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ABSTRACT

The incidence and pathogenesis of cardiovascular diseases differs between women and men. 
This is often explained by differences in sex hormones and their effects on the vasculature. 
However, intrinsic differences in the vascular cells between sexes might also play a role. We 
here aimed to compare gene expression profiles in fetal female and male endothelial cells with 
subsequent epigenetic analysis to investigate possible underlying regulatory mechanisms.
We examined the whole-genome gene expression pattern of human umbilical vein endothelial 
cells (HUVEC) of six female and six male samples by microarray. We found increased expression 
of 174 autosomal genes in female vs. male HUVEC and decreased expression of 199 genes. 
Differentially expressed genes with the highest fold change include MMP12 in female vs. male 
HUVEC (increased) and TRIM6 (decreased). These gene expression differences were validated 
by real-time qPCR. Subsequent DNA methylation analysis by pyrosequencing revealed 
increased DNA methylation in female vs. male HUVEC in the promoter region of TRIM6, 
but no differences were found in the DNA methylation pattern for MMP12. Lastly, 32 X- or 
Y-chromosomal genes were differentially expressed between the groups.
In conclusion, fetal human endothelial cells possess a gene expression and DNA methylation 
pattern which is already sex-specific. Further research is necessary to determine if the 
differentially expressed genes in female vs. male HUVEC identified by us also contribute to 
differences in cellular function and the development of cardiovascular diseases between 
sexes. Our results furthermore indicate that sex differences of endothelial cells (but possibly 
also other cell types) should be considered during in vitro experiments.
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Introduction

Cardiovascular diseases (CVD) differ between women and men in incidence and pathogenesis1–4. 
This results in different symptoms of CVD and a different age at which CVD develop in women as 
compared with men1,5,6. The prevalence of certain forms of cardiovascular diseases also differs 
between sexes. Women are, for example, more susceptible for heart failure with preserved 
ejection fraction than men, while men are more susceptible for heart failure with reduced 
ejection fraction7. Women develop acute coronary syndromes at an older age as compared 
with men5. The occurrence of CVD at an older age in women might be explained by a drop 
in sex-hormones after menopause4. It appears that especially estrogens have cardiovascular 
protective capacities1. For example, estrogen increased the recovery rate of endothelial cells 
after arterial injury in rats8. Also, hypertensive women are characterized with decreased 
estrogen levels as compared with age-matched healthy women9, and a drop in estrogen 
concentrations increases the chance of developing atherosclerosis10. 
However, it might be that besides sex-hormones, intrinsic cellular differences between sexes 
also play a role in the incidence and pathogenesis of cardiovascular diseases. For instance, 
sex-specific differences in the gene expression pattern of cells important for vascular function, 
such as endothelial cells, might play a role. Endothelial cells form a physical and selective 
barrier between blood and tissues, are able to sense the composition of the blood and detect 
mechanical stretch11,12. The detection of mechanical stretch can activate downstream signaling 
pathways, affecting proliferation, angiogenesis and the control of vascular tone12. The vascular 
tone is regulated by endothelial cells by the production of vasoactive factors like nitric oxide13. 
Endothelial dysfunction (characterized by dysregulated endothelium-derived vasoactive 
factors including a decrease of nitric oxide14) is a well-known early marker for CVD15, and also 
contributes to the development of CVD16–18. Thus, endothelial cell function is important for 
cardiovascular health.
We hypothesized that endothelial cells possess an intrinsic sex-specific gene expression 
pattern. To study this we examined the gene expression pattern of female vs. male fetal 
human umbilical vein endothelial cells by whole-genome microarray analysis. We choose 
fetal cells since we were interested if these ‘young’ naïve endothelial cells already possess 
a sex-specific gene expression pattern. Subsequently, we examined the DNA methylation 
pattern of key differentially expressed genes to determine if endothelial cells are also sex-
specific epigenetically programmed. Such insight in sex differences of endothelial cells might 
contribute to further understanding of the sex-specific development of CVD, which may lead 
to sex-specific diagnosis or treatment of CVD. 
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Materials and Methods
Sample collection

Human umbilical vein endothelial cells (HUVEC) (from vaginal deliveries of non-complicated 
pregnancies) from 6 boys and 6 girls were isolated in the endothelial cell facility of the 
University Medical Center Groningen as described before19. In brief: cells were grown in 
endothelial cell medium (ECM) on 1% gelatin coated flasks at 37°C, 5% CO2. ECM consisted of 
RPMI 1640 (Lonza) supplemented with 20% heat inactivated fetal calf serum (Sigma-Aldrich), 2 
mM L-glutamine (Lonza), 1% gentamicin (Lonza), 5 U/mL heparin (Leo Pharma), and 50 µg/mL 
endothelial cell growth factors supplement extracted from bovine brain (which was prepared 
using the method of Maciag et al.20). Cells from the umbilical veins were cultured in separate 
flasks and passage 0 of the HUVEC were grown until 80% confluency (over a period of 5 – 7 
days) followed by direct cell lysing in the cell culture flasks and lysates were stored at -80°C 
until further use.

DNA and RNA isolation and sex determination

Total DNA and RNA were isolated from the HUVEC lysates with the use of AllPrep DNA/RNA 
Mini Kit (Qiagen) according to manufacturer’s instructions. 
Sex of the endothelial cells was confirmed by multiplex PCR as described before21. 
In short, primers for the testis determining factor (TDF) on the SRY gene (forward: 
ATGACCCTAGAACCACTGGA, reverse: GAGTATTGCGTTGGCATCCT) were used as an identification 
of male samples. Also, primers for HLA-DQα (forward: GTGCTGCAGGTGTAAACTTGTACCAG, 
reverse: CACGGATCCGGTAGCAGCGGTAGAGTTG) were used, which will be amplified in both 
males and females. The products of the multiplex PCR with both primer pairs resulted in 2 
bands on agarose gel for male samples and only 1 band for female samples21 (data not shown). 

Microarray

RNA quality was assessed using RNA 6000 nanochips on the Agilent 2100 bioanalyzer (Agilent 
Technologies). Gene expression microarray was performed with 6 female and 6 male HUVEC 
samples as determined with the multiplex PCR described above. Total RNA (100 ng) was 
labelled using an Affymetrix WT plus reagent kit and hybridized to whole genome Genechip 
Human Gene 2.1 ST arrays coding 25,088 genes and transcripts (Life Technologies). Sample 
labelling, hybridization to chips and image scanning was performed according manufacturer’s 
instructions. Microarray analysis was performed using MADMAX pipeline for statistical analysis 
of microarray data22. Quality control was performed and all arrays met our criteria. For further 
analysis a custom annotation was used based on reorganized oligonucleotide probes, which 
combines all individual probes for a gene23. Expression values were calculated using robust 
multichip average (RMA) method, which includes quantile normalisation24.
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Microarray data analysis

Microarray data were filtered, and probe sets with expression values higher than 20 on at 
least four arrays were considered to be expressed and selected for further statistical analysis. 
In addition, an Inter Quartile Range (IQR) cut-off of 0.2 (log2) was used to filter out genes that 
showed little variation between sexes. Probe sets with less than five probes were omitted from 
the data set. Significant differences in expression were assessed using paired Intensity-Based 
Moderated T-statistics (IBMT25). Pathways analysis was performed by Gene Set Enrichment 
Analysis (GSEA)26.

Real-time quantitative PCR

1 µg RNA was reverse transcribed using 200 units of M-MLV reverse transcriptase (Invitrogen) 
and random nonamers (Sigma-Aldrich) according to the manufacturer’s instructions. cDNA 
was diluted 10x and stored at -20°C until further use. Real-time quantitative PCR (RT qPCR) was 
performed with 2 µL cDNA, 2.875 µL water, 0.125 µL (10 µM) forward and reverse primer mix, 
and 5 µL SYBR Green PCR Master Mix (Life Technologies). The samples were run in triplicates 
on the StepOnePlus™ Real-Time PCR System machine (Applied Biosystems). The program 
was 10 min 95°C, followed by 40 cycles: 15 sec 95°C and 1 min 60°C. Primers (Invitrogen) 
were designed using Primer3 and BLAST (Table 1). Expression levels were analyzed by the 2-∆CT 

method and were normalized to the mean of ATF6 and EIF2D (which were detected as stable 
reference genes from the array results).

Table 1. Primers for RT qPCR

Gene name Forward primer (5’ -> 3’) Reverse primer (5’ -> 3’)

ATF6 GGAGTATTTTGTCCGCCTGC GCAAAGAGAGCAGAATCCCAAT

EIF2D GGTAGGGGGAGCAGATTTGA GCAACTCCAATGGCTACAGG

MMP12 ACACATTCAGGAGGCACAAAC GCGTTGGTTCTCTTTTGGGT

NUPR1 CGGAGGTGGAGGCCG GGCCTCATCTCCAGCTCT

ARNT2 TGACCAGCTCTCCTGTATGC CAGAAGATCCTGGGGTTGGT

COL6A1 CCTGTTGGGTACCAGGGAAT TCCTTGAATGCCGTCAAACC

EDNRB GTTGTGTCCTGCCTTGTGTT TGCCAGCAGCTTGTAGACAT

TRIM6 GTCGTGCGTGGTTGAGTTTA TAGAATCCTCTCTGACCCGC

IGHV3-15 TGGTGGGACAACAGACTACG TCCTCGGTTTTCAGGCTGTT

KIAA0040 GCAACCAAAAAGGAACCCAC ATGGGGAACAATCTTTCGGT
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Pyrosequencing

500 ng of DNA was bisulfite treated using EZ DNA Methylation-Gold kit (Zymo Research) 
following the manufacturer’s instructions. Primers (Invitrogen) were designed using PyroMark 
Assay Design software 2.0 (Qiagen) (Table 2). Pyrosequencing assays were prepared using 
PyroMark Q48 Autoprep software (Qiagen). Bisulfite treated DNA was amplified by PCR with 
the following protocol: 95°C for 15 min followed by 45 cycles of 94°C – 30s, 58°C – 30s, 72°C – 
30s, followed by 72°C for 7 min, stored at -20°C and used within two days. Pyrosequencing was 
performed on the PyroMark Q48 (Qiagen) following manufacturer’s instructions.

Table 2. Primers for pyrosequencing

Gene 
name

Forward primer  
(5’ -> 3’)

Reverse primer 
(5’ -> 3’)

Sequencing  
primer (5’ -> 3’)

Sequence to analyze 

MMP12 
 

GGAATTTAGTTTT 
TTAGAGAAATGTG 
ATA 

ACTAAAATTAAA 
AAAAATTAACCC 
ACATCC (B)

TTTATATGTAGT 
AAAAAAAAATTT 
G 

CGGTACAACACGTGGAATAAAC 
AATGAAGTCG 

COL1A6 
 

TAGGAGGAGGTT 
GGTGGGAAGA  

ACCAACCTATCA 
CCCAAAAAAAA 
TTCCTTA (B)

GGTTGGTGGGA 
AGAG  

CGAGTGAGCCTGCCCGTGCGTC 
CCGCATGGAGACGTCTGGATTG 
GAAACTACCG

TRIM6 
 

ATGTTGGTAGGG 
ATGGTTTTAATTT  

ATATAATCACCA 
ATAACCCCTCAA 
(B)

GGGATGGTTTTA 
ATTTTTTG  

CGTTATCCGCCCGCCTCGGCCT 
CCCAAAGTGCTGGGATTACAGG 
GGTGAACCACCGCG

(B) = biotinylated primer. 

Statistics

RT qPCR and pyrosequencing data were analyzed with Graphpad Prism 5.0 on a standard 
computer. Correlations between microarray and RT qPCR expression values were determined 
by Pearson correlation. RT qPCR and Pyrosequencing data are presented as median and 
interquartile range. Significance was determined by the Mann Whitney test. P < 0.05 was 
considered significant and p < 0.1 was considered a trend.
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Results
Differences in transcriptome

In the comparison between female and male endothelial cells, the array revealed various 
differentially expressed genes located on the sex chromosomes. In total, 18 X chromosomal 
genes were higher expressed in female HUVEC and 3 X chromosomal genes were lower 
expressed in female HUVEC as compared with male HUVEC (p < 0.05 and fold change > 1.2) 
(Table 3). 

Table 3. X-chromosomal genes, significantly dysregulated in female vs. male endothelial cells

Gene name Fold change P-value Description

XIST 50.19 2.83E-12 X inactive specific transcript (non-protein coding)

ARSD 1.90 0.001075 arylsulfatase D

AR 1.87 0.015811 androgen receptor

PRKX 1.53 0.001439 protein kinase, X-linked

HDHD1 1.48 0.000646 haloacid dehalogenase-like hydrolase domain containing 1

CA5BP1 1.46 0.00194 carbonic anhydrase VB pseudogene 1

ZFX 1.44 0.001648 zinc finger protein, X-linked

KDM5C 1.44 0.000459 lysine (K)-specific demethylase 5C

TMEM187 1.43 0.011291 transmembrane protein 187

PNPLA4 1.43 0.001056 patatin-like phospholipase domain containing 4

STS 1.40 0.001943 steroid sulfatase (microsomal), isozyme S

KDM6A 1.40 0.000429 lysine (K)-specific demethylase 6A

PLXNA3 1.38 0.013744 plexin A3

SMARCA1 1.33 0.027816 SWI/SNF related, matrix associated, actin dependent regulator of 
chromatin, subfamily a, member 1

SYAP1 1.28 7.88E-05 synapse associated protein 1

SMC1A 1.27 0.01402 structural maintenance of chromosomes 1A

MAGEH1 1.23 0.04713 melanoma antigen family H, 1

DDX3X 1.21 0.001642 DEAD (Asp-Glu-Ala-Asp) box helicase 3, X-linked

ZNF674 -1.70 0.012677 zinc finger protein 674

MIR513A2 -1.33 0.044217 microRNA 513a-2

TBL1X -1.32 0.013631 transducin (beta)-like 1X-linked

Gene expression was measured with a whole-genome microarray. Ranked on fold change.
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Also, 11 Y chromosomal genes were expressed (absolute expression value array > 20 for all 
samples) in males (Table 4).

Table 4. Y-chromosomal genes, expressed in male endothelial cells

Gene name Description

EIF1AY eukaryotic translation initiation factor 1A, Y-linked

RPS4Y1 ribosomal protein S4, Y-linked 1

DDX3Y DEAD (Asp-Glu-Ala-Asp) box helicase 3, Y-linked

TTTY15 testis-specific transcript, Y-linked 15 (non-protein coding)

USP9Y ubiquitin specific peptidase 9, Y-linked

UTY ubiquitously transcribed tetratricopeptide repeat containing, Y-linked

KDM5D lysine (K)-specific demethylase 5D

TXLNGY taxilin gamma pseudogene, Y-linked

NLGN4Y neuroligin 4, Y-linked

PRKY protein kinase, Y-linked, pseudogene

ZFY zinc finger protein, Y-linked

Gene expression was measured with a whole-genome microarray. Ranked on fold change.

The analysis of the expression of genes located on the autosomes revealed that 174 genes 
were higher expressed in female HUVEC as compared with male HUVEC (Supplementary 
Table 1) and 199 genes were lower expressed in female HUVEC as compared with male 
HUVEC (Supplementary Table 2). Figure 1 shows a heatmap of these differentially expressed 
autosomal genes between the two groups. The 10 genes which were elevated with the highest 
fold change in female vs. male HUVEC and the top 10 genes which were decreased with the 
highest fold change in female vs. male HUVEC are listed in Table 5. The gene with the highest 
elevated fold change in female HUVEC was the gene encoding matrix metallopeptidase 12, 
MMP12. The gene which was decreased with the highest fold change in female HUVEC was the 
small nucleolar RNA C/D box 49B, SNORD49B.
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Female                         Male 

Genes 

Color key 

Relative gene expression 
Log2 values 

-2       0         2 

Figure 1. Heatmap of differentially expressed genes between female and male HUVEC (excl. X- and Y-chromosomal 

genes). The average expression of all samples was used as a reference to calculate the relative gene expression. 174 

genes were significantly (p < 0.05) higher (fold change > 1.2) and 199 genes were significantly lower (fold change < 

-1.2) expressed in female HUVEC as compared with male HUVEC.
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Table 5. Top 10 autosomal genes with significantly higher/lower expression in female vs. male endothelial cells

Gene name Fold change p-value

MMP12 2.83 0.005

LOC400043 2.08 0.011

NUPR1 2.06 0.012

LOC344887 1.88 0.026

ARNT2 1.87 0.010

ITGA4 1.86 0.041

DKK3 1.84 0.004

COL6A1 1.74 < 0.001

EFNA1 1.74 0.005

DDX11L2 1.73 0.022

SNORD49B -2.93 0.027

TRIM6 -2.15 0.001

IGHV3-15 -2.06 0.007

KIAA0040 -1.77 0.022

PRKCQ -1.69 < 0.001

IL18R1 -1.66 0.005

ZNF883 -1.65 0.012

HDDC2 -1.65 < 0.001

CCDC152 -1.60 0.004

MNS1 -1.60 0.014

Gene expression was measured with a whole-genome microarray. Ranked on fold change.
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Gene Set Enrichment Analysis

GSEA was performed to investigate gene expression changes in predefined sets of genes. This 
analysis revealed that the female group contained 8 significantly enriched gene sets compared 
to the male HUVEC. The five mostly enriched gene sets were: Lysosome, Leishmaniasis, 
Huntington disease, Neutrophil degranulation, and Extracellular matrix organization. The list 
of all positively enriched gene sets is shown in Table 6. No significantly negatively enriched 
gene sets were found in the female group compared to the male group.

Table 6. Gene Set Enrichment Analysis, positive enrichment in female vs. male endothelial cells.

# Gene sets Normalized  
enrichment score

Normalized 
p-value

False discovery 
rate Q-value

1 Lysosome  
(KEGG)

2.29 < 0.001 0.022 

2 Leishmaniasis  
(KEGG)

2.27 < 0.001 0.021 

3 Huntington disease 
(Panther pathway)

2.20 0.002 0.028 

4 Neutrophil degranulation  
(Reactome database)

2.17 < 0.001 0.027 

5 Extracellular matrix organization  
(Reactome database)

2.15 < 0.001 0.028 

6 Glycosphingolipid metabolism  
(Reactome database)

2.14 < 0.001 0.027 

7 
 

Syndecan-1 mediated signaling events 
(Pathway interaction database NCI nature 
curated data)

2.12 
 

0.002 
 

0.030 
 

8 NRF2 pathway (WikiPathways) 2.06 < 0.001 0.046

Gene expression was measured with a whole-genome microarray and analyzed by Gene Set Enrichment Analysis. 
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Microarray validation

To validate the microarray results, RT qPCR was performed on genes which were differentially 
expressed with the highest fold change between female and male HUVEC. Elevated genes in 
female HUVEC with the highest fold change as compared with male HUVEC were MMP12, 
NUPR1 and ARNT2 (excluding the uncharacterized LOC400043 and LOC344887). Also #8 on 
the elevated genes list, COL6A1, was included for further analysis due to its potential capacity 
to influence vascular stiffness. Significant correlations between array and RT qPCR data were 
found for MMP12, NUPR1 and COL6A1 (Fig. 2A,B,D), but not for ARNT2 (Fig. 2C). RT qPCR 
data showed a significant increase in the expression of MMP12 and COL6A1 in female vs. 
male HUVEC (Fig. 2E,H). No significant differences in expression of NUPR1 and ARNT2 between 
female and male HUVEC were found by RT qPCR (Fig. 2F,G). 
In male HUVEC, SNORD49B was highly expressed. This gene, however, encodes a small RNA 
which cannot not be detected by our RT qPCR method used. Therefore, TRIM6, IGHV3-15 
and KIAA0040 were chosen for validation. Also included for further analysis for its potential 
influence on endothelial function and the regulation of vasoactive factors is #16 on the list, 
EDNRB (endothelin receptor type B) (Supplementary Table 2). Significant correlations between 
array and RT qPCR data were found for TRIM6 and EDNRB, but not for IGHV3-15 and KIAA0040 
(Fig. 2I-L). Only for TRIM6 a significant elevated expression level in male HUVEC was detected 
(Fig. 2M), whereas a trend (p < 0.1) was visible for elevated EDNRB and KIAA0040 (Fig. 2O,P).
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Figure 2. Microarray validation by RT qPCR. Correlations (Pearson correlation) were measured between array and RT 

qPCR data for MMP12, NUPR1, ARNT2, COL6A1 (A-D), TRIM6, IGHV3-15, KIAA0040, and EDNRB (I-L). The relative gene 

expressions measured by RT qPCR are also shown (E-H, M-P). The RT qPCR data are shown as median and interquartile 

range. Significance was determined by the Mann Whitney test. * p < 0.05
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DNA methylation pattern

For the detailed characterization of the DNA methylation pattern, we focused on genes 
which were significantly different in both microarray analysis and RT qPCR. DNA methylation 
patterns were evaluated for the promoter region of MMP12, COL6A1 and TRIM6, to identify 
the potentially underlying regulatory mechanisms of the gene expression differences that 
were found between female and male HUVEC. Only a few CpG positions are located in the 
promoter region of MMP12. The two CpG positions which were relatively close to each other 
were chosen for investigation (located at -452 and -482 nucleotides from the transcriptional 
start site [Fig. 3A]). No differences in DNA methylation of these two CpG positions were 
detected between the groups (Fig. 3B). The promoter region of COL6A1 is relatively rich of 
CpG positions. We choose to examine the positions located between -386 and -438 nucleotides 
from the transcriptional start site, since at this location the best pyrosequencing assay could be 
designed (Fig. 3C). In total six CpG positions were examined, but no differences were detected 
between female and male HUVEC (Fig. 3D). In the promoter region of TRIM6 a relatively rich 
area of CpG positions is located closely to the transcriptional start site (between -129 and -185 
nucleotides from the transcriptional start site) (Fig. 3E). Six CpG positions at this area were 
examined and the DNA methylation of both CpG1 and CpG4 were significantly decreased in 
male HUVEC as compared with female HUVEC (Fig. 3F). Also, for CpG5 and CpG6 a trend of 
decreased DNA methylation in male HUVEC vs. female HUVEC was found (p < 0.1) (Fig. 3F). 

Figure 3 (Right). The DNA methylation pattern of genes detected as differentially expressed between female and 

male HUVEC by both array and RT qPCR was examined. A schematic representation of the analyzed sequences is 

shown for MMP12 (A), COL6A1 (C) and TRIM6 (E). The representation includes the analyzed CpG positions and their 

location in the sequence in relation to the transcriptional start site (TSS). The DNA methylation pattern of the CpG 

positions was examined by pyrosequencing of MMP12 (B), COL6A1 (D) and TRIM6 (F). Data are presented as median 

and interquartile range. Significance was determined by the Mann Whitney test. * p < 0.05
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Discussion

It has been demonstrated that cardiovascular diseases differ in incidence and pathogenesis 
between sexes1–3. We hypothesized that these differences might (partly) be attributed to sex-
specific differences in gene expression in endothelial cells. To determine how female and 
male endothelial cells intrinsically differ from each other in gene expression, we studied the 
whole-genome gene expression patterns of human female and male fetal endothelial cells. 
We used fetal endothelial cells to examine if these ‘young’ naive endothelial cells already 
possess sex differences. Microarray data revealed that 174 autosomal genes were significantly 
increased in female HUVEC (e.g. MMP12 and Col6A1) as compared with male HUVEC while 
199 autosomal genes were significantly decreased in female HUVEC as compared with male 
HUVEC (e.g. TRIM6). Our data may also indicate that sex differences of endothelial cells should 
be considered during in vitro experiments.
Since we compared female vs. male endothelial cells, differences in expression of genes 
located on the X or Y chromosomes were expected. In total, the array measured the expression 
of 928 X-chromosomal genes of which 21 were differentially expressed between the groups. 
The expression of XIST (X inactive specific transcript [non-protein coding]) was increased with 
the highest fold change in female vs. male HUVEC. XIST is important for the silencing of one of 
the X chromosomes in women and is thus not expressed in men. In total, the expression of 42 
Y chromosomal genes was measured by the array. Since women do not have a Y chromosome, 
these genes did not come to expression in female HUVEC. 11 Y-chromosomal genes were 
expressed in male HUVEC of which the highest in expression was EIF1AY, which encodes the 
Y-linked eukaryotic translation initiation factor 1A, while the X-linked variant of the same gene 
(EIF1AX) was expressed in female HUVEC.
Autosomal genes that were elevated in female HUVEC as compared with male HUVEC, detected 
by both array and RT qPCR, were MMP12 and COL6A1. These genes are both associated with 
extracellular matrix organization. MMP12 (encoding matrix metallopeptidase 12) is a member 
of the MMP family, known for the involvement in the breakdown of extracellular matrix. 
MMP12 is known for the breakdown of elastin27. Overexpression of MMP12 in microvascular 
endothelial cells results in reduced angiogenic capacity in vitro28. An increased expression of 
MMP12 is also detected in the aortic wall of patients with atherosclerosis and patients with 
abdominal aortic aneurysm as compared with the aortic wall of controls29. COL6A1 (encoding 
collagen type VI alpha 1) is a member of the collagen family, which is an important family for 
the integrity of tissues. In the vasculature, collagens are related to vascular stiffness30, which 
is closely associated with progression of vascular disease30. This may indicate that increased 
expression of COL6A1 may induce increased vascular stiffness. Increased collagen deposition is 
also associated with hypertension31. If the expression of MMP12 and COL6A1 remains increased 
throughout female life in endothelial cells, it may be related to differences in incidence and 
pathogenesis of CVD in females compared with males. It does not explain, however, the 
decreased incidence of CVD in females until menopause. It may be suggested that estrogen, 
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which is highly present only in premenopausal females4, and which has been shown to be 
protective for females against CVD8–10, may down regulate expression of MMP12 and COL6A1 
in premenopausal women. It has indeed been shown that estrogen is able to downregulate 
MMP12 secretion by macrophages32, as well as downregulate Col6A1 expression33,34.
The autosomal gene which was decreased with the highest fold change in female vs. male 
HUVEC, and detected by both array and RT qPCR, was TRIM6. TRIM6 encodes tripartite 
motif containing protein 6. The protein TRIM6 is a ubiquitin ligase and it has been shown 
that this protein is important for maintaining the pluripotency of embryonic stem cells35. The 
exact function of TRIM6 in endothelial cells remains to be established. Interestingly, in the 
promoter region of TRIM6 an increased DNA methylation pattern was detected in female vs. 
male HUVEC. An increased DNA methylation pattern is often associated with decreased gene 
expression36, which is also the case for TRIM6 in our experiments. This suggests that DNA 
methylation might be an important underlying regulatory mechanism of TRIM6 expression. 
These intrinsic epigenetic sex-specific differences in fetal endothelial cells imply that ‘young’ 
endothelial cells are already epigenetically programmed as female or male. 
Lorenz et al.37 also investigated sex differences in the transcriptome of HUVEC37. They found increased 
expression of immune related genes in female vs. male HUVEC37, which were not observed in our 
study. A major difference between their and our study is that they used HUVEC of passage 2 while 
we used HUVEC of passage 0. It has been demonstrated that the passaging of primary cells may 
influence gene expression38. Thus the shorter the cell culture period, the more comparable the 
results probably are to the in vivo situation. Lorenz et al.37 also showed that sex differences exists 
in HUVEC regarding to cell function (increased cell viability and tube formation capacity of female 
HUVEC vs. male HUVEC)37. Differences between sexes in HUVEC function were also detected by 
Addis et al.39, since they showed an increased proliferation rate and migration ability in female vs. 
male HUVEC39. Further research is necessary to determine if the differentially expressed genes in 
female vs. male HUVEC found by us, also contribute to differences in cellular function. 
In our study, not all differentially expressed genes between female and male endothelial cells 
detected by the microarray could also be validated by RT qPCR. This might have resulted from 
differences in the methodology and/or the sensitivity between the techniques. Since the gene 
set enrichment analysis is solely based on the array data we argue that these results should be 
interpreted with caution. Consequently, in our study we mostly focused on genes which were 
also validated by RT qPCR. Interestingly, the gene set enrichment analysis showed enrichment 
of the “Extracellular matrix organization” gene set in female endothelial cells. Since MMP12 
and COL6A1 are members of this gene set, this specific pathway might be of interest in the 
further search to sex differences in endothelial cells.
We showed that human fetal endothelial cells possess a gene expression pattern as well as 
a DNA methylation pattern which is sex-specific. If such differences remain present in adult 
female life, they may be (partly) responsible for the differences in incidence and pathogenesis 
of female CVD vs. male CVD.



154

References

1.  Meyer MR, Haas E, Barton M. Gender differences of cardiovascular disease: new perspectives for estrogen receptor 
signaling. Hypertens (Dallas, Tex  1979) American Heart Association, Inc.; 2006;47:1019–1026. 

2.  Ruijter HM Den, Haitjema S, Asselbergs FW, Pasterkamp G. Sex matters to the heart: A special issue dedicated to the 
impact of sex related differences of cardiovascular diseases. Atherosclerosis 2015;241:205–207. 

3.  Scantlebury DC, Borlaug BA. Why are women more likely than men to develop heart failure with preserved ejection 
fraction? Curr Opin Cardiol 2011;26:562–568. 

4.  Pérez-López FR, Larrad-Mur L, Kallen A, Chedraui P, Taylor HS. Gender differences in cardiovascular disease: hormonal 
and biochemical influences. Reprod Sci NIH Public Access; 2010;17:511–531. 

5.  Hochman JS, Tamis JE, Thompson TD, Weaver WD, White HD, Werf F Van de, Aylward P, Topol EJ, Califf RM. Sex, 
Clinical Presentation, and Outcome in Patients with Acute Coronary Syndromes. N Engl J Med 1999;341:226–232. 

6.  Garcia M, Mulvagh SL, Merz CNB, Buring JE, Manson JE. Cardiovascular Disease in Women: Clinical Perspectives. Circ 
Res American Heart Association, Inc.; 2016;118:1273–1293. 

7.  Lee DS, Gona P, Vasan RS, Larson MG, Benjamin EJ, Wang TJ, Tu J V, Levy D. Relation of disease pathogenesis and risk 
factors to heart failure with preserved or reduced ejection fraction: insights from the framingham heart study of the 
national heart, lung, and blood institute. Circulation NIH Public Access; 2009;119:3070–3077. 

8.  Krasinski K, Spyridopoulos I, Asahara T, Zee R van der, Isner JM, Losordo DW. Estradiol accelerates functional 
endothelial recovery after arterial injury. Circulation 1997;95:1768–1772. 

9.  Nordby G, Os I, Kjeldsen SE, Eide I. Mild essential hypertension in nonobese premenopausal women is characterized 
by low renin. Am J Hypertens 1992;5:579–584. 

10.  Witteman JC, Grobbee DE, Kok FJ, Hofman A, Valkenburg HA. Increased risk of atherosclerosis in women after the 
menopause. BMJ British Medical Journal Publishing Group; 1989;298:642–644. 

11.  Michiels C. Endothelial cell functions. J Cell Physiol 2003;196:430–443. 
12.  Jufri NF, Mohamedali A, Avolio A, Baker MS. Mechanical stretch: physiological and pathological implications for 

human vascular endothelial cells. Vasc Cell BioMed Central; 2015;7:8. 
13.  Sandoo A, Zanten JJCSV van, Metsios GS, Carroll D, Kitas GD. The endothelium and its role in regulating vascular tone. 

Open Cardiovasc Med J Bentham Science Publishers; 2010;4:302–312. 
14.  Deanfield J, Donald A, Ferri C, Giannattasio C, Halcox J, Halligan S, Lerman A, Mancia G, Oliver JJ, Pessina AC, Rizzoni 

D, Rossi GP, Salvetti A, Schiffrin EL, Taddei S, Webb DJ, Working Group on Endothelin and Endothelial Factors of 
the European Society of Hypertension. Endothelial function and dysfunction. Part I: Methodological issues for 
assessment in the different vascular beds: a statement by the Working Group on Endothelin and Endothelial Factors 
of the European Society of Hypertension. J Hypertens 2005;23:7–17. 

15.  Hadi H a R, Carr CS, Suwaidi J Al. Endothelial dysfunction: cardiovascular risk factors, therapy, and outcome. Vasc 
Health Risk Manag 2005;1:183–198. 

16.  Hirase T, Node K. Endothelial dysfunction as a cellular mechanism for vascular failure. Am J Physiol Circ Physiol 
2012;302:H499–H505. 

17.  Drexler H. Endothelial dysfunction: clinical implications. Prog Cardiovasc Dis 39:287–324. 
18.  Gimbrone MA, García-Cardeña G, García-Cardeña G. Endothelial Cell Dysfunction and the Pathobiology of 

Atherosclerosis. Circ Res NIH Public Access; 2016;118:620–636. 
19.  Donker RB, Ásgeirsdóttir SA, Gerbens F, Pampus MG van, Kallenberg CGM, Meerman GJ te, Aarnoudse JG, Molema G. 

Plasma Factors in Severe Early-Onset Preeclampsia Do Not Substantially Alter Endothelial Gene Expression In Vitro. J Soc 
Gynecol Investig 2005;12:98–106. 

20.  Maciag T, Cerundolo J, Ilsley S, Kelley PR, Forand R. An endothelial cell growth factor from bovine hypothalamus: 
identification and partial characterization. Proc Natl Acad Sci U S A 1979;76:5674–5678. 

21.  Finch JL, Hope RM, Daal A van. Human sex determination using multiplex polymerase chain reaction (PCR). Sci Justice 
1996;36:93–95. 

22.  Lin K, Kools H, Groot PJ de, Gavai AK, Basnet RK, Cheng F, Wu J, Wang X, Lommen A, Hooiveld GJEJ, Bonnema G, Visser 
RGF, Muller MR, Leunissen JAM. MADMAX - Management and analysis database for multiple ~omics experiments. J 
Integr Bioinform 2011;8:160. 



155

Sex-specific dif ferences in gene expression and DNA methylation of naive endothelial cells

6

23.  Dai M, Wang P, Boyd AD, Kostov G, Athey B, Jones EG, Bunney WE, Myers RM, Speed TP, Akil H, Watson SJ, Meng F. Evolving 
gene/transcript definitions significantly alter the interpretation of GeneChip data. Nucleic Acids Res 2005;33:e175. 

24.  Bolstad BM, Irizarry RA, Astrand M, Speed TP. A comparison of normalization methods for high density oligonucleotide 
array data based on variance and bias. Bioinformatics 2003;19:185–193. 

25.  Sartor MA, Tomlinson CR, Wesselkamper SC, Sivaganesan S, Leikauf GD, Medvedovic M. Intensity-based hierarchical Bayes 
method improves testing for differentially expressed genes in microarray experiments. BMC Bioinformatics 2006;7:538. 

26.  Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub TR, 
Lander ES, Mesirov JP. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide 
expression profiles. Proc Natl Acad Sci U S A National Academy of Sciences; 2005;102:15545–15550. 

27.  Vaalamo M, Kariniemi A-L, Saarialho-Kere U, Shapiro SD. Enhanced Expression of Human Metalloelastase (MMP-12) 
in Cutaneous Granulomas and Macrophage Migration. J Invest Dermatol 1999;112:499–505. 

28.  Margheri F, Serratì S, Lapucci A, Chillà A, Bazzichi L, Bombardieri S, Kahaleh B, Calorini L, Bianchini F, Fibbi G, Rosso 
M Del. Modulation of the angiogenic phenotype of normal and systemic sclerosis endothelial cells by gain-loss of 
function of pentraxin 3 and matrix metalloproteinase 12. Arthritis Rheum 2010;62:2488–2498. 

29.  Verschuren L, Lindeman JHN, Bockel JH Van, Abdul-Hussien H, Kooistra T, Kleemann R. Up-Regulation and Coexpression of 
MIF and Matrix Metalloproteinases in Human Abdominal Aortic Aneurysms. Antioxid Redox Signal 2005;7:1195–1202. 

30.  Xu J, Shi G-P. Vascular wall extracellular matrix proteins and vascular diseases. Biochim Biophys Acta NIH Public 
Access; 2014;1842:2106–2119. 

31.  Olsen MH, Christensen MK, Wachtell K, Tuxen C, Fossum E, Bang LE, Wiinberg N, Devereux RB, Kjeldsen SE, 
Hildebrandt P, Dige-Petersen H, Rokkedal J, Ibsen H. Markers of collagen synthesis is related to blood pressure and 
vascular hypertrophy: a LIFE substudy. J Hum Hypertens 2005;19:301–307. 

32.  Liu S, Bajpai A, Hawthorne EA, Bae Y, Castagnino P, Monslow J, Puré E, Spiller KL, Assoian RK. Cardiovascular protection 
in females linked to estrogen-dependent inhibition of arterial stiffening and macrophage MMP12. JCI Insight 2019;4. 

33.  Parker LP, Taylor DD, Kesterson S, Gercel-Taylor C. Gene expression profiling in response to estradiol and genistein in 
ovarian cancer cells. Cancer Genomics Proteomics 6:189–194. 

34.  Wilson CL, Sims AH, Howell A, Miller CJ, Clarke RB. Effects of oestrogen on gene expression in epithelium and stroma 
of normal human breast tissue. Endocr Relat Cancer 2006;13:617–628. 

35.  Sato T, Okumura F, Ariga T, Hatakeyama S. TRIM6 interacts with Myc and maintains the pluripotency of mouse 
embryonic stem cells. J Cell Sci 2012;125:1544–1555. 

36.  Moore LD, Le T, Fan G. DNA methylation and its basic function. Neuropsychopharmacology Nature Publishing Group; 
2013;38:23–38. 

37.  Lorenz M, Koschate J, Kaufmann K, Kreye C, Mertens M, Kuebler WM, Baumann G, Gossing G, Marki A, Zakrzewicz 
A, Miéville C, Benn A, Horbelt D, Wratil PR, Stangl K, Stangl V. Does cellular sex matter? Dimorphic transcriptional 
differences between female and male endothelial cells. Atherosclerosis 2015;240:61–72. 

38.  Januszyk M, Rennert RC, Sorkin M, Maan ZN, Wong LK, Whittam AJ, Whitmore A, Duscher D, Gurtner GC. Evaluating the 
Effect of Cell Culture on Gene Expression in Primary Tissue Samples Using Microfluidic-Based Single Cell Transcriptional 
Analysis. Microarrays (Basel, Switzerland) Multidisciplinary Digital Publishing Institute  (MDPI); 2015;4:540–550. 

39.  Addis R, Campesi I, Fois M, Capobianco G, Dessole S, Fenu G, Montella A, Cattaneo MG, Vicentini LM, Franconi F. 
Human umbilical endothelial cells (HUVECs) have a sex: characterisation of the phenotype of male and female cells. 
Biol Sex Differ BioMed Central; 2014;5:18. 

Acknowledgements

This study was supported by the Dutch Heart foundation, 2013T084.

Additional information

The authors have nothing to declare.

The supplementary material is available on request.




	Chapter 6

