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Abstract

Objective—To evaluate the association between promoter DNA methylation and Discoidin

domain receptor 1 (DDR1) gene expression in men with nonobstructive azoospermia (NOA).

Design—We compared fibroblalsts cultured from testicular biopsies using a high resolution

Infinium 450K methylation array. We validated promoter methylation, mRNA and protein levels

of the CpG sites identified from array.

Setting—Basic research laboratory.

Interventions—None

Patient(s)—Men with NOA (n = 16) and with normal spermatogenesis (n = 5).

Main outcome measure(s)—Bisulfite Clonal Sequencing was used for validation and

quantification of CpG methylation of DDR1. Gene expression analysis of DDR1 with quantitative

polymerase chain reaction and immunohistochemistry was performed to validate the array results

at mRNA and protein levels.

Results—Differentially methylated CpG sites (~20K) were identified using an F-Test in the

NOA samples. We identified 20 genes with >30% difference in DNA methylation within the

promoter region of men with NOA and fertile controls. Of the aberrantly methylated genes, 10

were hypomethylated and 10 were hypermethylated genes. From the top 10 hypermethylated

genes, six genes (MRI1, DCAF12L1, TMEM95, CECR2, DDR1, NPHS2) were selected for

validation since they were shown to be expressed in the testis. Of the 6 genes expressed in the

fibroblasts cultured from testis, DDR1 showed an abnormal gene expression pattern. Three
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patients (19%) out of the 16 NOA men for whom gene expression data available had lower DDR1

expression levels (1.8× fold decrease) than fertile men, whereas four (25%) men had higher

expression levels (2× fold increase) of DDR1 compared to levels in fertile men. Quantitative

analysis by bisulfite clonal sequencing showed that one of the CpG sites (cg13329862) of DDR1

promoter was hypermethylated in NOA patients compared with fertile controls (53% versus 15%).

Immunohistochemical analysis suggests presence of DDR1 within cytoplasm of germ cells and

peritubular connective tissue (in men with hypospermatogenesis) and decreased expression of the

protein in men with Sertoli-cell only syndrome.

Conclusions—Abnormal gene expression of DDR1 is associated with NOA. The functional

relevance of aberrant methylation of DDR1 to expression of DDR1 in men with NOA warrants

further investigation.
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INTRODUCTION

Non-obstructive azoospermia (NOA), lack of sperm in the ejaculate, results from

spermatogenic failure. Spermatogenesis requires coordinated regulation of testicular gene

expression. DNA methylation, which is the stable, covalent addition of a methyl group to

cytosine, has been shown to be a contributor to regulation of gene expression and alteration

to DNA methylation can modify gene expression. Both human and animal studies indicate

that abnormal sperm DNA methylation patterns, including aberrant methylation of both

imprinted (1–5) and non-imprinted genes (6, 7) are associated with subfertility in

oligospermic men.

Spermatogenesis is the transformation of spermatogonial cells into spermatozoa over an

extended period of time involving constant cell proliferation and differentiation. Therefore

genes involved in regulation of epithelial cell differentiation would be important for

spermatogenesis. Discoidin domain receptor 1 (DDR1) is a member of a small subfamily of

receptor tyrosine kinases that is involved in proliferation, apoptosis, cell morphogenesis and

differentiation (8). DDR1 is expressed in human post-meiotic germ cells of testis (9). The

ligands of the DDR1 receptor are collagen and Ecadherin(10). It is well recognized that

collagen is essential for spermatogenesis (11) and E-cadherin plays an important role in

primordial germ cell migration and development (12).

Sertoli and germ cells rely on structural support provided by the basement membrane at

different stages of the seminiferous epithelial cycle. Hence, we hypothesized that abnormal

DDR1 expression due to aberrant DNA methylation might trigger a mechanism that can

compromise spermatogenesis in a subset of men with idiopathic NOA. In the present study,

we utilized a high-density methylation array to investigate the pattern of DNA methylation

that could be associated with abnormal gene expression. Of the candidate genes identified

from the methylation microarray, we selected DDR1 and performed validation at promoter

methylation, mRNA and protein levels.
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PATIENTS AND METHODS

Sixteen azoospermic men and five men with proven fertility were recruited for this study

with the approval and oversight of Baylor College of Medicine’s Institutional Review Board

for Human Subjects. Subjects gave informed consent. Azoospermia in all patients was

confirmed by analysis of at least two different centrifuged ejaculate specimens according to

World Health Organization guidelines. On the day of surgery, another ejaculated sample

was obtained and azoospermia confirmed via an extended sperm preparation. Karyotype

analysis and Y chromosome microdeletion analysis was performed on all patients to confirm

a normal karyotype and absence of Y-chromosome microdeletions. Men who were proven

fertile reported a history of fathering a biological child.

We used the high resolution Infinium 450K methylation array and compared fibroblasts

cultured from testicular biopsies of 16 NOA men and 5 fertile men (supplementary figure).

Microarray data was analyzed using Minfi (R software package) and normalized utilizing

subset-quantile within array normalization. Using an F-test, we generated a dataset of

methylated CpG sites differentiating between fertile controls and men with NOA. We used a

very stringent selection criterion that combined the following three factors: 1. Statistical

significance (p-value) 2. Magnitude of effect (difference in % methylation between men

with NOA and fertile men) and 3. Location of CpG sites (immediately upstream of the

transcription start site of genes).

Primary testicular fibroblast culture

Testicular specimens were collected and divided into two portions. One tissue fragment was

fixed in Bouin’s solution, paraffinized and stained for routine histological examination. A

second portion of the sample (from the same biopsy) was cultured in vitro to establish a

primary testicular fibroblast culture. To serve as controls, testis biopsies also were collected

from men with proven fertility (done as part of routine clinical practice) undergoing

vasectomy reversal. Primary cultures were maintained in Dulbecco’s modified Eagle

medium, supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin (all

provided by Gibco–Life Technologies; Grand Island, NY, USA). Peripheral blood was

collected from each patient and used for DNA purification.

RNA Isolation and cDNA Synthesis

RNA was isolated from fibroblasts cultured from human testis biopsies using RNeasy Plus

kit (Qiagen) according to the manufacturer's instructions. For reverse transcription, High

Capacity cDNA Reverse Transcription kit (Cat#4368814, Applied Biosystems, USA) was

used with a total concentration of 500 ng RNA (25ng/µl) in a total of 20 µl reaction mixture

in accordance with the manufacturer’s instructions and incubated for 10 min at 25 °C

followed by 30 min at 48 °C and 5 min at 95 °C. The cDNA was stored at −20°C until

further use.

Clonal bisulfite sequencing

We used the cloning-based bisulfite sequencing (CBS) method for our quantitative

examination of DDR1 CpG methylation in 8 NOA patients and 2 fertile controls chosen

Ramasamy et al. Page 3

Fertil Steril. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



randomly from the study population included in the microarray. Genomic DNA (500 ng)

was bisulfite-converted using EZ DNA methylation kit (Catalog # D5001, Zymo Research).

Each of the DNA samples was amplified by PCR as follows: a PCR reaction mix containing

~2 µl of the bisulfite-treated DNA, 2 µL (2 µM) combined of forward and reverse primers

(Forward TGATTTTGGGGTTGTTTGTTAGTA; Reverse

AATACTTTTTCCCCACTCAACACTA), 1 × PCR buffer, 10mM dNTP mix, 1mM MgCl2,

and ZymoTaq™ DNA Polymerase in a total volume of 20 µl. PCR cycle conditions were as

follows: Initial denature at 95°C for 10 min, DNA was amplified in 35 cycles for 30s at

95°C, 40s at 59°C (for DDR1) and 1 min at 72°C followed by a final extension at 72°C for

10 min. Amplified products were directly cloned into the pCR®4- TOPO® vector using the

TOPO Cloning kit (Catalog # K4575-02, Life technologies, USA). Individual clones were

sent to Genewiz for DNA sequencing. Approximately 10 different clones from each PCR

product were sequenced to analyze the methylation status of the CpG site (cg13329862).

The methylation status was analyzed using BISMA (http://services.ibc.uni-stuttgart.de/

BDPC/BISMA/index.php). BISMA counterchecks all sequences for existence of clonal

amplifications from the same genomic template for CBS efficiency. Sequences with < 95%

conversion efficiency were omitted by the software.

Quantitative RT-PCR (qPCR)

Quantification of DDR1 expression in fibroblasts cultured from human testicular biopsies

was performed by qPCR using Taqman probe (Hs01058430_m1, Life technologies)

designed for the amplification of DDR1 in 21 men (5 fertile controls and 16 men with

NOA). Gene expression was normalized to an internal housekeeping gene GAPDH

(Hs02758991_g1, Life technologies). Reactions were carried out in Quant Studio Plus 12K

Flex Real-Time PCR System and efficiency of the reactions was determined for all primer

sets using 1:10 dilutions of cDNA samples. Reaction mixtures consisted of TaqMan Gene

expression master mix (Applied Biosystems) 1X, 1µL of Taqman probe, and 1 µL of cDNA

in a final volume of 20 µL. All reactions were carried out in triplicate. Normalized

expression values were calculated according to a published mathematical model proposed by

Pfaffl (13).

Immunohistochemistry

Formalin-fixed specimens from the testes of 2 patients (1 patient with hypospermatogenesis

and 1 Maturation arrest syndrome histology) were processed and mounted. Genitourinary

pathologists at Baylor College of Medicine determined histologies. Samples were then

heated in boiling water bath for antigen retrieval (10 mmol/L citrate buffer, pH 6, 20 min).

The sections were allowed to cool in citrate buffer, washed thrice (de-ionized water, PBS,

pH 7.4, 3 min each) and incubated in blocking solution for 30 min. Next, they were washed

with PBS (3 × 10 min) and incubated overnight with primary rabbit polyclonal anti-DDR1

antibody (1:800 diluted, Santa-Cruz Biotechnology, sc-532) at 4 °C. After being washed

with PBS (3 × 10 min), the sections were incubated with horseradish peroxidase conjugated

goat anti-rabbit IgG for 1 h at room temperature. Finally, peroxidase activity was visualized

using 0.05% diaminobenzidine (DAB; Sigma), in 0.05 mol/L Tris buffer, pH 7.6, containing

0.01% hydrogen peroxide.
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Statistical Analyses

Aside from array normalization procedures, the R software environment (R Foundation for

Statistical Computing, Vienna, Austria) was used for all statistical analysis for data from

microarray. Gene expression values are expressed as mean ± SD, for comparison of the

results between fertile control and men with NOA. All relative quantification was assessed

using REST software 2009, RG mode, using the pair-wise fixed randomization test with

10,000 permutations (13). The significant level of differences was taken as P <0.05.

RESULTS

Differentially methylated CpG sites (~10K) were identified using an F-Test (p<0.05) in the

NOA men. We identified 20 CpG sites within the promoter region of men with NOA with

>30% difference in methylation as compared to fertile controls that had p<0.05. Of the 20

aberrantly methylated CpGs within promoter regions, 10 were hypomethylated and 10 were

hypermethylated. From the top 10 hypermethylated CpG sites, six genes (MRI1,

DCAF12L1, TMEM95, CECR2, DDR1, NPHS2) were selected for validation since they

were shown to be expressed in the testis (Supplementary Table 1). Of the 6 genes, 4 genes

were not expressed in the fibroblasts. MRI1 gene expression was similar in men with NOA

and men with proven fertility.

DDR1 showed an abnormal gene expression pattern in 16 men with NOA. The level of

DDR1 mRNA in 3/16 men with NOA was approximately twofold lower than that in fertile

controls (P < 0.05). Additionally, the expression level of DDR1 mRNA was approximately

twofold higher in 4/16 NOA patients compared to fertile controls (P=0.012) (Figure 1).

To further investigate the regulation of expression of DDR1 promoter and validate the

microarray, we performed clonal bisulfite sequencing. Of the 7 CpG sites in the DDR1

amplicon (Figure 2A) (338–bp), we identified that the methylation of a single CpG site

(cg13329862 identified from array) was differentially methylated between fertile and NOA

men (Figure 2B and 2C). Fertile men had 15% methylation at the CpG site, whereas men

with NOA had 50% methylation (p< 0.05) at the CpG site, cg13329862. Of the 3 men that

had decreased gene expression, two men had genomic DNA available for CBS. One man

had 30% and the other had 50% methylation of CpG site, cg13329862 (Supplementary

Table 2).

To identify DDR1 expression in men with hypospermatogenesis and Sertoli-cell only

syndrome, DDR1 immunostaining signals were evaluated by qualitative IHC. DDR1 was

expressed in the germ cells and peritubular connective tissue in men with

hypospermatogenesis (Figure 3A – C) and expressed only in peritubular tissue men with

maturation arrest (Figure 3D and 3E).

DISCUSSION

In this study, we characterized the effect of methylation and the expression of DDR1 in men

with NOA. Of the total of 16 men that had fibroblasts cultured from testicular biopsy

samples from men with NOA, 3 patients had a relatively low (1.8×) DDR1 expression and 4
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men had a higher DDR1 (2×) expression than did the 5 fertile men. DDR1 represents a small

subfamily of receptor tyrosine kinases (RTKs) found predominantly in epithelial cells(14).

RTKs are involved in proliferation, differentiation, and migration of cells, all processes that

are essential for spermatogenesis. Ddr1 is expressed in postmeiotic germ cells of the rat

testis (9). We demonstrated the presence of DDR1 protein in a man with spermatogenesis

and the lack of DDR1 protein in a man with Sertoli-cell only syndrome. In one man, ~30%

methylation of CpG site cg13329862 was associated with > 2X lower DDR1 gene

expression and in another man ~50% methylation of CpG site cg13329862 was associated

with 1.5X lower DDR1 expression (Supplementary Table 2). With a larger sample size, we

could have demonstrated that the phenomenon of hypermethylation of the CpG site leads to

decreased gene and protein expression in more men with NOA.

It is of great clinical importance to identify markers that can indicate the presence or absence

of foci of spermatogenesis in a testicular biopsy sample, because it is widely accepted that

the histological results of diagnostic testicular biopsies, the peripheral serum levels of FSH,

serum levels of inhibin B, and even a testicular biopsy are not highly accurate markers (15).

Of the 16 men with NOA that underwent testicular sperm extraction, we identified sperm in

9 men (43%). Unfortunately, there was no association between either DDR1 mRNA

expression or methylation at CpG site of DDR1 promoter with finding sperm with testis

biopsy.

Previously, CpG islands were considered to be almost entirely unmethylated except within

imprinted regions and when on the inactive X chromosome (16).However, accumulating

evidence suggests that differential methylation of tissue-specific regions is associated with

modulated gene expression (17) and impaired spermatogenesis. Our observation of a low

rate of abnormal methylation in NOA samples is consistent with the published data (1, 18).

Due to the limited number of NOA samples analyzed, the nonsignificant difference in

methylation at DDR1 in men with NOA needs to be confirmed in future studies. In addition,

genomic DNA extracted from these testicular biopsies may not represent the methylation

level in germ cells alone. These testicular biopsies contain many somatic cells, such as

Leydig cells, Sertoli cells, etc. In the extreme case of Sertoli cell-only or tubular sclerosis,

the DDR1 methylation rate indicated a high value as expected. Therefore, an aberrant

methylation of DDR1 promoter could be one possible cause of idiopathic NOA.

The study has some limitations. Due to lack of germ cells in men with NOA, we used

fibroblasts cultured from testis biopsies to evaluate both gene expression and methylation.

Sertoli and Leydig cell could have been isolated and used as the primary target. Although

DNA methylation in fibroblasts may not mimic the changes that can occur in germ cells,

fibroblasts are the best surrogate for investigating potential constitutional epimutations. In

addition, studying fibroblasts provides an adequate comparison between men with proven

fertility and men with NOA because we studied the same cell type. We did not have gene

expression or clonal bisulfite sequencing data on all the men in the microarray either due to

lack of cells (from fibroblast culture) or were unable to extract RNA or genomic DNA for

CBS. Ideally, we would have liked to correlate gene and protein expression. Unfortunately,

we had access to only 2 / 16 patient blocks for IHC. We therefore used IHC as a qualitative

measure to identify DDR1 within the seminiferous tubules in the 2 patients (one man with

Ramasamy et al. Page 6

Fertil Steril. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



hypospermatogenesis and one man with maturation arrest histology). We used a man with

NOA and hypospermatogenesis (instead of a fertile man) as an internal control to

demonstrate that absence of DDR1 expression is dependent on the presence of germ cells

and not due to other non-disease related mutations. Not all men who had hypermethylation

of the CpG site had down regulation of gene expression. The lack of association between

gene expression and methylation could be the result of aberrant methylation in other CpG

sites (not identified from the array). Given the aberrant nature of gene expression and DNA

methylation, it is possible that other factors such as histone deacetylation that could be

responsible for altered gene expression. Although 7/16 men with NOA had statistically

significant changes in gene expression, the biological significance remains unclear. Larger

screening studies are necessary to validate the importance of DDR1 in men with NOA.

In summary, we believe that aberrant methylation of DDR1 promoter could modify gene

expression. Altered DDR1 gene expression may therefore be a marker for men with

idiopathic NOA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Relative expression of DDR1 mRNA in men with nonobstructive azoospermia compared to

fertile controls. * p < 0.05
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Figure 2.
Map of the 338-bp CpG island around exon 1 in DDR1. Vertical bars indicate CpG sites (A).

Clonal bisulfite sequencing was done to assess methylation status of CpG sites in the

amplicon (B) and site # 2 (cg13329862) in men with NOA and fertile controls (c). Ten

clones were sequenced from each patient. The percentage of methylation in each CCG site is

denoted by pie charts, as indicated.
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Figure 3.
Immunohistochemistry demonstrating DDR1 protein in germ cells and peritubular

connective tissue from testis biopsy from man with NOA and hypospermatogenesis at low

power 100x (A) and high power 400x (B) and decreased expression of DDR1 protein in man

with Maturation arrest histology (D). Lack of DDR1 staining is demonstrated in negative

controls (C and E).
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