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Abstract: Background: Changes in the structure and function of micro-vessels is the pathogenic basis of organ dam-
age in cardiovascular and cerebrovascular diseases. Microcirculation is primarily affected in hypertension, resulting
in increased vascular resistance. Pericytes are contractile cells that are embedded in the basement membrane of
capillaries, and regulate endothelial cell membrane maturation, capillary blood flow, cell debris removal, and stabil-
ity of endothelial cells. However, the exact role of brain microvascular pericytes in the pathogenesis of hypertension
has not been elucidated. Methods: Brain microvascular pericytes were isolated from spontaneously hypertensive
rats (SHR) and wild type Wistar Kyoto (WKY) rats. The transcriptomes of SHR and WKY pericytes were analyzed by
RNA-Seq, and the differentially expressed genes (DEGs) were screened by Ballgown, and Student’s t test was used
to be used to compare differences between groups. DAVID was used for the GO-enrichment analysis and KEGG
pathway analysis of the DEGs, and an interaction network between the significant signaling pathways and DEGs
was constructed. Results: A total of 1356 DEGs were identified between the WKY and the SHR group pericytes (P
value < 0.05, Fold change > 1.5), of which 733 were upregulated and 623 downregulated. The genes with greatest
betweenness centrality values were Itgbl, Vcam-1 and MMP-9. Based on KEGG analysis, 34 interacting signaling
pathways and 43 interacting genes were screened, and MAPK, p53, Wnt, Jak-STAT, TGF-beta, VEGF and PPAR signal-
ing pathways were the key nodes. Conclusions: Several DEGs and signaling pathways were identified in the brain
microvascular pericytes of SHR rats compared to the WKY rats. Our findings will lay the foundation to study the role
of brain microvascular pericytes in the development of spontaneous hypertension.
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Introduction striction, and blocks the interaction between

endothelial and smooth muscle cells [6, 7]. In

In recent years, with the change in people’s diet
and lifestyle, the number of patients with hyper-
tension has increased all over the world. It is
one of the main causes of death among cardio-
vascular and cerebrovascular diseases, due to
the lack of clinical symptoms in the early stag-
es, which hinders treatment and results in poor
drug compliance in patients [1]. Vascular endo-
thelial dysfunction [2, 3] and microcirculation
[4, B] are closely related with the pathogenesis
of hypertension.

The endothelial injury induced by increased
blood pressure reduces endothelium depen-
dent vasodilatation and increases vasocon-

addition, the adhesion of inflammatory cells
to the vascular walls and secretion of nitric
oxide by intercellular adhesion molecules is
increased in hypertensive patients [8, 9]. It
enhances inflammatory response to the vascu-
lar walls, damages vascular endothelial cells
and enhances platelet aggregation, eventually
leading to atherosclerosis, thrombosis, organ
damage, and further development of hyperten-
sion [10, 11]. In recent years, the role of micro-
vessels in the development of cardiovascular
disease has attracted a lot of attention. Micro-
vessels are the sites of metabolite exchange,
which is known as microcirculation. The chang-
es in the structural domain of the small arter-
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Table 1. RT-qPCR primers
Gene Primer sequence (5'-3’) Gene  Primer sequence (5’-3’)
FzD1 F: cacctggataggcatctggt FGFR2 F: gttcaccctacccagggatt
R: gtaacagccggacaggaaaa R: gttcattggtgcagttggtg
SOD3 F: gacctggagatctggatgga VEGFa F: ttcctgcagcatagcagatg
R: ggaccaagcctgtgatctgt R: tttettgegetttegttttt
Orm1 F: ttcagaccacagacgaccag  Lgfbp2 F:tgaaccccaatactgggaag
R: ttttcactgctcctgecacac R: atcattctcctgetgetegt
Tsc22d3 F: ggtggecctagacaacaaga  Angptl2  F: ctgtgctcactccaacctca
R: tcaaccagctcacgaatctg R: ctcggaactcagcccagtag
Plac8 F: gcgatgaggactctctaccg Il-33  F:tggcctcaccataagaaagg
R: gatttggcacacagagcaaa R: cctecectteatgettgetac
Lgfbpb  F: gaggctgtgaagaaggatcg Adora2b F: cctttggcattggactgact
R: atctcaggtgcagggatgac R: cagggcagcagctcttattc
Lgfbp3  F: ttccaagttccatccactee Adgrgl F: gaagacttccgcttcetgtgg
R: ttctgggtgtetgtgetetg R: gaggctctcgtcetgtgttee
MMP-9  F: cactgtaactgggggcaact TIMP3  F: gctgtgcaacttigtggaga
R: cacttcttgtcagcgtcgaa R: ggtcacaaagcaaggcaagt
AQP1 F: ccgagacttaggtggcetcag Endod1l F: ccccttaacagtgacctcca
R: ttgatcccacagcecagtgta R: gatcaaggctcggtccataa
THBS2 F: cagactggctatgcaggtga FGFR3 F: atttagaccgcatcctcacg
R: gtggcattggtagcacacac R: caggtcatgggtgaacacag
EPHB2  F: gtacctggcggacatgaact B-actin  F: cgttgacatccgtaaagacc
R: gagagcccgaagtcagacac R: ctaggagccagggcagtaatc

ies, arterioles and micro-vessels are important
pathogenic bases for the organ damage seen
in cardiovascular diseases [12]. Hypertension
mainly causes a decrease in the diameter of
the vessels and the small artery lumen, which
leads to structural changes and vascular resis-
tance [13]. It also decreases the density of
blood vessels, including micro-vessels [14].

Pericytes, also known as Rouget cells, are con-
tractile cells that wrap around the endothelial
cells of capillaries throughout the body. They
are embedded in the basement membrane of
the endothelial cells, and communicate with
them through direct physical contact and para-
crine signals, to monitor and stabilize the matu-
ration process of endothelial cells [15, 16].
Pericytes also regulate the microvessel blood
flow [17], scavenge cell debris and control per-
meability of the blood brain barrier [16, 18].
However, no study so far has shown any asso-
ciation between cerebral microvascular peri-
cytes and the pathogenesis of hypertension.

In this study, transcriptomes of pericytes from
spontaneously hypertensive rats (SHR) and
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wild type Wistar Kyoto (WKY)
rats were analyzed, and dif-
ferentially expressed genes
(DEGs) were screened, to
determine their role in the
pathogenesis of hyperten-
sion.

Materials and methods
Experimental animals

Animal experiments were
approved by the Laboratory
Animal Care and Ethics
Committee of the Institute
of Microcirculation, Chinese
Academy of Medical Scien-
ces & Peking Union Medical
College. Thirteen-week-old
male Wistar Kyoto (WKY)
rats (n = 10) and spont-
aneously hypertensive rats
(SHR) (n = 10) were pur-
chased from Vital River
Laboratory Animal Techno-
logy Co. Ltd. (license No.
SCXK 2016-0006, Beijing,
China).

Isolation of micro-vessels, culture and identifi-

cation of pericytes

Immediately after decapitating the rats, their
brains were ablated and immersed in ice-cold

isolation buffer.
micro-vessels were

Following tissue removal,
isolated as previously

described [19, 20]. Briefly, the meninges and
large pial vessels were carefully removed and
regions of interest including the gray matter of
the brain were isolated under a dissecting
microscope. The brains were minced in ice-cold
Dulbecco’s modified Eagle’s medium (DMEM),
and digested in DMEM containing collagenase
type Il (1 mg/ml), DNase | (15 pyg/ml) and gen-
tamicin (50 pg/ml) for 1.5 h at 37°C. The
digested micro-vessels were separated by
centrifugation in 20% bovine serum albumin
(BSA)/DMEM (1000 % g, 20 min). The pelleted
micro-vessels were further digested with colla-
genase/dispase (1 mg/ml; Roche, Switherland)
and DNasel (6.7 yg/ml) in DMEM for 1 h at
37°C. The micro-vessel clusters were separat-
ed on a 33% continuous Percoll (GE Health-
care, UK) gradient (1000 x g, 10 min), and
washed twice in DMEM. The resulting micro-
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Figure 1. Isolation, cultivation and identification of pericytes from cerebral micro-vessels. The brain micro-vessels
were isolated from the WKY and SHR rats and cultured in suitable medium. After 3 days, almost all of the pericytes
had crawled out of the brain micro-vessels, and reached 80-90% confluency by the 7th day. They were double-
labelled with PDGFRB and NG2, and identified by fluorescence. Bar = 100 um.

vessel fragments were seeded in an uncoated
culture flask containing DMEM supplemented
with 10% fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 pg/ml streptomycin. The
culture medium was changed every 2 days.
After 7 days of culture, after the pericytes
had reached 80-90% confluence, the primary
cultures were used for subsequent analyses.
Immunocytochemistry was performed as previ-
ously described [21].

RNA extraction

Total RNA was extracted from the cells using
the RNeasy Plus kit (Qiagen, USA), and dis-
solved in an appropriate amount of RNAase-
free ddH,0. The sample was further diluted 50
x in RNAase-free ddH20, and its concentration
and purity were determined using NanoDrop
2000 (Thermo Scientific, USA). Furthermore, 1
ul RNA was taken from each sample and elec-
trophoresed on a 1% agarose gel for 100 V x
30 min. The integrity of 18 s and 28 s rRNA
bands were evaluated on a Bio-Rad gel imaging
analyzer (Bio-Rad, USA).

Preparation of sequencing library and RNA-
Seq

The cDNA library for RNA-Seq was constructed
according to the instructions of the RNA-Seq
Library Construction Kit (iCloning, USA) [22].
Briefly, oligo (dT) beads were used to enrich the
mRNA and fragmented using the Fragmentation
buffer. The first cDNA strand was synthesized
using six-base random primers, followed by the
addition of buffer solution, dNTPs, RNase H,
and DNA polymerase | to synthesize the second
cDNA strand. The cDNA was purified using the
Qia Quick PCR Kit as per the manufacturer’s
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instructions, and terminally ligated to poly (A)
and sequencing adapters. A 200 bp fragment
was selected by separation through 1.5% aga-
rose gel electrophoresis. The cDNA library was
then amplified by bridge PCR with the following
conditions: initial denaturation at 98°C for 30
s, 15 cycles of 98°C 10 s, 65°C 30 s, 72°C 30
s, and final extension at 72°C for 5 min.
The cDNA library was then sequenced using
Illumina HiSeq 2000 high-throughput sequenc-
er (llumina, USA) using pair-end sequencing,
with library size of 200 bp and read length of
116 nt [23].

Validation of RNA-Seq results

The RNA was reverse transcribed to cDNA by
using PrimeScript™ RT reagent kit with gDNA
Eraser kit (RRO47A, Takara, Japan) with the fol-
lowing conditions: 37°C for 15 min and 85°C
for 5 s. RT-qPCR reaction mix was prepared
using 20 ul template and the SYBRTM Green
PCR Master Mix (4312704, Invitrogen, German),
and amplified in ABlI 7300 Fluorescent Qu-
antitative PCR instrument (Applied Biosystems,
USA). The PCR parameters were: initial denatur-
ation at 95°C for 30 sec, and 40 cycles of 90°C
for 5 s and 65°C for 30 s. B-actin was used as
the internal reference, and the relative expres-
sion of the target genes were calculated using
the 224 method. RT-gPCR primers were shown
in Table 1.

Processing and assembly of sequencing raw
data

The clean reads were obtained by removal of
reads containing linkers, those with N greater
than 5%, and whose base number with masses
less than 20 were greater than 50%. The
sequenced raw data processed by the HISAT2
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Table 2. Representative display of DEGs
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Ensembl Gene Gene Name p-value g-value Fold Change (SHR/WKY) Syle
ENSRNOG00000016242 Fzd1 0.009329033  0.08659256 47.44948194 Up
ENSRNOGO0000017206 Igfbp5 0.01313876 0.103819156 8.807374365 Up
ENSRNOGO0000056135 Tsc22d3 0.000199895 0.022757597 12.11702988 Up
ENSRNOGO0000003869 Sod3 0.001558853 0.045706919 45.05280292 Up
ENSRNOGO0000007886 Oorm1 1.89E-05 0.011879926 20.34257458 Up
ENSRNOG0O0000061910 Igfbp3 0.000141462 0.021436415 4.795145595 Up
ENSRNOGO0000007886 Oorm1 1.89E-05 0.011879926 20.34257458 Up
ENSRNOGO0000002217 Plac8 0.000125619 0.02130323 9.230759055 Up
ENSRNOGO0000017539 Mmp9 6.60E-06 0.008002092 7.265519367 Up
ENSRNOG00000011648 Agpl 0.000649917  0.033239107 7.196132835 Up
ENSRNOGO0000010529 Thbs2 0.000143189 0.021436415 2.097225521 Up
ENSRNOGO0000012531 Ephb2 0.00159978 0.04647261 1.772122365 Up
ENSRNOGO00000016374 Fgfr2 0.000834785 0.036132819 1.525621382 Up
ENSRNOGO00000019598 Vegfa 0.009365149 0.086748099 1.782365629 Up
ENSRNOG00000016957 Igfbp2 8.44E-05 0.019068219 0.039638441 Down
ENSRNOGO0000016678 Angptl2 0.000148746  0.021688543 0.099866321 Down
ENSRNOGO0000002922 Adora2b 0.041773162  0.197873827 0.159245781 Down
ENSRNOGO0000016456 IL-33 0.000114676 0.02130323 0.1922982 Down
ENSRNOGO0000014963 Adgrgl 4.58E-05 0.01620986 0.213890382 Down
ENSRNOGO0000004303 Timp3 0.001391624  0.043299044 0.654773419 Down
ENSRNOGO0000024757 Endod1 0.00021152 0.022757597 0.076970779 Down
ENSRNOG00000016818 Fgfr3 0.006323075 0.079195013 0.503801675 Down

Ensembl Gene indicates the gene number in the Ensembl database; Gene Name indicates the gene name corresponding to
the number; p-value indicates the significance level of the differential gene; Q-value indicates the misjudgment rate used to
measure the reliability of the p value. Fold Change (SHR/WKY) indicates the ratio of the same gene signal value between the

groups; Style indicates the up/down-regulation of genes according to the difference folds.

method were assembled into transcripts using
the STINGTIE method of CTINGIlinks software
(University of California, Berkeley, USA) [24].

DEGs analysis

The RPKM (reads per kilo bases per million
reads) method was used to calculate the ex-
pression of each gene and Ballgown method
was used to compare the expression of the
genes between different samples, and Stu-
dent’s t test was used to was used to compare
differences between groups [25]. A DEG was
defined as such when FDR < 0.5 and differen-
tial expression > 1.5. DAVID online analysis
tool was used to perform functional cluster
analysis of the DEGs [26] between the WKY
and SHR groups, and their biological functions
were determined according to the significant
enrichment of GO terms. Fisher’s exact test and
multiple comparison test were used to calcu-
late the significance level (p-value) and false
positive rate (FDR) of each function, and the
significant functions of the DEGs were screened
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with the threshold p < 0.05. Pathways that
were significantly enriched among the DEGs
were identified through KEGG analysis using
Hypergeometric test. Pathways with FDR < 0.5
were defined as significantly enriched.

Results

Morphology of pericytes from WKY and SHR
and expression of generic markers

After 3 days of cultivation, almost all pericytes
had crawled out of the brain micro-vessels,
and 7 days later, reached 80-90% confluence.
Co-expression of a-SMA and desmin, as deter-
mined by immuno-fluorescence, identified the
isolated cells as pericytes (Figure 1).

Purity and integrity identification of total RNA

The OD260/0D280 ratios of total RNA extract-
ed from 6 samples (WKY-PC1, WKY-PC2, WKY-
PC3, SHR-PC1, SHR-PC2 and SHR-PC3) were
greater than 1.8, indicating high purity RNA
with no protein contamination. Good quality of

Am J Transl Res 2018;10(8):2372-2386



RNA-Seq of BMPC in SHR

>
g

WKY

. o |
R SHR

g

g

50

Relative expression
{normalized actin)
g 8
N
N J

@2

N 0'5 ] & >
L LIS

B 154
) WKY
Hl SHR

1.0

0.5

Relative expression
(normalized actin)

Figure 2. Partially differential gene expression obtained from RNA-Seq verified by RT-qPCR. Data are shown as
mean + SEM (Triple repeat), and Prism 5 statistical analysis software was used for statistical analysis of data, and
Student’s t test was used to was used to compare differences between groups. *indicates significant difference

compared to WKY group, P < 0.05.

Table 3. Representative display of differential transcripts

Ensembl Transcript Ensembl Gene Gene Name p-value g-value Fold Change (SHR/WKY) Style
ENSRNOTO0000089306 ENSRNOGO0000038999 RT1-A1 0.001101339 0.054584506 354.7012198 Up
ENSRNOTO0000050204 ENSRNOG0O0000031889 Rpl6-ps1 0.00000599  0.012240777 74.13574932 Up
ENSRNOTO0000038660 ENSRNOGO0000030712 RT1-A2 0.0000284 0.021118516 56.45090228 Up
ENSRNOT00000021979  ENSRNOG00000016242 Fzd1 0.012135564 0.119753845 50.90801758 Up
ENSRNOTO0000005155 ENSRNOGO0000003869 Sod3 0.001419572  0.05991521 46.70243702 Up
ENSRNOTO0000080900 ENSRNOGO0000038999 RT1-A1 0.0000788  0.027999441 42.90053763 Up
ENSRNOT00000022827 ENSRNOG00000016945 Pla2g2a 0.0000487  0.023695539 26.71388756 Up
ENSRNOT00000011327 ENSRNOGO0000008465 Tmem176b  0.00336045 0.073992949 22.53151886 Up
ENSRNOT00000010454 ENSRNOG0O0000007886 orm1 0.0000213  0.018620663 20.3252721 Up
ENSRNOT00000039551 ENSRNOG00000023383 Ddx3x 0.003758224 0.073992949 17.6106482 Up
ENSRNOT00000079919  ENSRNOG00000057626 Kiflb 0.005208051 0.073992949 0.105421906 Down
ENSRNOT00000022585 ENSRNOG0O0000016678 Angptl2 0.000157572  0.029371951 0.10011834 Down
ENSRNOT00000085692 ENSRNOG0O0000057823 Ubc 0.001145209 0.055281149 0.099517672 Down
ENSRNOT00000085516 ENSRNOG00000014630 Iws1 0.014457763 0.131881631 0.095341591 Down
ENSRNOTO0000033969 ENSRNOG00000024757 Endod1 0.000246875 0.032140145 0.076939659 Down
ENSRNOT00000082645 ENSRNOG0O0000017191 Trim5 0.00019853  0.029399143 0.067549026 Down
ENSRNOTO0000090051 ENSRNOG0O0000015320 Atp5g2 0.023390109 0.171763159 0.047122239 Down
ENSRNOTO0000082538 ENSRNOGO0000038999 RT1-A1 0.001067966  0.05399421 0.044663039 Down
ENSRNOT00000023068 ENSRNOG00000016957 Igfbp2 0.0000866 0.028016908 0.039305833 Down
ENSRNOT00000066363 ENSRNOG00000040287 Cyplbl 0.005208051 0.073992949 0.017210797 Down

Ensembl Transcript indicates the number of transcripts in the Ensembl database; Ensembl Gene indicates the number of genes corresponding to the transcript in the
Ensembl database; Gene Name indicates the gene name consistent with genetic identification of NCBI GenBank; p-value indicates the significance level of the differen-
tial gene; Q-value indicates the misjudgment rate used to measure the reliability of the p value. Fold-Change (SHR/WKY) indicates the fold difference, and the ratio of the
detection value of the same transcript between groups; Style indicates transcript expression. The up/down-regulation of transcripts were determined according to the

fold difference.

the isolated RNA was verified by 1% agarose gel
electrophoresis in the form of intact 18 S and

28 S rRNA bands (Supplementary Figure 1).

Gene expression and transcript data analysis

A total of 1356 DEGs were observed between
the pericytes of the experimental group (SHR)
and the control group (WKY) with screening
threshold of P < 0.05 and fold change greater
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than 1.5, of which 733 genes were upregulated
and 623 were downregulated. To verify the
accuracy of the sequencing results, 21 DEGs
were amplified by real-time fluorescence quan-
titative PCR, and the results were consistent
with the expression trends seen in RNA-Seq
analysis (Table 2; Figure 2). Similarly, 1661 dif-
ferential transcripts were obtained with p-value
< 0.05 and fold change greater than 1.5, of
which 893 had higher expression and 768 had

Am J Transl Res 2018;10(8):2372-2386
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Figure 3. Dendrogram of (A) DEGs and (B). Transcripts. The abscissa represents the sample name, and the ordinate
represents the differential genes. Red denotes upregulation, and green denotes downregulation of the DEGs.

Table 4. Representative display of GO function enrichment analysis of differential genes
Go- Go-

Go-id Go-name . Enrichment p-value FDR Style
diffgene gene
GO: 0008150 Biological_process 49 1408 2.309674827 3.26277E-07 4.09274E-05  Up
GO: 0043066 Negative regulation of Apoptotic process 35 478 4.859566881 9.19362E-14 3.07527E-11 Up
GO: 0051301  Cell division 31 152 13.53553798 2.39662E-25 4.81002E-22  Up
GO: 0055114 Oxidation-reduction process 27 210 8.533002743 9.36415E-17 4.69846E-14 Up
GO: 0045944 Positive regulation of transcription from RNA poly- 27 715 2.50619661 6.31754E-05 0.003092511 Up
merase |l promoter
GO: 0008285 Negative regulation of cell proliferation 24 308 5.171516814 3.153E-10 7.91009E-08 Up
GO: 0042493 Response to drug 24 462 3.447677876 8.3662E-07 8.39548E-05 Up
GO: 0000122 Negative regulation of transcription from RNA 24 499 3.192038434 3.31446E-06 0.000289222 Up
polymerase Il promoter
GO: 0008284 Positive regulation of cell proliferation 23 388 3.934173659 1.41967E-07 1.98753E-05 Up
GO: 0006260 DNA replication 22 87  16.78266184 2.14613E-20 2.15365E-17  Up
GO: 0007067 Mitosis 22 111 13.1539782 6.40257E-18 4.28332E-15 Up
GO: 0008150 Biological_process 48 1408 2.759889435 1.41461E-09 6.83963E-07 Down
GO: 0042493 Response to drug 32 462 5.607394407 2.46757E-14 2.38614E-11 Down
GO: 0007155  Cell adhesion 31 260 9.652536383 1.22481E-20 2.36878E-17 Down
GO: 0045944 Positive regulation of transcription from RNA poly- 25 715 2.830655831 1.66954E-05 0.000701933 Down
merase |l promoter
GO: 0045893 Positive regulation of transcription 23 495 3.761627082 3.25538E-07 3.49772E-05 Down
GO: 0007165  Signal transduction 22 377 4.724266973 1.09081E-08 2.63702E-06 Down
GO: 0006351 Transcription, DNA-dependent 21 640 2.656393581 0.000240624 0.006374892 Down
GO: 0008285 Negative regulation of cell proliferation 20 308 5.256932257 9.41845E-09 2.60218E-06 Down
GO: 0043065 Positive regulation of apoptotic process 19 258 5.961931699 2.95249E-09 1.14202E-06 Down
GO: 0008284 Positive regulation of cell Proliferation 19 388 3.964377264 1.97922E-06 0.000127594 Down

Go-id indicates the GO index number; Go-name indicates the GO name; Go-diffgene indicates the differential gene count enriched in a certain function; Go-gene repre-
sents the gene count or number of genes enriched a certain function; Enrichment represents the degree of enrichment; p-value was used to indicate the significance
level of the difference genes; similar p-values indicates a greater degree of GO enrichment more likely to be affected by the experiment; FDR indicates the misjudgment
rate of the p-value accuracy rate, and re-judgment of the GO significance level; Style indicates gene expression in and the up/down-regulation of transcripts were deter-
mined according to the fold difference.

lower expression in the pericytes of SHR group tive differential transcripts are shown in Table
compared to the WKY group. The representa- 3.
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Figure 4. Functional enrichment of the DEGs (A). Up-regulated pathways in SHR compared to WKY; (B) Down-reg-
ulated pathways in SHR compared to WKY. The ordinate shows the name of the DEG function, and the abscissa
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Figure 5. Histogram of significant pathways that are (A). Up-regulated and (B). Downregulated in SHR compared to
WAKY. The ordinate is the name of the DEG pathway, and the abscissa indicates the negative logarithm of p value
(-LgP). Higher -LgP corresponds to smaller p value and thus higher significance level of the DEG pathway.

DEG cluster analysis and GO function enrich-
ment analysis

The DEGs obtained by differential screening
were clustered according to the signal values of
each gene in the sample. Results showed intra-
group and inter-group correlation, and similar
expression of clustered genes indicated similar
function (Figure 3).
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GO analysis is used for functionally annotating
genes based on the enrichment of certain
terms in the Gene Ontology database, catego-
rized under molecular functions (MF), cellular
compartment (CC), and biological processes
(BP). It helps discover the most important puta-
tive functions as well as non-functions of a
large number of target genes [27, 28]. The
top 10 most significantly up-regulated and

Am J Transl Res 2018;10(8):2372-2386



RNA-Seq of BMPC in SHR

Blad.ncer

»

ECM-rece, teraction
1 “" PPARsi l.g th
VEGF glg.;athway p53 signaling pathway / 9' pathway
i > ‘
F
e . Small cell lung cancer -
Arachldomc. metabolism / C.
Pancreatic cancer B
M”" I Pathways in cancer
; Phosphalidylins.lgnaling system
- v
—F A L) A
Renal c.ﬂlnoma : ell cycle v
> A a8
Wt sig , vthw.ay A " Fac.iov\
v \ ¥ D . -
a S % 1 '
LN _. \\
MAPK s :thwav cwoklna-cytolgr.plor interaction
h \ ((
) el L W b
TGF-beta s 0 pathuay Jak-STAT g pathway \
N
1 i
. ay P Regulation g;. cytoskeleton
Ubiquitin m proteolysis .
i \ Axon guidance Leukocyte tral;zondothellal migration
Nucleoﬂde.aion repair

Systemic Iu;.&hematosus
\ " Typel dia.s mellitus
T cell "’“"".g’“ pathway — cell adhesion molecilles (CAMs)

» v W
Graft-vers.st disease
Allogr.eclion
Autoimmun.old disease

I 4
Antigen proces.ed presentation
\ "

-
Complement and coagulation cascades
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10 down-regulated functions as per the GO-
diffgene counts among the DEGs are shown in
Table 4. The distribution map of the 30 most
significant gene functions was constructed
showing the up-regulation (Figure 4A) and
down-regulation (Figure 4B) of gene functions.

Signaling pathway analysis of differential
genes

KEGG (Kyoto Encyclopedia of Genes and
Genomes) is a database that systematically
analyzes the relationship between genes (and
their encoded products) and their functions on
a genome wide basis, as an entire network.
KEGG pathway analysis was performed, and
the threshold for the significant pathways
involved with the DEGs was set using Fisher’s
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exact test and Chi-square test, and p value <
0.05. The distribution map of the 30 most sig-
nificant gene pathways was constructed for
upregulated (Figure 5A) and downregulated
pathways (Figure 5B).

Interaction network of significant pathways

The interaction network of the significant path-
ways obtained from KEGG analysis was con-
structed using Path-Net graph. From the net-
work, signal-transduction relationship was sys-
tematically analyzed between sample signifi-
cance pathway found by Pathway-Analysis, and
it is possible to intuitively discover the impor-
tant pathway’s synergistic mode when sample
changed and to systematically understand the
nature of sample trait changes. Path-Net helps

Am J Transl Res 2018;10(8):2372-2386
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Table 5. Interaction network node properties of significant pathways

Path-id Path-name Style Indegree Outdegree  Degree
Path: rno04010 MAPK signaling pathway Down 15 4 19
Path: rno05200 Pathways in cancer All 0 17 17
Path: rno04110 Cell cycle All 12 2 14
Path: rno04510 Focal adhesion Down 7 7 14
Path: rno04660 T cell receptor signaling pathway Down 7 4 11
Path: rno04514 Cell adhesion molecules (CAMs) All 6 3 9
Path: rno04115 p53 signaling pathway All 8 1 9
Path: rno04310 Wnt signaling pathway Down 3 6 9
Path: rno04060 Cytokine-cytokine receptor interaction Down 7 0 7
Path: rno04630 Jak-STAT signaling pathway Down 3 4 7
Path: rno05212 Pancreatic cancer All 1 6 7
Path: rno05322 Systemic lupus erythematosus Up 0 7 7
Path: rno04350 TGF-beta signaling pathway Down 4 3 7
Path: rno04120 Ubiquitin mediated proteolysis Up 7 0 7
Path: rno04370 VEGF signaling pathway Down 4 3 7
Path: rno04810 Regulation of actin cytoskeleton Down 4 2 6
Path: rno04612 Antigen processing and presentation Up 4 1 5
Path: rno05219 Bladder cancer Down 1 4 5
Path: rno05214 Glioma Down 1 4 5
Path: rno05211 Renal cell carcinoma Up 1 4 5
Path: rno05222 Small cell lung cancer All 1 4 5
Path: rno05330 Allograft rejection Up 0 4 4
Path: rno05320 Autoimmune thyroid disease Up 0 4 4
Path: rno04610 Complement and coagulation cascades All 4 0 4
Path: rno04512 ECM-receptor interaction Down 3 1 4
Path: rno05332 Graft-versus-host disease Up 0 4 4
Path: rno04670 Leukocyte transendothelial migration All 2 2 4
Path: rno05218 Melanoma Down 1 3 4
Path: rno04360 Axon guidance All 0 3 3
Path: rno04070 Phosphatidylinositol signaling system Down 2 1 3
Path: rno00590 Arachidonic acid metabolism Up 1 0 1
Path: rno03420 Nucleotide excision repair Up 0 1 1
Path: rno03320 PPAR signaling pathway Up 1 0 1
Path: rno04940 Type | diabetes mellitus Up 0 1 1

Path-id indicates the index number of pathway in the KEGG database; Path-name indicates the path name of the KEGG
database; Style indicates the pathways with both up-regulated and down-regulated genes; Indegree indicates the number of
upstream pathways; Outdegree indicates the number of downstream pathways; Degree indicates the number of upstream and

downstream pathways.

find the most upstream and downstream sig-
naling pathways in the network, and under-
stand the relationship between these path-
ways. In this study, a total of 34 interacting sig-
nal pathways were screened, as shown in
Figure 6 and Table 5.

Intergenic interaction network

Based on the genes predicted with significant
functions and the genes included in the signifi-
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cant pathways, a total of 333 GO-Pathway
intersecting genes were obtained. By combin-
ing these intersecting genes and the KEGG
database, the relationship between each gene
with every other gene, as well as its upstream
and downstream genes were determined. The
inter-genic interaction was constructed as
shown in Figure 7 and Table 6. The genes Itgh1,
Itgh3, Itgh4, Itgh6 and Itgh10 (with respective
numbers 13, 10, 10, 10 and 10) were the most

Am J Transl Res 2018;10(8):2372-2386
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Figure 7. Intergenic interaction network. The circles represent the genes
(red: up-regulated genes and blue: down-regulated genes). The size of the
area represents the value of betweenness centrality, with greater values in-
dicating higher signal transduction and regulation between two genes.

likely to interact with other genes, while Itgbh1,
Vcaml1 and MMP9 had relatively stronger abili-
ty to regulate genes and were in key node posi-
tions throughout Signal-Net.

Discussions

Pericytes are contractile cells that are widely
distributed throughout the microvascular walls,
and together with endothelial cells regulate the
blood flow [29, 30]. Recent studies have shown
that pericytes not only maintain vascular struc-
tural integrity, but can also communicate with
other endothelial cells through direct physical
contact or paracrine signaling, and regulate
blood perfusion in microcirculation, microvas-
cular permeability, angiogenesis, wound heal-
ing, as well as maintain microvascular tone.
Structural and functional abnormalities result
in various microvascular diseases, such as
diabetic retinopathy, coronary heart disease,
hypertension, and tumor angiogenesis [31].
Recent studies on pericytes have elucidated
their roles in various diseases, and their thera-
peutic potential has also attracted the atten-
tion of researchers [32, 33]. Pericytes differ
across tissues on the basis of their anatomical
locations around the micro-vessels, distribu-
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tion density, phenotype, and
differentiation characteristics.
The density of microvascular

@ pericytes is the highest in the
. central nervous system (CNS),
. where they play a crucial role

in the formation and function
of the blood-brain barrier [29].
One study found that the num-
L\ ber of cerebral pericytes in
spontaneously hypertensive
rats were four times that of
.'. the healthy controls [34]. Our
8.1 1 previous studies on pericytes
were mainly focused on those
‘ of the CNS [21, 35], and there-
fore we selected brain micro-
vascular pericytes for the

present study as well.

The transcriptomes of brain
microvascular pericytes iso-
lated from normal (WKY) and
hypertensive (SHR) rats were
compared, and the DEGs we-
re analyzed by bioinformatics.
We obtained 1356 DEGs between the two
groups (p value < 0.05, fold change > 1.5), and
screened 34 interacting signaling pathways
and 43 interacting genes on the basis of KEGG
analysis. The significant pathways included the
MAPK, p53, Wnt, Jak-STAT, TGF-beta, VEGF and
PPAR signaling pathways, which have been
implicated in the development of hypertension
[36, 37]. Previous studies have shown that
pericytes can also synthesize a variety of extra-
cellular matrix (ECM) associated structures
and adhesion proteins such as type I, type I,
and type IV collagen, laminin and fibronectin
[38], which are involved in the thickening of
the microvascular basement membranes in
patients with hypertension and diabetes melli-
tus (DM). In addition, the increase in myofila-
ments in the pericytes facilitates their migra-
tion and attachment. Previous studies had indi-
cated that the change in the expression of
adhesion and structural proteins in pericytes
may be related to the occurrence and develop-
ment of hypertension. The 34 interactive sig-
naling pathways obtained in this study are
also directly related to cell adhesion, includ-
ing focal adhesion, cell adhesion molecules
(CAMs), ECM-receptor interaction and regula-
tion of actin cytoskeleton.
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Table 6. Gene properties in gene interaction networks

Gene symbol Description Betweenpess Degree Indegree Outdegree
centrality
Itgb1 Integrin subunit beta 1 0.045535297 13 11 3
Vcam1 Vascular cell adhesion molecule 1 0.028284245 2 1 1
Mmp9 Matrix metallopeptidase 9 0.026647966 4 3 1
Cybb Cytochrome b-245 beta chain 0.026180458 2 1 1
Vegfa Vascular endothelial growth factor A 0.02571295 6 2 4
Finc Filamin C 0.017765311 5 5 5
Ptpn6 Protein tyrosine phosphatase, non-receptor type 6 0.011220196 4 1 3
Epha2 Eph receptor A2 0.00631136 5 4 1
Epasl Endothelial PAS domain protein 1 0.001636279 3 1 2
lgf1 Insulin-like growth factor 1 0.00116877 5 1 4
Itgal0 Integrin subunit alpha 10 0.000420757 10 10 1
Itga3 Integrin subunit alpha 3 0.000420757 10 10 1
Itga6 Integrin subunit alpha 6 0.000420757 10 10 1
Itgb4 Integrin subunit beta 4 0.000420757 10 10 1
Cntfr Ciliary neurotrophic factor receptor 0.000233754 4 3 1
Clefl Cardiotrophin-like cytokine factor 1 0 1 0 1
Col5a3 Collagen type V alpha 3 chain 0 5 0 5
Col6al Collagen type VI alpha 1 chain 0 5 0 5
Csfl Colony stimulating factor 1 0 4 0 4
EgIin3 Egl-9 family hypoxia-inducible factor 3 0 1 0 1
Ephb2 Eph receptor B2 0 1 0 1
Fgfr2 Fibroblast growth factor receptor 2 0 5 5 0
Fgfr3 Fibroblast growth factor receptor 3 0 5 5 0
Fnl Fibronectin 1 0 5 0 5
Igfbp3 Insulin-like growth factor binding protein 3 0 1 0 1
1120rb Interleukin 20 receptor subunit beta 0 3 2 1
7 Interleukin 7 0 1 0 1
Jak2 Janus kinase 2 0 5 5 0
Kit KIT proto-oncogene receptor tyrosine kinase 0 5 5 0
Lama2 Laminin subunit alpha 2 0 5 0 5
Lamcl Laminin subunit gamma 1 0 5 0 5
Pdgfd Platelet derived growth factor D 0 4 0 4
Prkaa2 Protein kinase AMP-activated catalytic subunit alpha 2 0 1 0 1
Rasal RAS p21 protein activator 1 0 2 2 0
Sema7a Semaphorin 7A (John Milton Hagen blood group) 0 1 0 1
Slc2al Solute carrier family 2 member 1 0 2 2 0
Smurfl SMAD specific E3 ubiquitin protein ligase 1 0 3 0 3
Socs1 Suppressor of cytokine signaling 1 0 3 0 3
Sppl Secreted phosphoprotein 1 0 5 0 5
Thbsl Thrombospondin 1 0 6 0 6
Thbs2 Thrombospondin 2 0 5 0 5
Timp3 TIMP metallopeptidase inhibitor 3 0 1 0 1
Tnc Tenascin C 0 5 0 5

Gene symbol is the name of the gene identified in NCBI database; Description is the annotation of the gene; Betweenness centrality indicates
the center of signal transduction, with higher values corresponding to stronger signal transduction; Indegree indicates the number of upstream
genes; Outdegree indicates the number of downstream genes; Degree indicates the number of upstream and downstream genes of a certain
gene.

Ubiquitination is an important post-translation-
al modification that regulates biological pro-

cesses such as cell proliferation, differentia-
tion, and apoptosis. Dysregulated ubiquitina-
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tion causes abnormal functional changes in
proteins, which are related to various diseases.
Disrupted ubiquitination is associated with
Liddle syndrome, an autosomal dominant disor-
der characterized by salt-sensitive hyperten-
sion and hypokalemic alkalosis. A mutation in
the renal epithelial sodium channel gene
results in its abnormal degradation by the ubig-
uitinin proteasome system, resulting in the clin-
ical features of the disease. Several subse-
quent studies have also reported a role of
ubiquitination in the occurrence and develop-
ment of salt-sensitive hypertension and blood
pressure regulation [39, 40]. In this study also,
the ubiquitin mediated proteolysis signaling
pathway was significantly altered in the cere-
bral microvascular pericytes of spontaneously
hypertensive rats. The metabolites of arachi-
donic acid, an essential fatty acid, have impor-
tant regulatory roles in many physiological and
pathological processes. Arachidonic acid is
metabolized through three major pathways
involving cyclooxygenase, lipoxygenase and
cytochrome P450. Studies have shown [41, 42]
that cytochrome 450, the key gene in the cyto-
chrome P450 metabolic pathway affects hyper-
tension by regulating the downstream metabo-
lites such as 20-hydroxyeicosatetraenoic acid
of w-hydroxylase and epoxygenase [43, 44].

We also explored the relationship between the
target genes by constructing a network of the
DEGs, and identifying the upstream and down-
stream proteins of these genes. ‘Betweenness
centrality’ represents the mediating ability of
each gene in an interaction network; greater
the Betweenness centrality, greater is the
extent of signaling between the genes. The 3
genes with the highest values were Itgbh1l (inte-
grin subunit beta 1), Vcam-1 and MMP-9. Inte-
grin is a transmembrane receptor that medi-
ates the communication between cells and
with their external environment via the beta 1
subunit, and transmits the changes in the
chemical and mechanical characteristics of
ECM to the cells. During normal blood flow,
ltgb1 expression is uniform along the capillary
loop, while in abnormal hemodynamic condi-
tions such as acute hypertension, the expres-
sion of Itgb1 is reduced. However, the specific
mechanism of Itgbl regulation in abnormal
blood flow is not clear [45, 46].

Vcam-1 is an important cell adhesion molecule,
which is induced by inflammatory cytokines
[47], and is an important marker for activated
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vascular endothelial cells. The activation of
endothelial cells can directly cause cell injury
and vascular inflammation, which are impor-
tant steps in the pathogenesis of hypertension
[48, 49]. Vcam-1 not only plays an important
role in immunological and inflammatory res-
ponses, but also promotes the synthesis and
secretion of various vasoactive substances
[50, 51]. MMP-9, one of the most important
members of the MMPs family, is produced by
the smooth muscle cells following stimulation
by the vascular endothelium during chronic
hypertension. It degrades the extracellular
matrix of blood vessels to destroy vascular
walls, and causes vascular remodeling [52,
53]. The latter is a dynamic process including
cell proliferation, migration, apoptosis, and
matrix synthesis, degradation and rearrange-
ment. It is an important pathological basis for
the initiation and progression of hypertension.
Therefore, MMP-9 triggers hypertension by
inducing vascular remodeling.

Conclusions

Spontaneous hypertension induces changes in
gene expression in rat brain microvascular peri-
cytes. The DEGs in cerebral microvascular peri-
cytes of the hypertensive rats were enriched in
the GO terms of molecular functions, celluler
compartment and biological processes. Our
study lays the foundation for understanding the
gene expression changes in pericytes, which
play an important role in microcirculation, and
our future efforts will be focused on elucidating
the mechanism of pericytes and endothelial
cells interaction.
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Supplementary Figure 1. Integrity of total RNA sample detected by 1% agarose gel electrophoresis.



