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Abstract

Sex is an important determinant of brain microvessels (MVs) function and susceptibility to cerebrovascular and neuro-
logical diseases, but underlying mechanisms are unclear. Using high throughput RNA sequencing analysis, we examined
differentially expressed (DE) genes in brain MVs from young, male, and female rats. Bioinformatics analysis of the 23,786
identified genes indicates that 298 (1.2%) genes were DE using False Discovery Rate criteria (FDR; p < 0.05), of which
119 (40%) and 179 (60%) genes were abundantly expressed in male and female MVs, respectively. Nucleic acid binding,
enzyme modulator, and transcription factor were the top three DE genes, which were more highly expressed in male
than female MVs. Synthesis of glycosylphosphatidylinositol (GPI), biosynthesis of GPl-anchored proteins, steroid and
cholesterol synthesis, were the top three significantly enriched canonical pathways in male MVs. In contrast, respiratory
chain, ribosome, and 3 “UTR-mediated translational regulation were the top three enriched canonical pathways in
female MVs. Different gene functions of MVs were validated by proteomic analysis and western blotting. Our novel
findings reveal major sex disparities in gene expression and canonical pathways of MVs and these differences provide a
foundation to study the underlying mechanisms and consequences of sex-dependent differences in cerebrovascular and
other neurological diseases.
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Introduction

Recent advances have established the pivotal role of

cerebral microvessels (MVs) composed of end-
arterioles, capillaries, and venules, in maintaining
normal brain functioning and in contributing to devel-
opment of cerebrovascular and neurological diseases.'
Cerebral MVs are particularly susceptible to aging,**
systemic diseases such as the metabolic syndrome,>”’
and arterial hypertension.® The consequent dysfunction
of the microvasculature leads to impaired nutrient
supply to neurons and glia,”> blood-brain barrier
(BBB) disruption,’ and detrimental vascular remodel-
ing.® In addition, microvascular function and respon-
siveness to physiological stress varies considerably
between the sexes'®!" and may account for differential
susceptibility and severity of neurological diseases in
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males and females. However, little is known about sex-
based differences in gene expression in the cerebral
MYVs. Even though males and females share essentially
the same genetic code, gene expression profiles are dif-
ferent between the sexes.

We previously reported substantial sexual dimor-
phism in the mitochondrial metabolic protein profiles
of young male and female rat MVs using a liquid chro-
matography/mass spectrometry (LC/MS)-based prote-
omic approach.'' Interestingly, we observed that
females displayed higher levels of mitochondrial pro-
teins involved in energy production, mitochondrial
membrane structure, as well as higher levels of antiox-
idants than males. Conversely, males had higher
expression levels of mitochondria-destructive proteins.
This previous study was limited to a specific group of
proteins and did not examine the full extent of sexual
dimorphism in the cerebral microvasculature.

In the present study, we used a high-throughput
RNA sequencing (RNA-Seq) platform to study
sexual disparities in the cerebral MVs of young male
and female rats and the key findings have been validat-
ed by the LC/MS-based proteomic analysis, RT-qPCR
and western blotting. RNA-Seq and proteomics are
powerful, high-throughput technologies for identifying
and quantifying RNA transcripts and proteins, respec-
tively. Although RNA-Seq'*'? and proteomic'"'*
approaches have been applied independently to the
field of microvascular pathophysiology, to date there
are no reported studies of sex-dependent differences in
rat cerebral MVs by multiomic analyses. Therefore, we
performed a comprehensive RNA-Seq characterization
of sex-dependent differences in the brain MVs of
Sprague-Dawley rats and validated these findings by
LC/MS-based proteomic analysis, RT-qPCR and west-
ern blotting.

Materials and methods

Animals

Age-matched, male and female, Sprague-Dawley rats
(10—12-weeks old) were obtained from Charles River
Laboratories (Wilmington, MA, USA) and housed
according to guidelines of the Institutional Animal
Care and Use Committee (IACUC) of Tulane
University as well as the National Institutes of Health
Office of Laboratory Animal Welfare guidelines. The
TACUC Committee of Tulane University approved the
protocols, which follow the Animal Research
Reporting in Vivo Experiments guidelines. Animals
had free access to food and water, ad libitum, and
were housed in a facility with a standard light dark
cycle.

Microvessels isolation

Our previous studies®®”!! of mitochondrial respiration

have shown that MVs are viable for ex vivo studies.
The MVs were isolated as previously described''
(Supplementary Material). The purity of the MV prep-
aration was verified by light and electron microscopy,
immunostaining, and western blotting.

Alkaline phosphatase staining

An alkaline phosphatase (AP) staining method was
applied to differentiate MVs in arterioles, capillaries,
and venules using our previously adopted protocol.!!
Color development was observed under light microsco-
py with 20X magnification.

RNA isolation and sequencing

Analysis of RNA-Seq samples was performed using the
RNA-Seq Analysis Pipeline designed by the Tulane
Cancer Center, Next Generation Sequence Analysis
Core. Reads were pseudo aligned to the rat reference
transcriptome (rnor6) and transcripts were quantified
using kallisto."®> Transcript abundances were collapsed
to gene-level in each sample. Differential gene expres-
sion analysis was performed using sleuth, as described
by Pimentel and colleagues.'® Gene-level abundances
were used as input for Gene Set Enrichment Analysis
(GSEA)'"!'® against several Molecular Signatures
Databases (MSigDB). The detailed methods of RNA
isolation and sequencing are described in the
Supplementary Material.

Discovery-based quantitative proteomics, data
analyses, and bioinformatics

The samples were prepared for discovery-based prote-
omic analysis, as described previously,'' and the
detailed proteomics approach is described in the
Supplementary Material.

Western blot analysis

Western blot analysis for MVs was performed as
described previously,””!” and a brief description is
included in the Supplementary Methods section.

Real-time RT-gPCR

RNA isolation, and the gene amplification were per-
formed by following the standard techniques. The list
of primers that were used in this study are listed in
Supplementary Figure 5. The detailed description is
included in the Supplementary method section.
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Statistical analysis

Detailed approaches for analyzing RNA-Seq and pro-
teomic data and criteria for statistical significance are
included with the descriptions of these methods. Data
from western blots and PCR were expressed as mean +
standard deviation. Male and female data sets for west-
ern blots and PCR values were assessed by the Shapiro-
Wilke test for normality followed by either unpaired
Student’s t-test for normally distributed data or in a
few cases by the non-parametric Mann-Whitney test.
Use of the Mann-Whitney test is indicated in the figure
legend. Since the western blot data were merged from
two separate blots, we verified the Student’s t-test using
a two-way analysis of variance. p < 0.05 or greater was
considered statistically significant.

Results

MV characterization

Consistent with our previous reports,>®!! visual inspec-
tion by light microscopy (Figure 1(a)) and AP-staining
(Figure 1(b)) showed that the isolated MVs from male
and female rats contained a mixture of end arterioles,
capillaries, and venules. Previous reports®®'! from our
group have also shown that MVs stained negative for
markers of astrocytes and neurons.

Gene expression and differentially expressed (DE)
gene cluster analysis

A total of 23,786 genes were identified by RNA-Seq
analysis in male and female rat MVs (Figure 1(c)).
The initial analysis showed that expression was not sta-
tistically different in most genes examined but identi-
fied 298 (1.2%) critically important DE genes that were
significantly (FDR < 0.05) different. The maximum
Wald test qval (FDR adjusted p-value) of the signifi-
cantly expressed gene was 0.049 and the minimum
Wald test qval was 1.06 x 107> (see Supplementary
Data 1). More than half (60%; 179/298) of the signif-
icant DE genes exhibited greater levels in females and
nearly 40% (119/298) were more prevalent in males
(Figure 1(c)). The DE genes found by differential
screening were those clustered according to the signal
values of each gene in the sample. A heat map was
generated to visualize the top 50 DE genes in each
male or female MV subset (Figure 1(d)).

Nucleic acid binding, enzyme modulator, and
transcription factor were the top three gene
functions in male MVs by PANTHER classification

Gene ontology (GO) analysis was used to identify the
functional annotating genes engaged in the

enrichment of biological processes, cellular compo-
nents, and molecular functions. The overlapping DE
genes in GO classification are presented in the
Supplementary Table 1. Our analysis indicated that
17, 14, and 8 categories were involved in biological
process, cellular component, and molecular function,
respectively. The significant DE genes appeared in
multiple categories for each classification. Next to
each gene name there was a number in parentheses
which showed the number of categories that the
gene appears in. Using PANTHER classification, the
distribution map of the 23 most significant gene func-
tions showed that the regulation of these gene func-
tions was more highly expressed in male MVs (Figure
2(a)). Nucleic acid binding, enzyme modulators, and
transcription factors were the predominant gene func-
tions in male MVs, indicated by the PANTHER clas-
sification (Figure 2(a)). The gene cluster analysis
supported the data generated by PANTHER classifi-
cation (Figure 2(c) to (e)). The gene cluster analysis
indicated that the 38 genes involved in recombination-
al repair (Figure 2(c)) and the 16 genes participating
in homologous recombination (Figure 2(d)), were
abundantly expressed in male MVs. These two gene
clusters usually influence the function of nucleic acid
binding activity. Similarly, another gene cluster anal-
ysis revealed that, except for genes GTF2F1, TAF13,
and TBPL2, most of the other 30 genes, basal tran-
scription factors, were also highly expressed in male
MVs (Figure 2(e)). Using the same PANTHER clas-
sification, the distribution map of the 17 most signif-
icant gene functions showed that the regulation of
these gene functions was more highly expressed in
female MVs (Figure 2(b)). Cytoskeletal protein, extra-
cellular matrix protein, and transcriptional regulator
were the top three gene functions in female MVs
(Figure 2(b)).

Significant gene functions were supported by
LC-MS/MS-based proteomic analysis

As previously reported,'' 1,871 proteins were quanti-
fied by proteomic analysis from male and female rat
MVs. The initial analysis identified 198 (10.6%) pro-
teins in significantly (p <0.05) different quantities.
Eighty-four percent (166/198) of the proteins exhibited
greater levels in males and only 16% (32/198) were
more prevalent in females (Figure 3(a)). The molecu-
lar functions of significant DE proteins are presented
in Figure 3(b). As with RNA-Seq data, the nucleic
acid binding (both DNA and RNA) was the top
molecular function of the significant DE proteins.
Nearly 32% (64/198) of the significant DE proteins
were associated with nucleic acid binding.
Interestingly, 86% (55/64) of the nucleic acid binding
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Figure 2. The functional classification of significant DE genes in rat MVs. (a) PANTHER classification system analyzed the gene

functions of DE genes in male rat MVs. The top 23 gene functions and the number of DE genes in male in each category are presented.
(b) Similarly, PANTHER classification system analyzed the gene functions of DE genes in female rat MVs. The top 17 gene functions
and the number of DE genes in female in each category are presented. Heat map illustrating the expression pattern of DE genes in
three different gene functions: (c) recombinational repair, (d) homologous recombination, and (e) basal transcription factors. These
three gene functions were mostly belonging to the ‘Nucleic acid binding’ PANTHER class. R: rat brain MVs. F: Female, and M: Male.

Red: up-regulated genes, Blue: down-regulated genes.

proteins were abundantly expressed in male MVs
(Figure 3(b) and (c)). Similarly, the enzyme modulator
was the 2"¢ highest gene function in male MVs
(Figure 2(a)) and was further supported by the prote-
omic data, which indicated that a majority (89%, 25/
28) of the enzyme modulator-associated significant
DE proteins were highly expressed in male MVs
(Figure 3(b)).

Kyoto Encyclopedia of Genes and Genomes
(KEGG) database

The KEGG database was used to systematically ana-
lyze the relationship between genes and their functions
on a genome-wide basis, as an entire network; and the
threshold for the significant pathways involved with
the DE genes was set using Fisher’s exact test and
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Figure 3. The expression and functions of significant proteins identified by LC/MS-based proteomics analysis in male and female rat
MVs.'! (a) The diagram represents the total number of identified proteins and the significant (p < 0.05) number of proteins identified
in female and male rat brain MVs. (b) PANTHER classification system analyzed the top 17 protein functions in rat MVs. The significant
DE proteins involved in each PNTHER class are indicated by the numeric numbers. (c) Sex-dependent differences of significant DE
proteins involved in Nucleic acid binding in rat MVs. The x-axis represents the abundance ratio of an average quantity of proteins
present in female MVs compared with male MVs (presented as abundance ratio: female/male). The y-axis represents up- or down-

regulated nucleic acid binding-related proteins.

Chi-square test, with p < 0.05. The distribution map of
the 20 most significant gene pathways was generated
for male (Figure 4) and female (Figure 5(a) and
Supplementary Figure 2) rat MVs.

Glycosylphosphatidylinositol (GPI), GPI anchored
protein synthesis, and GPI anchor biosynthesis were
the most prominent gene-centric canonical pathways
expressed in male MVs

The top three enriched canonical pathways in male rat
MVs involved glycosylphosphatidylinositol (GPI), bio-
synthesis, and post-translational modification of GPI-
anchored proteins (Figure 4(a)). Twenty-three genes

were involved in either GPI synthesis or GPI anchor
protein biosynthesis (Figure 4(b)) and were abundantly
expressed in male MVs. For example, phosphatidylino-
sitol glycan anchor biosynthesis class C (PIGC), one of
the many PIG-genes, which are abundant in male M Vs,
encodes an endoplasmic associated protein involved in
GPI anchor biosynthesis.

Steroid and cholesterol biosynthesis pathways
were abundantly expressed in male MVs
Steroid and cholesterol biosynthesis pathways were the

next most upregulated pathways in male MVs (Figure 4
(a)). The gene cluster analysis indicated that all of the
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15 genes involved in steroid biosynthesis were highly
expressed in male MVs (Figure 4(c)). For example, 17-
beta-hydroxysteroid dehydrogenase VII (HSD17B7)
functions as an enzyme involved in the biosynthesis
of sex hormones or in the biosynthesis of cholesterol.

Pathways linked with genomic DNA replication were
abundant in male MVs

The minichromosomal maintenance protein complex
(MCM) pathway (Figure 4(a)), and its associated
genes (Figure 4(d)), were abundant in male MVs.
Interestingly, the G2-M checkpoint pathway (Figure
4(a)) and its related genes (Figure 4(h)) were also large-
ly upregulated in male MVs. Unwinding occurs at spe-
cific sites along the chromosomes, the so-called DNA
replication origins. This process requires a sophisticat-
ed multi-protein complex which allows recruitment of
the putative replicative helicase, the MCM2-7 (Figure 4
(f)) protein complex, in an ATP-dependent
manner.”’*! This reaction is currently known as pre-
reactive complex formation, which was abundant in
male MVs (Figure 4(a) and (f)). Ataxia-telangiectasia
mutated and Rad3-related (ATR), a master regulator
of the DNA damage response, especially during DNA
replication; are crucial for biological processes. ATR
controls and coordinates DNA replication origin
firing, replication fork stability, cell cycle checkpoints,
and DNA repair.”> The pathways related to ATR-
activation in response to replication stress as well as
the Fanconi anemia pathway, a biochemical network
that assists in DNA repair, DNA replication, and other
cellular processes were significantly higher in male than
female MVs (Figure 4(a)).

Transport of ribonucleoproteins, mature mRNAs,
and transcript related pathways were abundant in
male MVs

A cluster of 25 genes related to the transport of ribo-
nucleoproteins, mature mRNAs, and mRNA tran-
scripts were largely upregulated in male MVs
(Figure 4(e)). For example, members of the nucleo-
porin (NUP)-family, which encodes proteins involved
in forming the nuclear pore complex between the inner
and outer nuclear membranes, are more prevalent in
male than female MVs.

Sulfur amino acid metabolism pathway was
abundant in male MVs

We observed that a cluster of 18 genes related to
diverse aspects of the sulfur amino acid metabolism
pathway were upregulated in male MVs (Figure 4(a)
and (g)). For example, glutamate-cysteine ligase

(GCLM) is the first, rate-limiting step in glutathione
synthesis. In addition, apoptotic protease activating
factor 1 (APAF1) is an enzyme involved in the methi-
onine salvage pathway.

The mitochondrial respiration pathway was
abundant in female MVs

Supporting our previous findings using proteomics,'!
expression of genes involved in the mitochondrial respi-
ratory chain/electron transport chain complexes was
higher in female than male MVs (Figure 5(a) and
(b)). Our RNA-Seq data indicated that a cluster of 25
genes involved in mitochondrial respiration or respira-
tory electron transport were significantly higher in
female than male MVs (Supplementary Figure 2A).

Ribosomal biogenesis, viral RNA transcription, and
3’UTR-mediated translational regulation pathways
were significantly high in female MVs

We observed that 12 ribosomal proteins (Figure 5(b)),
21 ribosomal protein small subunit (RPS), and 24 ribo-
somal protein large subunit (RPL) genes involved in
ribosomal biogenesis/3’UTR-mediated translational
control were significantly high in female MVs
(Supplementary Figure 2B). For example, ribosomal
protein lateral stalk subunit P2 (RPLP2) gene encodes
a ribosomal phosphoprotein, a component of 60S sub-
unit, which is involved in the elongation step of protein
synthesis.

Striated and smooth muscles contraction pathways
were abundant in female MVs

We observed a cluster of genes involved in either the
striated (Supplementary Figure 2C) or the smooth
muscle contraction pathways (Supplementary Figure
2D), which were predominant in female MVs
(Figure 5(a) and (c)). For example, the caldesmon 1
(CALDI) gene, which is expressed more in female
than male MVs, encodes a calmodulin- and actin-
binding protein that plays an essential role in the reg-
ulation of smooth muscle contraction.

The syndecan-1, collagen formation, muscle con-
traction, and the extracellular matrix organization
and degradation pathways were all abundantly
expressed in female MVs

We observed a cluster of genes involved in syndecan-1
(Supplementary Figure 2E) or collagen formation
pathways (Supplementary Figure 2F) were predomi-
nant in female M'Vs (Figure 5(a) and (d)). For example,
the collagen type VI alpha 2 chain (COL6A2) gene
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codes for synthesis of the alpha2 chain of type VI col-
lagen, a flexible protein found in the space surrounding
cells, which contributes to structural support, tissue
strength, and flexibility.

Various gene-centric canonical pathways were sup-
ported by the LC/MS-based proteomic analysis

The relationship between gene expression and corre-
sponding protein levels are complex due to many fac-
tors."!  Therefore, we compared RNA-Seq and
proteomic results to discover similarities and differen-
ces. RNA-Seq showed that PIGU, PIGS, and PIGZ
genes are involved in GPI and GPI biosynthesis path-
ways (Figure 4(a) and (b)), and proteomic analysis con-
firmed higher protein abundance in male than female
MVs (Supplementary Figure 1). Similarly, eight pro-
teins involved in the MCM pathway, the pre-reactive
complex activation, or the G2-M checkpoint pathway
showed abundant male MVs (Supplementary Figure
1). Interestingly, RNA-Seq data indicated that the
ribonucleoprotein transport pathway was higher in
males, but most of the related proteins were higher in
females (Supplementary Figure 1). It is noteworthy
that female MVs, RNA-Seq data associated with dif-
ferent canonical pathways, were supported by proteo-
mic data. Mitochondrial respiration, ribosome, and
3JUTR mediated translational regulation pathways
were the top canonical pathways in female MVs
(Figure 5(a) to (c)). Interestingly, nearly 19 mitochon-
drial respiration pathway-related proteins and 12 ribo-
some/3’UTR  mediated, translational regulation
pathway-related proteins were abundantly expressed
in female MVs (Figure 5(b)). Similarly, proteins
involved in striated muscle contraction/smooth
muscle contraction pathways (Figure 5(c)) and
syndecan-1/collagen formation pathways (Figure 5(d))
were abundantly expressed in female MVs.

Validation of RNA-Seq analysis of host genes by
western blotting

We analyzed protein levels of several significant DE
genes whose expression in male and female rat MVs
are unknown, including DDX3, EIF2S3Y, KDMS5D,
MCM?2, CDK2, NDUFA9, COX5, and COL23Al
(Figures 6 and 7). To validate the reproducibility of
our methods, we performed two separate western
blots for the same 8 proteins using samples from a
total of 9 different males and 9 different females. In
our RNA-Seq data, we observed that DDX3,
EIF2S3Y, and KDMS5D were more highly expressed
in male than female MVs (Figure 1(d)). Western blot
data indicated that the protein expression of KDMS5D
tended to be higher in males but was not significant and

EIF2S3Y was significantly higher in male than female
MVs (Figure 6(e)). Although DDX3 was the highest
transcribed gene in male MVs, the western blot result
indicated that the DDX3 protein level was significantly
higher in female MVs (Figure 6(¢)). The discrepancy
between mRNA and protein expression of DDX3
might be due to abundant expression of a gene cluster
involved either in RNA degradation (Supplementary
Figure 3A), in post-translational modification
(Supplementary Figure 3B), or in ubiquitin mediated
proteolysis (Supplementary Figure 3C) in male MVs.
We also validated the protein expression of genes
involved in different canonical pathways. The MCM2
gene was highly expressed in male MVs (Figure 4(d),
(f), and (h)) and the protein expression was higher in
males (Figure 7(e)). In contrast, CDK2 gene expression
was elevated in males (Figure 4(d), (f), and (h)), but
protein levels for CDK2 were significantly (p <0.05)
higher for female MVs (Figure 7(e)). It is noteworthy
that the gene expression of NDUFA9 (Figure 5(b)) was
higher in female MVs and this finding was supported
by western blot data (Figure 7(e)). However, despite
differential gene expression of COL23A1 (Figure 1(d)
and Supplementary Figure 2F), there were no signifi-
cant differences in protein levels between male and
female MVs (Figure 7(e)). The results for statistical
significance of Figures 6(¢) and 7(e) using merged west-
ern blot data were identical whether we used the
Student’s t-test or two-way analysis of variance.

Validation of RNA-Seq analysis of host genes by
RT-qPCR

Since there was a discrepancy between mRINA expres-
sion and protein expression especially for DDX3 and
CDK2, we validated the top three DE genes in male
(DDX3, KDMS5D, and EIF2S3Y) and female
(SMAD6, EBNA1BP2, and COL23A1) MVs by RT-
gPCR. The RT-qPCR results were in agreement with
the RNA-Seq data (Supplementary Figure 4). We
observed that the RNA expression of DDX3,
KDMS5D, and EIF2S3Y was significant higher in
male than female MVs (Supplementary Figure 4A-C).
Similarly, the RNA expression of SMADG,
EBNAI1BP2, and COL23A1 was significant higher in
female than male MVs (Supplementary Figure 4D-F).
The primer sequences for these genes are presented in
Supplementary Figure 5.

Discussion

The major findings show that there are extensive, pre-
viously undocumented, sex differences in gene expres-
sion in rat MVs that might significantly influence
function and pathophysiology of the neurovascular



2320 Journal of Cerebral Blood Flow & Metabolism 41(9)

M2 M3 M4 Fi ®)  ms me m7 ms F5 F6

KDM5D
mma:l..|!‘IQ Il!.!"'lﬂd
— 150 kDa — "
crsce R e 0 8 e I D |
(51 kDa) P — 37 kDa
DDX3
(75 kDa) 50 kDa
peaciin --—3-—-— 37 kDa
(37 kDa)

© M1-M4 vs F1-F4 (d) BISSAY vs BS % M-S vs P1.F9
4- - e Male (n=5) 4_ e Male (n=9) .
) ® Male (n=4) 2 © Female (n=5) __ o © Female (n=9) oo
2 34 © Female (n=4) % = ®  #p<0.01 o g 3
2 2 ey € e ***p=0.0005
= *p<0.05 % p=0.009 £ £
o _ | *p<0.0001 £ 27 2 5.
5 2 = =
0 (1]
@ 2 o
2 ; ERS £ 14
o = % 4
2 A [1f 2 2
0 T T T 0 0 s . Y

KDM5D EIF2S3Y DDX3 KDMSD EIF2$3Y DDx3 KDM5D EIF2S3Y DDX3

Figure 6. Validation of the top three up-regulated genes in male MVs by western blotting. (a and b) MVs from age-matched males and
females were isolated at the same time, lysed the MVs, and equal amount (20 pg) of proteins were loaded in the gels and the indicated
proteins were detected by immunoblots. We performed two separate western blots using different samples for each protein and
analyzed the individual and combined results. (c to e) The proteins of the top three up-regulated genes in male MVs (DDX3, KDM5D,
and EIF2S3Y) were qualitatively detected by western blotting by using f-actin as an internal control. The relative band intensities of
individual (n =4, n=5) and combined samples (n =9) were quantified using Image-J softwire (version 1.50). The separate western
blots showed the same male/female relationships. Values were mean = standard deviation and significant changes were presented as
indicated. The statistical analysis was performed using GraphPad Prism version 9.0.0 for Windows. KDM5D: lysine demethylase 5 D;
EIF2S3Y: Eukaryotic translation initiation factor 2 subunit 3, Y-linked; DDX3: DEAD-box polypeptide 3. All data sets passed the
normality test and thus t-tests were used. Values are mean & SD. The results for statistical significance of (e) using merged western
blot data were identical whether we used the Student’s t-test or two-way analysis of variance. Level of statistical significance is
indicated in the graphs.

unit during health, in aging, and diseases. Although
relatively few in number compared with the total
number of genes examined, these differentially
expressed genes and their associated canonical path-
ways play vital roles in normal function of MVs and
in the resiliency and susceptibility of MVs to physio-
logical and pathological stresses. To our knowledge,
this is the first multiomics study to focus on sex-
based disparities in normal brain MVs. The most sig-
nificant findings are discussed below.

Glycosylphosphatidylinositol (GPI, male
enhancement)

GPI synthesis, GPI anchored protein synthesis, and
GPI anchor biosynthesis were the top gene-centric
canonical pathways in male versus female MVs
(Figure 4). GPI is a phosphoglyceride that can be

attached to the C-terminal end of a protein during
posttranslational modification, making it a GPI
anchor protein (GPI-AP). Enhanced gene expression
involved in post-translational modification is a charac-
teristic of male MVs. The GPI-APs play key roles in
different biological processes including receptor cou-
pling, and protein-protein interactions. GPI-anchored
proteins also are localized to lipid rafts. The apical-to-
basolateral delivery of raft-associated GPI-APs occurs
via a transcytotic pathway in polarized cells.
Furthermore, transcytosis of macromolecules at the
BBB can occur, in part, via tightly regulated
caveolae-associated lipid rafts. Directly relating to
brain MVs, GPI-APs have been reported to regulate
leukocyte adhesion and thereby protect endothelium
from damage.” Defects in the GPI-anchor synthesis
occur in paroxysmal nocturnal hemohemoglobinuria*
and congenital diseases.”> Reck, a GPI-AP, plays an
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variance. Level of statistical significance is indicated in the graphs.

important role in neurovascular development.?® In our
study, most of the GPI-APs that are highly expressed in
males belong to phosphatidylinositol glycan anchor
biosynthesis class S (PIG) group (Figure 4, and
Supplementary Figure 1), whose mutations are associ-
ated with early infantile epileptic encephalopathy.?’

Steroid and cholesterol biosynthesis (male
enhancement)

Steroid and cholesterol biosynthesis gene expressions
(Figure 4(c)) were higher in male compared with
female MVs and this finding is consistent with our
results  concerning the interactions  between

cholesterol-rich lipid rafts and GPI/GPI-anchoring
proteins described in the previous section. For vascular
physiology, cholesterol is an indispensable component.
Elevated vascular levels of cholesterol and disruption
of normal cholesterol metabolism; however, have been
implicated in the development of atherosclerosis,?
which occurs more commonly in men than women
before middle age, although women lose this protection
after menopause.” Studies in rats have shown sex dif-
ferences in neuroactive steroid concentrations in
plasma and in brain.** 32 Brain cholesterol metabolism
defects have been implicated in neurodegenerative dis-
eases.>>>* It has also been reported that hormones can
enter cells through specific transporters.®> In our study,
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we observed a high expression of different transporters
from gene (Figure 2(b)) and protein (Figure 3(b)) levels
in male MVs, which may explain the high abundance
of steroid and cholesterol biosynthesis pathway in
male MVs.

Sulfur amino acid metabolism (male enhancement)

Genes involved in sulfur amino acid metabolism
(Figure 4(g)) were also expressed higher in male MVs.
Sulfur containing amino acids (mainly methionine and
cysteine) play roles in the maintenance and integrity of
cellular systems by manipulating cellular redox state
and cellular capacity to detoxify toxic compounds,
free radicals, and reactive oxygen species.*
Methionine and cysteine are precursors for important
sulfur metabolites such as H,S, an important signaling
compound in the vasculature, and glutathione (GSH),
the main cellular redox buffer.’” H,S synthesis is higher
in male than female mouse brains,*® and H,S has
potent effects on vascular tone either directly or
through nitic oxide.*” The three genes involved in
S-adenosylmethionine synthesis, a key metabolite for
cell function, are: MATIA, MAT2A, and
MAT2B*** We observed that both MAT2A and
MAT2B genes were highly expressed in male MVs.
The importance of sulfur amino acid metabolism in
male MVs is emphasized by the genes promoting
post-translational modifications of relevant proteins
that regulate function of sulfur-containing proteins or
regulate sulfur availability (Supplementary Figure 3).
Modifications in sulfur amino acid metabolism are
linked with an increased risk of several common late-
life diseases, which increases the possibility that metab-
olism of sulfur amino acids may change during aging.
Studies have suggested that homocysteine is a specific
risk factor and/or a marker for human cardiovascular
disease®* and Alzheimer’s patients have shown ele-
vated homocysteine in brain.** Hyperhomocysteinemia
is an independent risk factor for vascular disease** and
diseases of the central nervous system.**

Nucleic acid binding (both DNA and RNA binding)
(male enhancement)

Recent studies have shown that the MCM pathway,
which is involved in replication elongation, is essential
for maintenance of genomic DNA replication. Various
checkpoint pathways target the MCM signaling path-
way. Using the PANTHER classification system, our
RNA-Seq and proteomic data indicated that both
DNA and RNA nucleic acid binding showed that the
top gene and protein functions were higher in male
than female MVs (Figures 2 and 3). Notably, genes/
proteins involved in different pathways linked with

genomic DNA  replication  (Figure 4  and
Supplementary Figure 1), and the transport of ribonu-
cleoproteins were also abundant in male MVs. DNA-
and RNA-binding proteins control numerous cellular
processes.*> Sex disparities are manifest in human neu-
rological disorders. Males are more prone than females
to be diagnosed with certain neurological disorders
such as autism spectrum disorder,***” dyslexia,*®
Parkinson’s disease,* and schizophrenia.50 However,
females are more likely to be diagnosed with
Alzheimer’s disease®’ or major depressive disorder>>
than males of the same age. In young rats, hippocam-
pal neurogenesis has been reported as sexually dimor-
phic, and male rats produce more new neurons with
lower average survival rates than females.”> RNA-
binding proteins (RBPs) have well-known functions
in neurodevelopment and synaptic plasticity®* and an
extensive literature documents the influence of RBPs to
neurodegenerative and neurodevelopmental disor-
ders.>>’

Transcription factors (male enhancement)

RNA assembles with proteins forming dynamic com-
plexes called ribonucleoproteins (RNPs). The sequence
of the transcript, its processing, and the activity of the
available RNA-binding proteins (RBPs) determine the
composition of the RNPs,*®*° forming an additional
layer of information that decides the fate of the
RNA, thereby shaping the transcriptome and prote-
ome. Transcription factors (TF) are among the most
fundamental elements regulating gene expression and,
with different co-factors, that regulate the transcrip-
tion.° Post-transcriptional modification is attained
by a similar combinatorial complexity of RBPs and
protein-protein interactions.’’ The brain is a major
candidate for studying both transcriptional and post-
transcriptional regulation due to its complex functional
sub-divisions.®® Our results suggested that TF-related
different forms of GTF2 (the general transcription fac-
tors for RNA polymerase 11) and TAF (TATA-binding
protein-associated factors) genes were predominantly
upregulated in male MVs (Figure 2(e)). GTF2 include
TF2B, TE2D, TF2E, TF2F, TF2H and TATA-binding
protein. The GTF2 genes emerge as strong candidates
for the neurological features of Williams syndrome,
and Hirota et al.%® has suggested that GTF2I probably
contributes to the difficulty with visual-spatial tasks in
Williams syndrome. Taf4b is essential for male and
female fertility®*®> and Taf4b regulates neuronal gene
expression.®® Interestingly, in our study, TAF, and
GTF2 genes were abundantly expressed in male MVs
(Figure 2(e)).
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Metabolism (female enhancement)

Recently, we reported on sexual dimorphism in the mito-
chondrial metabolic protein profiles of MVs in young
rats.!’  Our proteomic-based study indicated that
female rat MVs expressed more mitochondrial proteins
involved in energy production, mitochondrial membrane
structure, antioxidant enzyme proteins, and those
involved in fatty acid oxidation.'"" Our present RNA-
Seq data supports our previous findings. We observed
a 25 gene cluster involved in mitochondrial respiration or
respiratory electron transport pathway (Supplementary
Figure 2) that was significantly higher in female than
male MVs. The regulation of ribosomal proteins (RP)
as well as mitochondrial ribosome proteins (MRP) are
crucial to mitochondrial respiration,®” and thus to cell
viability,**% growth””" cellular development,”*”* and
differentiation.”*”> Knockdown of MRPs caused protein
imbalances and impaired mitochondrial respiration.’®
We also found that MRPS26, MRPL2, MRPLY,
MRPL10, and MRPL41 were expressed higher in
female than male MVs (Figure 5). Knockdown of RP
genes has exhibited a variety of axis flaws and abnormal-
ities in the central nervous system.”’ RPs might also play
an important role in the maintenance of cognitive func-
tions and high levels of RPL10 are observed in the
murine hippocampus, a key site in the brain for promot-
ing memory and learning.”®® Interestingly, in our
study, we observed that the expression of both the mito-
chondrial MRPL10 and the cytosolic RPL10 proteins
and genes were high in female MVs.

Ribosomal biogenesis and 3'UTR-mediated
translational regulation pathways (female
enhancement)

Ribosome assembly is a complex mechanism involving
79 ribosomal protein (RPs) subunits.®! The gene coding
for all RPs and for some other proteins involved in the
production or function of the translation apparatus are
controlled at the translational level. During the last
decade, new and unexpected mechanisms of 3'UTR-
mediated translational control and their contributions
to disease have received increased attention. To facili-
tate cap-independent translation, different viral
mRNAs recruited 40S ribosome to the 3’UTR region.
RPs are engaged in construction of either the small 40S
or the large 60S ribosomal subunits and, as such, are
designated RPS or RPL, respectively.

Smooth and striated muscle contraction (female
enhancement)

Smooth muscle cells associated with end-arterioles and
perhaps pericytes and venules were included in our MV

preparation. Gene expression of many of the smooth
and striated muscle proteins was consistently higher in
females than males, perhaps indicating differential con-
trol mechanisms of vascular tone and perfusion control
into capillary networks. It has been shown that women
have better autoregulatory control than men.*** The
designation of “striated muscle contraction” in canon-
ical pathways is misleading since most of these proteins
have recently been found to also be present in smooth
muscle.

Syndecan-1 (female enhancement)

Syndecan-1 (or CD138) regulates the activity of chemo-
kines, cytokines, integrins, and other adhesion mole-
cules, which play critical roles in the regulation of
inflammation. Syndecan-1 also inhibits leukocyte adhe-
sion and migration, possibly by preventing the interac-
tions between leukocyte integrins and endothelial
ICAM-1 and VCAM-1.** Syndecan-1 provides struc-
tural support by binding to extracellular matrix mole-
cules such as collagens.®>*® Syndecan mutants
displayed significantly reduced metabolic rate and
reduced mitochondrial respiration.®” The cytoplasmic
domain of syndecan-1 is essential for association with
the actin cytoskeleton.®® The syndecan-1 pathway has
been shown to regulate collagen formation, muscle
contraction, and extracellular matrix organization
and degradation. In this study we observed that the
syndecan-1 pathway was up-regulated in female MVs
(Figure 5, and Supplementary Figure 2). We also
observed that striated and smooth muscle contraction
as well as the collagen formation pathway was higher in
female MVs. We will explore the significance of these
novel observations in our future studies.

Concurrence and discrepancies between gene
expression and resultant proteins

One surprising finding in this study was that despite
large differences in the expression of some genes, the
resultant protein concentrations were not always con-
sistent with these differences. In particular, there was a
greater correspondence between gene expression and
protein synthesis in female MVs while, despite relative-
ly large differences in gene expression favoring males,
actual protein levels were either not different between
the sexes or were opposite of expectations. For
example, DEAD-box RNA helicase 3 was the top
up-regulated gene in male MVs (Figure 1(d)), but the
protein expression of DDX3 by western blotting
showed that it was significantly more expressed in
female MVs (Figure 6). Moreover, the expression of
KDMS5D gene was the second highest in male MVs
(Figure 1); however, we did not obtain a significant
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difference in its protein expression by western blotting.
Similarly, the CDK2 gene was highly expressed in male
MVs (Figure 4(d), (f), and (h)) but its protein expres-
sion was significantly (p < 0.05) higher in female MVs
(Figure 7). Also, some ribonucleoprotein genes:
NUP50, NUP54, NUP62, NUPS5, NUP93, NUP107,
NUP153, and NUP155 were up-regulated in male MVs
(Figure 4) but the proteomic data indicated that the
protein expression of these genes were abundant in
female MVs (Supplementary Figure 1). On the other
hand, in female MVs, the gene expression and its cor-
responding proteins were more consistent. The differ-
ence between the gene and protein expression in male
MYVs may be due to high gene expression related with
RNA degradation, post-translational modification,
and/or ubiquitin mediated proteolysis (Supplementary
Figure 3). The stability of mRNA influences the
dynamics of gene expression and the relationship
between mRNA and protein synthesis. The mammali-
an CCR4-NOT (CNOT) complex is associated with
deadenylase activity, which shortens the mRNA poly
(A) tail, and contributes to destabilization of mRNA.
CNOT6, 6L, 7, and 10 are expressed nearly ubiqui-
tously, displaying especially high expression in the
brain. Interestingly, almost all CNOT genes were
highly expressed in male MVs (Supplementary Figure
3). Similarly, post-translational modifications (PTMs)
including phosphorylation, glycosylation, ubiquitina-
tion, methylation, acetylation, lipidation, and proteol-
ysis play a critical role in the regulation of protein
activity involved in almost all aspects of cell structure
and function. Our data showed that genes related with
PTMs and ubiquitin-mediated proteolysis were
expressed higher in male MVs (Supplementary Figure
3B) and probably play an important role on the for-
mation, stability, and functions of various proteins.
Thus, our use of multiple approaches including
RNA-Seq, proteomics, and western blotting, demon-
strating similarities and differences, indicates that a
complex interaction occurs among mRNA synthesis
and stability, protein synthesis, protein post-
translational modifications, and protein degradation
in cerebral MVs. Furthermore, as we have completed
for large arteries,®”'?*>°" functional studies are
needed to document changes in gene or protein levels.

Limitations of the study

There are several limitations in our study. First, our
isolated MVs contained different segments of the
microvasculature and did not represent specific types
(i.e., arterioles, venules, or capillaries). Therefore, we
cannot attribute our results to any one segment or cell
type of the microvasculature. Still, we do not know
which procedures would allow us to separate vascular

segments with any degree of confidence and still yield
enough protein or RNA for analyses. Second, because
of a large and diverse amount of data we could validate
only a limited number of up- or down-regulated genes
by western blotting. Third, the data set for RNA-Seq
analysis (23,786 identified genes) was much larger than
that for the proteomics study (1,871 quantified pro-
teins). Forth, the female MVs were not isolated at a
fixed time of the estrous cycle.

Implications

Through similar and different processes involving gene
expression, protein synthesis, post-translational modi-
fications, and signaling pathways, male and female
blood vessels in regional circulations can meet the
needs of tissues and organs specific to their sex under
normal conditions. However, a reliance on narrow, sex-
determined specific signaling pathways and protein
families for vascular control can compromise a regional
circulation during periods of stress, disease, or aging.
The occurrence and severity of cerebrovascular
responses to diseases such as diabetes and arterial
hypertension and vascular-related neurological diseases
differ in males and females and the underlying mecha-
nisms are not yet defined; however, they may be asso-
ciated with the findings presented here. We have
presented clear evidence that even in healthy, young
rats major differences in gene expression and protein
synthesis are present that can affect the normal func-
tion of brain MVs as well as the responses of MVs to
disease and aging. Building upon our previous findings
where we used only proteomic analyses, the present
study has shown that genes related to OXPHOS are
more highly expressed in females than males. Greater
OXPHOS capacity provides for a greater ability of
cerebral MVs to respond to hormonal fluxes during
the estrus cycle and during vascular remodeling which
occurs in localized brain areas during pregnancy.
Enrichment of glucokinase regulation in male MVs
(Figure 4(a)), on the other hand, due to its higher
Km than hexokinase, may indicate that glycolytic pro-
duction of ATP represents an alternative approach to
OXPHOS for rapidly meeting increased energy
demand in MVs. The enhanced gene expression
involved in the MCM pathway, in sulfur amino acid
metabolism, and in the G2-M checkpoint may lead to
greater resiliency and repair of male MVs against stress
and injury, while greater mitochondrial anti-oxidative
ability might provide the same protection. The
enhanced gene expression of GPI synthesis and anchor-
ing as well as steroid and cholesterol biosynthesis may
indicate greater internal organization within MVs asso-
ciated with protein-protein interactions and signaling
pathways but may also place men at a disadvantage
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for the development of atherosclerosis. In conclusion,
we have provided the first comprehensive RNA-Seq
examination of male and female MVs of rats and
have shown significant sex-dependent differences in
gene expression and canonical pathways. Our study
indicates that male and female MVs have significant
differences in gene expression and protein synthesis,
which may explain the sex-dependent differences in
the microcirculation during health and diseases.
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