). The p53gene can positively stimulate 
the TSP-1 promoter sequence (+516 -+538), and inhibit 
angiogenesis by up-regulating the expression of TSP-1 
(70-71). The P53 of plateau zokor is sensitive to envi-
ronmental oxygen concentration; its expression level at 
2260 m was 80% lower than that at 3300 m(54). The 
different expression patterns in the two species could be 
due to differences in the regulations of upstream genes 
and downstream target genes. 

In conclusion, due to long time adaption to the hy-
poxic environment of sealed burrows, plateau zokor 
upregulates the expression of TSP-1 for anti-angiogene-
sis. The mutation sites found in TSP-1 of plateau zokor 
may play important roles in inhibiting angiogenesis.
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