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Gene expression profiling of mouse cavernous 
endothelial cells for diagnostic targets in 
diabetes-induced erectile dysfunction
Guo Nan Yin* , Jiyeon Ock* , Min-Ji Choi , Anita Limanjaya , Kalyan Ghatak , Kang-Moon Song ,  
Mi-Hye Kwon , Jun-Kyu Suh , Ji-Kan Ryu
Department of Urology, National Research Center for Sexual Medicine, Inha University School of Medicine, Incheon, Korea

Purpose: To investigate potential target genes associated with the diabetic condition in mouse cavernous endothelial cells (MCECs) 
for the treatment of diabetes-induced erectile dysfunction (ED).
Materials and Methods: Mouse cavernous tissue was embedded into Matrigel, and sprouted cells were subcultivated for other 
studies. To mimic diabetic conditions, MCECs were exposed to normal-glucose (NG, 5 mmoL) or high-glucose (HG, 30 mmoL) con-
ditions for 72 hours. An RNA-sequencing assay was performed to evaluate gene expression profiling, and RT-PCR was used to vali-
date the sequencing data.
Results: We isolated MCECs exposed to the two glucose conditions. MCECs showed well-organized tubes and dynamic migration 
in the NG condition, whereas tube formation and migration were significantly decreased in the HG condition. RNA-sequencing 
analysis showed that MCECs had different gene profiles in the NG and HG conditions. Among the significantly changed genes, 
which we classified into 14 major gene categories, we identified that aging-related (9.22%) and angiogenesis-related (9.06%) 
genes were changed the most. Thirteen genes from the two gene categories showed consistent changes on the RNA-sequencing 
assay, and these findings were validated by RT-PCR.
Conclusions: Our gene expression profiling studies showed that Cyp1a1, Gclm, Igfbp5, Nqo1, Il6 , Cxcl5, Olr1, Ctgf , Hbegf , Serpine1, 
Cyr61, Angptl4 , and Loxl2 may play a critical role in diabetes-induced ED through aging and angiogenesis signaling. Additional re-
search is necessary to help us understand the potential mechanisms by which these genes influence diabetes-induced ED.
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INTRODUCTION

Erectile dysfunction (ED) is a highly age-dependent 
disorder, and recent epidemiologic studies suggest that ap-

proximately 5% to 35% of men aged 40 to 70 years have 
experienced different levels of ED [1]. The focus on diabetes 
mellitus (DM) as an important cause of ED has increased 
recently. About 50% to 75% of men with diabetes have ED [2]. 
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Medications for diabetes, cardiovascular disease, and hyper-
tension can also cause ED [3]. Proposed mechanisms include 
elevated advanced glycation end products, increased levels of 
oxygen free radicals, impaired nitric oxide cyclic guanosine 
monophosphate, and severe endothelial dysfunction or neu-
ropathic damage [4]. The currently available drugs, which 
are phosphodiesterase-5 (PDE5) inhibitors, have shown poor 
responsiveness in patients with severe angiopathy. Many 
studies have shown that severe diabetes-induced endothelial 
dysfunction leads to insufficient bioavailable NO for PDE5 
inhibitors to induce penile erection [5].

The vascular endothelium plays an important role in 
regulating blood flow and penile erection [6]. Endothelial 
dysfunction is considered one cause of ED, not only through 
the regulation of muscle tone but also through the coor-
dination of signals from neural and other sources [7]. Our 
previous studies established the functional importance of 
endothelial cells (ECs) in mouse corpus cavernosum tissue 
and demonstrated their differential distribution [8]. In addi-
tion, we successfully isolated mouse and human corpus cav-
ernosum ECs for in vitro cell-based models, which have been 
widely used in vascular biology research and have given us 
valuable insight for understanding potential angiogenesis 
mechanisms in various vascular diseases [9,10]. Many studies 
have already tried to identify the key genes associated with 
ED [11]. However, the ED-associated genetic mechanisms in 
mouse cavernous ECs from diabetes-induced ED mice remain 
unclear in vitro, and more new molecular targets responsible 
for diabetes-induced ED are needed.

Gene expression profiling in physiologic and pathologic 
conditions can give us a foundation for finding the molecu-
lar mechanisms of ED and global genetic alteration caused 
by diabetes. In the present study, we performed an RNA-
sequencing assay on mouse cavernous ECs (MCECs) exposed 
to normal-glucose (NG) and high-glucose (HG) conditions, 
mimicking diabetes-induced angiopathy, to gain a systematic 
view of physiologic and pathologic processes and to suggest 
new therapeutic targets for diabetic-induced ED.

MATERIALS AND METHODS

1. Ethics statement and design of the animal 
study 
In total, 33 adult male C57BL/6J mice (8 weeks old) were 

used in this study (5 for mouse cavernous EC characteriza-
tion, 10 for in vitro function study, 8 for RNA-sequencing 
assay, and 10 for reverse transcription PCR validation). All 
animal experiments performed in this study were approved 
by the Institutional Animal Care and Use Committee of 

Inha University (approval number: 190813-661).

2. Primary culture of mouse cavernous endothe-
lial cells
The primary culture of MCECs was performed as de-

scribed previously [10]. Briefly, penis tissues were harvested 
and kept in sterile vials with Hank’s balanced salt solution 
(HBSS; Gibco, Carlsbad, CA, USA). The tissues were then 
washed twice in phosphate-buffered saline, and the glans, 
dorsal nerve bundle, and urethra were removed, and only 
the corpus cavernosum tissues were used. The corpus caver-
nosum tissues were cut into small pieces and covered with 
Matrigel on 60-mm cell culture dishes at 37°C for 10 minutes 
in a 5% CO2 atmosphere. Then, we added 3 mL of comple-
ment medium 199 (M199; Gibco) containing 20% fetal bovine 
serum (FBS), 1% penicillin/streptomycin, 0.5 mg/mL heparin 
(Sigma-Aldrich, St. Louis, MO, USA), and 5 ng/mL vascular 
endothelial growth factor (VEGF; R&D Systems Inc., Min-
neapolis, MN, USA). After 2 weeks of culture until the cells 
were more than 90% confluent and spread over the bottom 
of the dish, only sprouting cells were used for subcultiva-
tion, which were seeded onto dishes coated with 0.2% gelatin 
(Sigma-Aldrich). Cells from passages 2 to 4 were used for all 
experiments.

3. Characterization of primary cultured mouse 
cavernous endothelial cells
To characterize cell types, the cells were cultured on ster-

ile cover glasses (Marienfeld Laboratory, Lauda-Königshofen, 
Germany), which were placed on the bottom of 12-well plates 
and grown until nearly confluent. Then, the cells were 
stained with antibodies to CD31 (an EC marker; Chemicon, 
Temecula, CA, USA; 1:50), CD90 (a fibroblast marker; R&D 
Systems Inc.; 1:50), NG2 chondroitin sulfate proteoglycan 
(NG2; a pericyte marker, Millipore, San Francisco, CA, USA; 
1:50), smooth muscle α-actin (α-SMA, a smooth muscle cell 
marker; Sigma-Aldrich; 1:100), or DAPI (a nucleus marker; 
Vector Laboratories Inc., Burlingame, CA, USA) as previous-
ly described [10]. Signals were visualized, and digital images 
were obtained with a confocal fluorescence microscope (K1-
Fluo; Nanoscope Systems, Inc., Daejeon, Korea).

4. Establishment of in vitro model that mimics 
diabetes-induced angiopathy
To mimic diabetes-induced angiopathy conditions, prima-

ry cultured MCECs were serum-starved overnight and ex-
posed to the NG (5 mmoL, Sigma-Aldrich) or HG (30 mmoL) 
condition for 72 hours at 37°C in a 5% CO2 atmosphere [12].
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5. Tube formation assay
An in vitro angiogenesis assay was performed to evalu-

ate the angiogenic ability of the cultured MCECs in the NG 
and HG conditions. Approximately 100 µL of growth factor-
reduced Matrigel (Becton Dickinson, Mountain View, CA, 
USA) was dispensed into 48-well cell culture plates at 4°C. 
After the plates were incubated at 37°C for at least 10 to 15 
minutes, the MCECs that were preconditioned under NG 
and HG conditions for 72 hours were seeded onto the Matri-
gel at 1×105 cells/well in 300 µL of M199 medium. After 16 
hours, images were taken with a phase-contrast microscope, 
and the number of integrated tubes was counted at a screen 
magnification of ×40.

6. Cell migration assay
The MCEC migration assay was performed with the 

SPLScarTMBlock system (SPL Life Sciences, Pocheon, Korea) 
on 60-mm culture dishes. The conditioned MCECs (NG and 
HG condition) were seeded into the 3-well block at >95% con-
fluence, and 5 hours later, the block was removed and the 
cells were further incubated in M199 medium with 2% FBS 
for 24 hours. The images were taken with a phase-contrast 
microscope, and migrated cells were analyzed by measuring 
the density of the cells that had moved into the frame line.

7. RNA-sequencing assay
For the RNA-sequencing study, MCECs were cultured 

and treated (n=2 per group) under NG and HG conditions. 
The RNA-sequencing assay was performed by E-Biogen Inc. 
(Seoul, Korea). Briefly, total RNA was isolated 72 hours af-
ter exposure to the glucose condition using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA). RNA quality was assessed 
by use of an Agilent 2100 Bioanalyzer (Agilent Technologies, 
Amstelveen, The Netherlands), and RNA quantification was 
performed by using an ND-2000 Spectrophotometer (Thermo 
Inc., Wilmington, DE, USA).

8. Library preparation and sequencing
Libraries were prepared from total RNA by using the 

SMARTer Stranded RNA-Seq Kit (Clontech Laboratories, 
Inc., Mountain View, CA, USA). The isolation of mRNA was 
performed by using the Poly(A) RNA Selection Kit (LEXO-
GEN, Inc., Vienna, Austria). The isolated mRNAs were used 
for cDNA synthesis and shearing. Indexing was performed 
with Illumina indices 1–12. The enrichment step was per-
formed by PCR. Subsequently, libraries were checked by 
using the Agilent 2100 Bioanalyzer (DNA High Sensitivity 
Kit) to evaluate the mean fragment size. Quantification 
was performed by using the library quantification kit with 

a StepOne Real-Time PCR System (Life Technologies, Inc., 
Carlsbad, CA, USA). High-throughput sequencing was per-
formed as paired-end 100 sequencing using HiSeq 2500 (Illu-
mina, Inc., San Diego, CA, USA).

9. Data analysis
The quality control of  raw sequencing data was per-

formed by using FastQC (Available at: https://www.bio-
informatics.babraham.ac.uk/projects/fastqc/). Adapter and 
low-quality reads (<Q20) were removed by using FASTX_
Trimmer (Available at: http://hannonlab.cshl.edu/fastx_
toolkit/) and BBMap (Available at: https://sourceforge.net/
projects/bbmap/). Then, the trimmed reads were mapped to 
the reference genome by using TopHat [13]. Gene expression 
levels were estimated by using read count and fragments 
per kb per million reads values by BEDTools and Cufflinks 
[14]. The expression values were normalized with the Quan-
tile normalization method by using EdgeR within R (Avail-
able at: https://www.r-project.org). Data mining and graphic 
visualization were performed with ExDEGA. The RNA-
sequencing data have been deposited in the Gene Expression 
Omnibus database (Available at: www.ncbi.nlm.nih.gov/geo 
accession no. GSE146078).

10. Validation of sequencing data by RT-PCR
Total RNA was extracted from cultured cells by using 

TRIzol (Invitrogen) following the manufacturer’s protocols. 
Reverse transcription was performed with 1 µg of RNA in 
20 µL of reaction buffer with oligo dT primer and AccuPow-
er RT Premix (Bioneer Inc., Daejeon, Korea). The primers 
used in this study are shown in Table 1. The PCR reaction 
was performed with denaturation at 94°C for 30 seconds, 
annealing at 60°C for 30 seconds, and extension at 72°C for 
1 minute in a DNA Engine Tetrad Peltier Thermal Cycler 
(Bio-Rad Laboratories, Hercules, CA, USA). For the analysis 
of PCR products, 10 µL of each PCR products was electro-
phoresed on a 1% agarose gel and detected under ultraviolet 
light. GAPDH was used as an internal control. All phase im-
ages and PCR bands from densitometry analysis were mea-
sured with an image analyzer system (ImageJ 1.34; National 
Institutes of Health, Bethesda, MD, USA; http://rsbweb.nih.
gov/ij/).

11. Statistical analysis
All data were expressed as mean±standard error. Sta-

tistical analysis was performed by using Mann–Whitney U 
tests. All p-values less than 0.05 were considered significant.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://hannonlab.cshl.edu/fastx_toolkit/
http://hannonlab.cshl.edu/fastx_toolkit/
https://sourceforge.net/projects/bbmap/
https://sourceforge.net/projects/bbmap/
http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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RESULTS

1. Isolation and characterization of MCECs
Representative images of  sprouted cells from mouse 

cavernous tissue at passage 0 and passage 1 are shown in 
Fig. 1A. After the cells spread over the entire bottom (about 
2 weeks), only sprouting cells were used for other studies. 
Immunofluorescent staining of sprouted cells showed high 
positive staining for CD31 (an EC marker) but not for CD90 
(a fibroblast marker), NG2 (a pericytes marker), or α-SMA (a 
smooth muscle cell marker) (Fig. 1B).

2. Reduced tube formation and migration in 
MCECs exposed to the high-glucose condition
To evaluate whether primary cultured MCECs can form 

tube-like structures in NG and HG conditions, we performed 
a tube formation assay on Matrigel in vitro. After 16 hours 
of incubation, MCECs formed well-organized capillary-like 
structures in the NG condition, whereas significantly de-
creased tube formation was detected in MCECs exposed to 
the HG condition (Fig. 2A, B). In addition, MCEC migration 

was also reduced under the HG condition (Fig. 2C, D).

3. Overview of the RNA-sequencing data
For this study, two gene libraries for the NG group and 

the HG group (n=2 for each group) were constructed for the 
RNA-sequencing assay. In total, 23,282 genes were detected 
in both libraries, whereas 30 and 57 genes were detected 
in only the NG and HG groups, respectively (Fig. 3A, B). 
Among all the detected genes, 2,094 genes were up-regulated 
and 1,649 genes were down-regulated. Differentially ex-
pressed gene analysis was performed with three conditions: 
fold change >1.5, and log2 >4. Consequently, among the 812 
identified genes, 349 genes were up-regulated and 463 genes 
were down-regulated (Fig. 3C).

4. Gene ontology category analysis of the RNA-
sequencing data
To evaluate the gene ontology (GO) category of the se-

lected genes, a total of 812 identified genes were analyzed in 
14 GO categories by use of ExDEGA. In these GO categories, 
aging (9.22%) and angiogenesis (9.06%) had highest propor-
tions (Fig. 4A). In the former, 13 up-regulated (Table 2) and 
7 down-regulated aging-related genes were detected. In ad-
dition, 7 up-regulated and 16 down-regulated angiogenesis-
related genes (Table 3) were detected (Fig. 4B).

5. Validation of RNA-sequencing results by RT-
PCR
To validate the RNA-sequencing results, we selected 

13 significantly changed genes, comprising 7 up-regulated 
aging-related genes and 6 down-regulated angiogenesis-
related genes for validation study. After exposure to the NG 
and HG conditions, total RNA was extracted from MCECs. 
The RT-PCR results showed that Cyp1a1, Gclm, Igfbp5, Nqo1, 
Il6, Cxcl5, and Olr1 were increased (Fig. 5A, C), whereas Ctgf, 
Hbegf, Serpine1, Cyr61, Angptl4, and Loxl2 were decreased in 
the HG condition (Fig. 5B, D).

DISCUSSION

Dysfunction of ECs in corpus cavernosum tissue is one of 
the most common reasons for the low effect of PDE5 inhibi-
tors in the treatment of diabetes-induced ED [15]. However, 
most genome studies have focused on corpus cavernosum at 
a tissue level in vivo [16] and not at a cellular level in vitro. 
Here, we isolated MCECs and performed an RNA-sequenc-
ing assay to investigate potential target genes for ED.

After exposure to the HG condition for 3 days, MCECs 
showed a decreased ability for tube formation and migra-

Table 1. Primer list for RT-PCR

Gene Primer sequence Product size (bp)
Ctgf F: CCAGGAAGTAAGGGACACG 

R: TAATTTCCCTCCCCGGTTAC
370

Hbegf F: TGTGTTCAAGTAGCCGCAAG
R: GATCCCTGCACTCTGACCAT

448

Serpine1 F: GTAGCACAGGCACTGCAAAA
R: TGAGACCTTTGTGGGGTAGG

417

Cyr61 F: GCACCTCGAGAGAAGGACAC
R: AGTTTTGCTGCAGTCCTCGT

332

Angptl4 F: CTACAGCCTGCAGCTCACTG
R: CTTTGTCCACAAGACGCAGA

450

Loxl2 F: GGATGACCTTGGACCTCTGA
R: AGGCCTGGTACCTGAGGTTT

453

Cyp1a1 F: AAGTGCAGATGCGGTCTTCT
R: CCATTTGGGAAGGCTGTTTA

454

Gclm F: TGTTTTGGAATGCACCATGT
R: AGAGCAGTTCTTTCGGGTCA

461

Igfbp5 F: GAGCAACACAAAGGGAGAGC
R: TAGGCAGTTCCTGGCTCAGT

390

Nqo1 F: TAGCCTGTAGCCAGCCCTAA
R: GTCTGCAGCTTCCAGCTTCT

401

Il6 F: CCGGAGAGGAGACTTCACAG
R: GGAAATTGGGGTAGGAAGGA

421

Cxcl5 F: TAGAGCCCCAATCTCCACAC
R: GTGCATTCCGCTTAGCTTTC

439

Olr1 F: TGGCTATGGGAGAATGGAAC
R: GTTGGTTGGGAGACTTTGGA

444

GAPDH F: CCACTGGCGTCTTCACCAC
R: CCTGCTTCACCACCTTCTTG

501
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tion, which provided an ideal model to mimic diabetes-
induced angiopathy [9,17]. In addition, many studies have 
already shown that hyperglycemia promotes endothelial 
dysfunction through oxidative stress and the AGE pathway 
[18]. However, there remains no accepted gold criterion for 
evaluating glucose variability. In this study, MCECs exposed 
to NG and HG conditions were used to investigate the genes 
important for diabetes-induced ED, and we found some 
oxidative stress markers. For example, NQO1, GPX2, SOD2, 

and SOD3 were significantly increased in the HG condition 
in MCECs. Consistent with a previous study, we also found 
that the ratio of collagen to elastin was also significantly 
increased in the HG compared with the NG condition, which 
also may be attributed to AGE-induced crosslinking and 
results in a decreased coronary flow reserve in the diabetic 
condition [19,20]. These findings suggest that the HG condi-
tion is ideal for simulating diabetes-induced MCEC dysfunc-
tion.
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Fig. 1. Isolation and characterization 
of primary cultured mouse cavernous 
endothelial cells (MCECs). (A) Represen-
tative phage images (screen magnifica-
tion, ×40) of sprouted cells from mouse 
penis cavernous tissues at passage 0, 
and sprouted cells subcultured at pas-
sage 1. (B) Immunofluorescent stain-
ing of MCECs with antibodies against 
CD31 (an EC-positive marker), CD90 
(a fibroblast marker), NG2 (a pericyte 
marker), and α-SMA (a smooth muscle 
cell marker). Nuclei were labeled with 
the DNA dye DAPI (4,6-diamidino-
2-phenylindole). Scale bar indicates 100 
μm.
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The RNA-sequencing results and analysis of GO catego-
ries detected numerous differentially expressed genes, and 
many top GO categories were evaluated in this study. The 
GO analysis showed that the significantly altered genes 
were enriched in aging and angiogenesis. Although age-
related ED is known to be associated with endothelial dys-
function in the penis, the molecular basis of this mechanism 
remains largely unknown [21]. In addition, previous studies 
have shown that the expression of many angiogenic media-

tors, such as angiopoietin (Ang)-1 [22], Ang-4 [23], and VEGF 
[24], is decreased in the HG condition at the protein level 
but not at the RNA level and that intracavernous admin-
istration of these angiogenic mediators improves erectile 
function in diabetes-induced ED. However, the most effec-
tive molecular mediator in regulating angiogenesis remains 
unknown; furthermore, ways to overcome the limited re-
generative capacity for mature ECs remain unknown [25]. 
In this study, we used a more global method to evaluate the 
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molecular changes in cavernous EC under varied glucose 
conditions. From the significantly altered genes, we selected 
seven aging-related genes that were up-regulated and six an-
giogenesis-related genes that were down-regulated in the HG 
condition as the targets for diabetic-induced ED, because ED 
is an age-dependent disorder and diabetes causes severe en-
dothelial dysfunction. In addition, ED may be an important 
predictor of cardiovascular disease [26]. These genes may be 
the key to improving local EC regeneration by reducing the 
aging of cells and inducing angiogenic mechanisms in dia-
betes-induced ED. These findings may have clinical implica-
tions for early diagnosis of vascular disease caused by aging 
and angiopathy.

A few studies have been conducted on aging-related genes 
such as Nqo1, Il6, and Cxcl5 in diabetes-induced ED [25-27]. 
There are, however, no studies on Cyp1a1, Gclm, Olr1, or Igfbp5 
in diabetes-induced ED. Igfbp5 acts as a switch to regulate 
insulin-like growth factor (IGF) signaling [27]; therefore, it 
seems have high relevance for diabetes-induced ED. Concern-
ing the angiogenesis-related genes, there are no studies on any 
of the six genes in diabetes-induced ED. However, Calenda et 
al. [28] showed that Serpine1 may be related to nerve-injury 
induced ED, and Angptl4 is a predictive marker for diabetic 
nephropathy [29]. Therefore, Igfbp5, Serpine1, and Angptl4 
would be preferred candidates for the mechanism study of 
diabetes-induced ED.

To our knowledge, this is the first study to perform sys-
tematic profiling of gene alterations in MCECs on exposure 
to NG and HG conditions. However, our study has some 
limitations. First, the glucose conditions could not completely 
mimic diabetes-induced ED. Second, we could not perform 
the gene set enrichment analysis or hierarchical clustering 
analysis with our RNA-sequencing results. Third, there are 
several other significantly altered genes that were not vali-
dated by RT-PCR. 

In this study, we profiled the differentially expressed 
genes in MCECs under NG and HG conditions. Further pro-
tein expression and functional study in a DM mouse model 
of these validated genes and significantly changed genes, 
such as Igfbp5, Serpine1, and Angptl4, will be important and 
helpful for us to understand the detailed mechanisms of ag-
ing and angiogenesis in diabetes-induced ED.

CONCLUSIONS

We profiled differentially expressed genes in MCECs 
under NG and HG conditions. In the analysis of GO catego-
ries, we found that aging and angiogenesis had the highest 
proportion of genes. Seven aging-related genes and six angio-Ta
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genesis-related genes were significantly changed in the HG 
condition compared with the NG condition. Our suggested 
genes may play a critical role in aging and angiogenesis, and 
additional research is necessary to help us understand the 
potential mechanisms for diabetes-induced ED.
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