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ABSTRACT
Spermatogenesis is the process by which testicular spermatogonial stem cells (SSCs) self-renew and differentiate into mature sperm in the

testis. Maintaining healthy spermatogenesis requires proper proliferation of SSCs. In this study, we sought to identify factors that regulate the

proliferation of SSCs. Human SSC (hSSC)-like cells were isolated from azoospermic patients by a modified culture method and propagated in

vitro. After four to five passages, the SSC-like cells spontaneously ceased proliferating in vitro, so we collected proliferating (P)-hSSC-like

cells at passage two and senescent (S)-hSSC-like cells at passage five. Suppression subtractive hybridization (SSH) was used to identify genes

that were differentially expressed between the P-hSSC-like and S-hSSC-like cells. We selected positive clones up-regulated in P-hSSC-like

cells using SSH and functionally characterized them by reference to public databases using NCBI BLAST tools. Expression levels of genes

corresponding to subtracted clones were analyzed using RT-PCR. Finally, we confirmed the differential expression of 128 genes in positive

clones of P-hSSC-like cells compared with S-hSSC-like cells and selected 23 known and 39 unknown clones for further study. Known genes

were associated with diverse functions; 22% were related to metabolism. Fifteen of the known genes and two of the unknown genes were

down-regulated after senescence of hSSC-like cells. A comparison with previous reports further suggests that known genes selected, SPP1,

may be related to germ cell biogenesis and cellular proliferation. Our findings identify several potential novel candidate biomarkers of

proliferating- and senescencet-hSSCs, and they provide potentially important insights into the function and characteristics of human SSCs.
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A dult stem cells are found in many locations throughout the

body and provide support for a variety of tissue functions

[Kenyon and Gerson, 2007]. The typical adult stem cell is considered

multipotent rather than totipotent, as it can generally only give rise

to differentiated cell types from the tissue of origin. For example,

the hematopoietic stem cell (HSC) is capable of undergoing self-

renewing cell divisions in vivo and differentiating at the single-cell

level into all mature blood cells to functionally repopulate the

hematopoietic system of a myeloablated recipient. A number of

other adult stem cells have been identified, although they are not as

well characterized as the HSC. Neural stem cells (NSCs) give rise to
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neurons, astrocytes and oligodendrocytes, the three main types of

nerve cells in the adult brain. Mesenchymal stem cells (MSC)

differentiate into fibroblasts, adipocytes, osteoblasts, chondrocytes,

and skeletal muscle cells. Other cells, such as spermatogonial,

corneal and endothelial stem cells, also fulfill the criteria of a stem

cell, except that they differentiate into only a single type of cell

[Roobrouck et al., 2008].

Spermatogonial stem cells (SSCs) provide the foundation for

continual sperm production throughout the lifetime of a male. SSCs

first arise in the testis from undifferentiated germ cells called

gonocytes, which are themselves derived from primordial germ cells
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(PGCs) that migrate from the urogenital ridge to the embryonic

gonad during prenatal development [Oatley and Brinster, 2006]. To

overcome male infertility and understand the mechanism of

spermatogenesis, our team has previously isolated human sperma-

togonial stem-cell-like cells (hSSC-like cells) from azoospermic

patients and successfully produced haploid germ cells by culturing

in vitro for 4–6 weeks [Lee et al., 2006]. However, in contrast to

mouse SSCs, which can be maintained for long periods in culture,

long-term proliferation of human SSCs in vitro has not been

reported. In addition, as obviously stated earlier in our previous

study, SSC-like cells could not be maintained beyond a limited

number of passages, most likely due to the fact that critical

information necessary to reproduce the specific culture conditions

required for in vitro proliferation of human SSCs is lacking. In the

present study, hence, we performed suppression subtractive

hybridization (SSH) technique in order to identify proliferation-

or senescent-regulatory genes that were differentially expressed in

proliferative hSSC-like cells (P-hSSC-like cells) and senescent hSSC-

like cells (S-hSSC-like cells). Using this approach, we identified

differentially expressed known and unknown genes in subtracted

clones and analyzed the expression levels of these genes in P-hSSC-

like and S-hSSC-like cells using RT-PCR. These genes represent

potential biomarkers that could act as determinants of the

proliferative or senescent state of hSSC-like cells.
MATERIALS AND METHODS

ISOLATION AND IN VITRO CULTURE OF hSSC-LIKE CELLS

Human testicular samples were obtained from male patients with

either obstructive azoospermia (OA) or non-obstructive azoosper-

mia (NOA) showing maturation arrest of male germ cells (Fig. 1A,B).

They underwent a testicular sperm extraction (TESE)-intracyto-

plasmic sperm injection (ICSI) program, and, under informed

consent, donated remaining tissue for the study. This study was

approved by the Institutional Review Board of the CHA Gangnam

Medical Center (Seoul, Korea). Subsequent experimental protocols

and quality control of the laboratory facility and equipment were

also appropriately managed.

Procedures for isolating and culturing hSSC-like cells were

modified from our previous report [Lee et al., 2006]. In brief,

testicular tissues obtained from OA and NOA patients were placed in

10 ml of enzyme solution A containing 0.5 mg/ml collagenase (Type

I; Sigma Chemical Co., St. Louis, MO), 10mg/ml DNase I, 1mg/ml

soybean trypsin inhibitor (Gibco, Grand Island, NY), and 1 mg/ml

hyaluronidase (Sigma) in Ca2þ, Mg2þ free phosphate-buffered saline

(PBS), and incubated for 20 min at ambient temperature (�258C).

After the peritubular cells were removed in low collagenase

concentration, the testicular tissues were redissociated in 10 ml of

enzyme solution B containing 5 mg/ml collagenase (Gibco), 10mg/

ml DNase I (Sigma), 1mg/ml soybean trypsin inhibitor (Gibco), and

1 mg/ml hyaluronidase (Sigma) in Ca2þ- and Mg2þ-free PBS, and

incubated for 30 min at 378C. Next, dissociated testicular cells were

plated and grown on gelatin-coated dishes in Dulbecco’s modified

Eagle’s medium (DMEM) containing 15% (v/v) fetal bovine serum

(Gibco), 10mmol/L 2-mercaptoethanol (Gibco), 1% non-essential
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amino acids (Gibco), 4 ng/ml basic fibroblast growth factor

(Invitrogen, Carlsbad, CA), 10mmol/L forskolin (Sigma), and

1,500 IU/ml human leukemia inhibitory factor (Peprotech, Inc.,

Rocky Hill, NJ) in a humidified atmosphere of 5% CO2 in air. Over the

following 2–4 weeks, the large multicellular (�100 cells) colonies

that formed on the dish were sequentially subcultured every 2 weeks

in StemPro-34 SFM (Invitrogen) supplemented with StemPro

Supplement (Invitrogen), 10mg/ml insulin–transferrin–selenium

solution (Gibco), 6 mg/ml D-(þ)-glucose, 30mg/ml pyruvic acid,

1ml/ml DL-lactic acid (Sigma), 5 mg/ml Bovine Albumin (ICN

Biomedicals, Irvine, CA), 2 mM L-glutamine, 5� 10�5 M 2-mercap-

toethanol, MEM Vitamin Solution (Invitrogen), MEM Non-Essential

Amino Acids Solution (Invitrogen), 10�4 M ascorbic acid, 10mg/ml

d-biotin, 30 ng/ml b-estradiol, 60 ng/ml progesterone (Sigma),

20 ng/ml mouse epidermal growth factor (Becton Dickinson,

Bedford, MA), 10 ng/ml human basic fibroblast growth factor

(Becton Dickinson), 103 U/ml ESGRO (murine leukemia inhibitory

factor; Invitrogen), 10 ng/ml Recombinant rat GDNF (R&D Systems,

Minneapolis, MN) and 1% (v/v) fetal calf serum (JRH Biosciences,

Lenexa, KS).
IMMUNOCYTOCHEMISTRY OF P-hSSC-LIKE CELLS

To investigate the localization and expression levels of spermato-

gonial stem cell and differentiated germ cell markers in culture, we

performed immunocytochemistry as previously described using

Oct-4 (Santa Cruz), integrin a6 (Santa Cruz), integrin b1 (Santa

Cruz) and c-Kit (Santa Cruz) antibodies [Lee et al., 2006]. Samples

were washed three times in DPBS with 5% FBS and fixed in

paraformaldehyde (4% v/v in DPBS) for 24 h. For permeabilization,

cells were incubated in 0.1% Triton X-100 in DPBS for 1 h. After

being washed three times with DPBS, non-specific binding of

antibodies was suppressed by incubation in blocking solution (4%

normal goat serum in DPBS) for 30 min at room temperature. After

being washed three times with PBS, immunocytochemical staining

was performed by incubating the fixed samples with primary

antibody diluted to 1:200 with DPBS containing 0.1% Tween-20 and

1% BSA for 60 min at room temperature or overnight at 48C.

Immunoreactive protein was then detected using a CY3 or FITC-

conjugated secondary antibody diluted to 1:500 with DPBS for

60 min at room temperature. Finally, samples were counterstained

with 1mg/ml 40,60-diamidino-2-phenyindiol (DAPI; Sigma).

Following multiple washes, dot slides were mounted in Vectashield

mounting medium (Vector laboratories, Burlingame, CA). The

resulting staining was viewed on an inverted confocal laser

scanning microscope (LSM 510; Carl Zeiss, Oberkochen, Germany)

with fluorescence at 400� magnification. Micrographs were stored

in LSM (Zeiss LSM Image Browser version 2.30.011; Carl Zeiss Jena

GmbH, Jena, Germany).
TELOMERASE ACTIVITY

A total of 1� 105 cells were treated with trypsin-EDTA (LS 015-08,

Welgene) and lysed in 200ml cold lysis buffer (10 mM Tris–HCl (pH

7.5), 1 mM MgCl2, 0.5 M EGTA, 0.5% CHAPS, 10% glycerol, 0.1 mM

AEBSF, 5 mM 2-mercaptoethanol). They were incubated on ice

for 30 min and centrifuged at 13,000 rpm for 20 min, and the
EXPRESSION PROFILES IN hSSC-LIKE CELLS 753



Fig. 1. Human spermatogonial stem cell (hSSC)-like cells isolated from azoospermic patients. A,B: Histological observation of obstructive azoospermic (OA) and non-

obstructive azoospermic (NOA) patient showing maturation arrested. C,D: Primary colony formation (hSSC-like cells) by in vitro culture of testicular cells from azoospermic

patients and alkaline phosphatase activity. E: Colonies containing proliferating (P)-hSSC-like cells (at passage 2) isolated from primary cultured colonies. F: Colonies containing

senescent (S)-hSSC-like cells at passage 5. G,H: SA-b-Gal staining pattern of P- and S-hSSC-like cells. All scale bar¼ 100mm.
supernatant was transferred to a new tube. For the telomere PCR

reaction, 2ml of this supernatant was added to 2.5mL 10X T-PCR

buffer (200 mM Tris–HCl (pH 8.3), 15 mM MgCl2, 680 mM KCl, 0.5%

Tween-20, 10 mM EGTA), 0.125 ml 10 mM dNTPs, 1ml TS primer

(50-AAT CCG TCG AGC AGA GTT-30), 0.2ml Ex Taq (RR001A,

Takara), and up to 25ml of DW and incubated at 208C for 30 min.

Finally, 1ml CX primer (50-CCC TTA CCC TTA CCC TTA CCC TAA-30)

was added, and the following PCR reaction was repeated for 31
754 EXPRESSION PROFILES IN hSSC-LIKE CELLS
cycles: 45 s at 948C, 45 s at 508C, 1 min at 728C. Electrophoresis was

performed using 15% polyacrylamide gel for 15 min at 100 V and 2 h

at 150 V. The gel was stained with SYBR green at RT for 20–30 min.

SENESCENCE-ASSOCIATED b-GALACTOSIDASE

(SA-b-GAL) STAINING

SSCs grown on plates were washed with PBS, fixed in 4%

formaldehyde for 10–15 min at room temperature, and washed
JOURNAL OF CELLULAR BIOCHEMISTRY



again with PBS. Cells were incubated at 378C in staining solution

(40 nm citric acid/sodium phosphate, pH 6.0, 5 mM potassium

ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, 2 mM

MgCl2, with freshly added 1 mg/ml X-gal; BioVision) for 12 h before

being examined as previously described [Kondo et al., 2001].

TOTAL RNA PREPARATION

Total RNA was isolated from P- and S-hSSC-like cells derived from

OA (n¼ 2) and NOA patients (n¼ 3) using TRIzol reagent (Molecular

Research Center, Cincinnati, OH) and quantified with a DN-1000

Spectrophotometer (Nanodrop Technologies, Inc., Waltham, MA).

The A260/A280 ratio was in the range of 1.8–2.0. Approximately 1 mg

total RNA was electrophoresed on a 1.2% denaturing agarose gel to

confirm integrity.

CDNA SYNTHESIS

cDNA was synthesized using the BD SMARTTM cDNA Synthesis Kit

(BD Biosciences, Clontech) according to the manufacturer’s

instructions. First-strand cDNA was synthesized from 1mg total

RNA and reverse-transcribed in a 10-ml reaction mixture containing

PowerScript Reverse-transcriptase (BD Biosciences) using 30 BD

SMART CDS primer II A (50-AAG CAG TGG TAT CAA CGC AGG GTA

CTT-30) and BD SMARTTM A oligonucleotide primer (50-AAG CAG

TGG TAT CAA CGC AGA GTA CGC GGG-30). The first-strand cDNA

was diluted to a final volume of 40ml with 1� TE buffer (10 mM

Tris–HCl, 1 mM EDTA, pH 8.0) and used to generate second-strand

cDNA by long-distance PCR with BD Advantage 2 polymerase mix

(BD Biosciences) using PCR primer II A (50-AAG CAG TGG TAT CAA

CGC AGA GT-30) and following the manufacturer’s instructions.

The PCR-amplified second-strand cDNA was purified using

column chromatography and then digested with 10 U/ml RsaI in

a final volume of 50ml at 378C for 3 h to obtain blunt-ended

fragments. The final concentration of digested second-strand cDNA

was 300mg/ml.

SUPPRESSION SUBTRACTIVE HYBRIDIZATION (SSH)

Purified two-target cDNA was used for SSH using a Clontech PCR-

select cDNA Subtraction kit (BD Biosciences) according to the

manufacturer’s instructions. Tester cDNA (P-hSSC-like cells, Fig. 1E)

was ligated to adaptor 1 and adaptor 2R in separate ligation

reactions at 168C overnight using 400 U/ml T4 DNA ligase. Driver

cDNA (S-hSSC-like cells, Fig. 1F) was not ligated to adaptors. After

ligation, two samples were subjected to hybridization. In the first

sample, an excess of driver mRNA was added to each adaptor-

ligated tester cDNA in the hybridization buffer, heat-denatured at

988C for 1.5 min and then allowed to anneal at 688C for 8 h.

Thereafter, the two primary hybridization samples were mixed

together without denaturing, and fresh denatured driver cDNA was

added to the sample, which annealed at 688C overnight. This step

formed newly hybridized cDNA. After a second hybridization,

samples were diluted in 200ml dilution buffer (20 mM HEPES,

50 mM NaCl, 0.2 mM EDTA) at 688C for 7 min. This hybrid cDNA was

used in PCR reactions to amplify the desired differentially expressed

sequences using the 50� Advantage cDNA Polymerase PCR kit (BD

Biosciences). First-round PCR amplifications were performed using

PCR primer 1, and second-round PCR amplifications were performed
JOURNAL OF CELLULAR BIOCHEMISTRY
using nested primer 1 and nested primer 2R. First-round PCR was

performed using the following cycling parameters: 758C for 5 min,

followed by 28 cycles of 948C for 30 s, 668C for 30 s and 728C for

90 s. A volume of 3ml of primary PCR mixture was diluted in

27ml H2O for nested-PCR reactions consisting of 11 cycles at 948C
for 30 s, 688C for 30 s and 728C for 90 s. The amplified second-round

PCR product was cloned directly into the pGEM-T Easy vector

(Promega, Madison, WI). The ligation products were purified using

the Wizard Plus SV Miniprep DNA purification system (Promega),

and the presence of the insert sequence was verified by digestion

with EcoR1 (NEB, England) and sequenced using a primer specific to

the M13F-pUC on an ABI PRISM 3730XL Analyzer (Macrogen,

Korea).

ANALYSIS OF SUBTRACTION EFFICIENCY

Subtracted cDNA products were subject to 18, 23, 28, or 33 cycles of

PCR amplification with primers specific to glyceraldehyde-3-

phosphate dehydrogenase (G3PDH) in order to evaluate subtraction

efficiency. The sense (50-AAC ACA GTC CAT GCC ATC AC-30) and

antisense (50-TCC ACC ACC CTG TTG CTG TA-30) G3PDH primers

were provided in the PCR-Select cDNA subtractive Kit. Unsubtracted

controls were amplified in parallel to analyze subtraction efficiency.

BIOINFORMATIC ANALYSIS

Sequences obtained from SSH were identified by reference to

sequences in the National Center for Biotechnology Information

(NCBI) database, using the Basic Local Alignment Search Tool

(BLAST; www.ncbi.nlm.nih.gov.BLAST).

REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION

(RT-PCR) ANALYSIS

RT-PCR was performed to assess the expression of spermatogonial

stem cell marker genes in colonies from TESE, specifically, integrin

a6, integrin b1 and c-Kit in spermatogonia and spermatocytes. PCR

was initiated with denaturation at 948C for 5 min, followed by 35–40

cycles of 30 s at 948C, 30 s at 55–578C, and 30 s at 728C. A final

extension step for 10 min at 728C completed the amplification

reaction, after which the products were separated by 1.5% agarose-

gel electrophoresis and verified by automated nucleotide sequen-

cing. Negative controls included mock transcription without mRNA

or PCR with distilled, deionized water.

To validate differential expression among the cell lines, we also

performed RT-PCR. Full-length cDNA was synthesized using

the SuperScript First-strand Synthesis System (Invitrogen). PCR

reactions were carried out in a total volume of 25ml using 1ml

reverse-transcribed samples under the following cycling conditions:

5 min at 948C for initial denaturation, followed by 35 cycles of 948C
for 30 s, 558C for 30 s and 728C for 30 s, followed by a final extension

step at 728C for 5 min. An aliquot (6ml) of the PCR products was

analyzed in 1% agarose. RT-PCR reactions were repeated at least

three times. The Multigauge program (Fujifilm, Japan) was used to

measure PCR product density, and cDNA levels were normalized to

those of 18s rRNA.
EXPRESSION PROFILES IN hSSC-LIKE CELLS 755



RESULTS

CHARACTERIZATION OF hSSC-LIKE CELLS ISOLATED FROM

AZOOSPERMIC PATIENTS AND IN VITRO PROPAGATION

Human SSC-like cells were isolated from the testis of both OA and

NOA patients and cultured in vitro (Fig. 1). Primary large colonies

were collected after 1–2 weeks of culture (Fig. 1C) and then replated

into new dishes after dissociation to generate a high purity of hSSC-

like cells. hSSC-like cells re-aggregated into small colonies and

slowly proliferated (Fig. 1E), but somatic cells remained attached to

the bottom of the culture dish. Cultured cells were passaged every 2

weeks. Proliferation of hSSC-like cells derived from both OA and

NOA patients ceased after passage five and finally disappeared after

attached to fibroblast-like cells (Fig. 1F). We designated proliferat-

ing hSSC-like cells during the first two to three passages as P-hSSC-

like cells and senescent hSSC-like cells after passage five as S-hSSC-

like cells. These two types of cells were reconfirmed by their

intensities of SA-b-gal staining. Only a weak signal of SA-b-gal

staining was seen in small colonies of P-hSSC-like cells, but all cells

in colonies of S-hSSC-like cells showed a strong signal (Fig. 1G,H).

The RT-PCR analysis revealed high levels of Oct4, integrin a6, and

integrin b1 but lower levels of c-Kit in P-hSSC-like cells (Fig. 2A). In
Fig. 2. The presence and characterization of spermatogonial stem cells in vitro cultu

cytochemistry of P-hSSC-like cells; general stem cell marker (Oct-4), spermatogonial ste

marker (c-Kit). B: AP staining of hSSC-like cell colonies. C: Telomerase activity results s

(5P) expressed weakly. D: RT–PCR results show that stem cell marker gene and SSC m

colonies, but expressed weakly or not expressed in senescent colonies (more than 5 pa
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addition, these P-hSSC-like cells stained positive for alkaline

phosphatase (Fig. 2B). However, by passages five, proliferation of

hSSC-like cells was not observed, and they became senescent.

Expression of spermatogonial stem cell marker genes (Oct4, integrin

a6, and integrin b1) as well as telomerase activity was quickly

decreased (Fig. 2C,D). These results manifest that hSSC-like cells

after passage five displayed a senescent phenotype.

SSH ANALYSIS IN P-hSSC-LIKE AND S-HSSC-LIKE CELLS

To apply SSH in P-hSSC-like and S-hSSC-like cells, we first

analyzed the subtraction efficiency using G3PDH as an indicator.

G3PDH abundance was reduced in the subtracted population,

requiring 28–33 cycles for its detection, whereas the corresponding

band appeared earlier in the unsubtracted population (23–28 cycles).

Thus, approximately five to seven additional cycles of amplification

were required for subtracted cDNAs (Fig. 3), indicating a potential

subtracted library size of 25 (32)–27 (128) in density of G3PDH levels

[Jung et al., 2009]. Subtracted cDNAs were cloned into T-vectors and

transformed into E. coli strain DH5-a. A total of 157 clones were

randomly selected and sequenced in one direction using M13F-pUC

primers.
red colonies obtained from testicular tissues of azoospermic patients. A: Immuno-

m cell markers (integrin a6 and integrin b1), differentiated spermatogonial stem cell

how that early passage (2P) colonies expressed strong activity, but senescent colonies

arker genes (Oct-4, integrin a6, and integrin b1) expressed in early (1–3) passaged

ssaged).
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Fig. 3. Evaluation of SSH efficiency. The forward subtracted library was

subjected to PCR amplification using G3PDH primers. The relative amount

of G3PDH product is shown in lane 1–4 for subtracted clones 18, 23, 28, and

33, respectively, and in lane 5–8 for unsubtracted clones 18, 23, 28, and 33,

respectively. M: 100-bp DNA ladder (Bioneer, Korea).
Tester and driver cDNAs were digested with RsaI before adaptor

ligation in the SSH step, so the length of clone sequences varied,

ranging from 200 to 800 base pairs. Sequences were not obtained for

23 clones, which were thus omitted from this study. The remaining

128 clones were evaluated by BLAST analysis against sequences

obtained from GenBank, EMBL, and human EST databases (Table I).

We ultimately selected 62 unique clones, 23 of which corresponded

to known genes and 39 of which corresponded to unknown genes

(Fig. 4A and Tables II and III). The remaining 66 clones (52%) were

redundant. Of the 23 known clones, 22% were associated with

metabolism, 18% with transcription, 13% with development, 9%

with proliferation, 9% with translation, 4% with tumor suppression,

4% with signal transduction, and 4% with cell cycle and growth,

while 4% were cytokine-like and 13% uncharacterized proteins

(Fig. 4B). The 39 unknown clones were divided into two groups in

the NCBI databases: 7 were present in the human EST database, and

32 represented human genomic sequences.

EXPRESSION OF SUBTRACTED GENES IN hSSC-LIKE CELLS

Using RT-PCR to analyze the expression of the 23 known genes in

P-hSSC-like cells and S-hSSC-like cells (Supplemental Table I), we

found that 15 clones (65%) were expressed more highly in P-hSSC-

like cells (Fig. 5A, Table II). Strikingly, AKNA, NCOR1, MED1,

ATP2B1, APPL1, SPP1, REV3L, eIF5A2, GYPE, TGDS, and

CCDC109B were detected only in P-hSSC-like cells. In addition,

SCGB3A2 and FBN2 expression levels increased more than 40-fold

in P-hSSC-like cells compared with S-hSSC-like cells (Fig. 5B).
TABLE I. Summary of Subtracted cDNA Category

Category of cDNA N %

Total cDNAs generated 157
cDNAs excluded from sequence database 23
Subtracted cDNAs 128 100%
Match with known genes 21 16.4%
Match with uncharacterized protein 2 1.6%
Only match with ESTs 7 5.5%
Only match with human genomic sequence 32 25.0%
Redundant results 66 51.6%
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During in vitro culture to senescence, the expression levels of

TFB2M, SCGB3A2, MTUS1, and FBN2 were down-regulated.

Interestingly, eEF1A1 exhibited the highest redundancy in this

dataset (Table II), but the expression level of this clone only changed

by 1.14-fold (Fig. 5B). Of the 39 unknown genes, we selected two

subtracted clones (CHA-S55 and -S212) that showed differential

expression between P-hSSC-like cells and S-hSSC-like cells (data

not shown). In both cases, the mRNAs for these genes were more

abundant in P-hSSC-like cells (3.25- and 3.68-fold) compared with

S-hSSC-like cells (Table III and Fig. 6).

DISCUSSION

Generally, azoospermia is divided into two categories, obstructive

azoospermia (OA) and non-obstructive azoospermia (NOA) [Ezeh,

2000]. OA can be caused by genital tract obstruction, and the sperm

of these patients are often surgically retrieved for infertility

treatment by microepididymal sperm aspiration (MESA) or testicular

sperm extraction (TESE). The sperm can fertilize ova by intracy-

toplasmic sperm injection (ICSI), and such fertilization is able to

generate normal embryonic development and healthy offspring. In

fact, it is believed that fertilization and pregnancy rates from

testicular sperm obtained from OA are comparable to that using

ejaculated sperm [Devroey et al., 1996]. However, NOA is caused by

genetic and environmental factors and is defined as severely

impaired or no spermatogenesis. In only about 30% of TESE cycles, a

low count of spermatozoa or germ cells can be retrieved [Lee et al.,

1998, 2006]. However, if sperm are retrieved from NOA, they can

support normal embryonic development and produce healthy babies

[Devroey et al., 1996]. Also, we have recently found that there was

no difference in SSCs from OA and NOA patients and that they

shared several other characteristics during long-term culture; the

one exception was proliferating activity, which was lower in SSCs

derived from NOA patients than in those derived from OA patients

[Lim et al., in press]. However, the finding of Lim et al. was limited

because direct comparisons with those of normal healthy males were

not performed.

In the present study, the proliferation or senescence of hSSC-like

cells was also confirmed by both telomerase activity and SA-b-gal

staining. It was well known that most adult cells can divide 50–60

times before they reach senescence. Because of what is known as the

Hayflick limit [Hayflick, 1965], partially reduced telomere lengths

during cell division lead to the ‘‘end-replication problem’’ [Shore

and Bianchi, 2009]. Senescent cells show enlarged and flattened

morphology and senescence-associated b-galactosidase (SA-b-gal)

staining [Beausejour, 2007]. In fact, senescent cells have higher

lysosomal b-gal expression, so this method can be used as a

biomarker of cellular senescence [Dimri et al., 1995; Campisi and

d’Adda di Fagagna, 2007]. It has also been reported that MSCs that

have progressed into cellular aging process show decreased

telomerase activity [Singh et al., 2009]. In the present study,

isolated hSSC-like cells from both types of azoospermic patients

showed a high degree of proliferation (P-hSSC-like cells) during first

two to three passages, but their activity was quickly reduced after

five passages (S-hSSC-like cells). In fact, S-hSSC-like cells showed a
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Fig. 4. Pie diagram showing functional classification of genes identified in subtracted clones. Randomly selected subtracted clones characterized by function using the NCBI

database. A: cDNA sequences obtained in the subtracted P-hSSC-like cells library. B: Biological process information for known genes.
strong positive signal in the SA-b-gal assay and low telomerase

activity (Figs. 1 and 2). Based on these results, we used suppression

subtractive hybridization to identify proliferation/senescence-

related genes differentially expressed between P-hSSC-like and

S-hSSC-like cells.

Numerous approaches have been used to identify proliferation-

specific genes and associated markers [Xu et al., 2001], including

expressed sequence tag (EST) sequencing [Pennisi, 1997; Vasmatzis

et al., 1998], serial analysis of gene expression (SAGE) [Velculescu
TABLE II. Characteristics of Differentially Expressed Known Genes in

Biological
process

Gene
symbol Definition

Transcription AKNA AT-hook transcription factor
PQBP1 Polyglutamine binding protein 1, transcript v
NCOR1 Nuclear receptor co-repressor 1
TFB2M Transcription factor B2, mitochondrial, nucle

mitochondrial protein
Development MED1 Mediator complex subunit 1

FBN2 Fibrillin 2
SPP1 Secreted phosphoprotein 1, transcript variant

Cell proliferation APPL1 Adaptor protein, phosphotyrosine interaction
PH domain- and leucine zipper-containing

REV3L REV3-like, catalytic subunit of DNA polymer
Signal transduction PPP4C Protein phosphatase 4 (formerly X), catalytic
Cytokine IL-8 Interleukin 8
Tumor suppression MTUS1 Mitochondrial tumor suppressor 1, nuclear ge

mitochondrial protein, transcript variant 1
Cell cycle and growth ANAPC4 Anaphase-promoting complex subunit 4
Translation EEF1A1 Eukaryotic translation elongation factor 1 alp

EIF5A2 Eukaryotic translation initiation factor 5A2
Metabolism ATP2B1 Plasma membrane calcium ATPase isoform 1

TGDS TDP-glucose 4,6-dehydratase (TGDS)
CTSL2 Cathepsin L2 (CTSL2)
SCGB3A2 Secretoglobin, family 3A, member 2
DSCR8 Down syndrome critical region gene 8, transc

Uncharacterized GYPE Glycophorin E, transcript variant 2
CCDC109B Coiled-coil domain-containing 109B
FAM65A Family with sequence similarity 65, member

R	: redundant clones.
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et al., 1995], arbitrary primed-PCR [Peinado et al., 1992],

representational difference analysis (RDA) [Lin et al., 2000],

differential display polymerase chain reaction (DD-PCR) [Liang

and Pardee, 1992] and suppression subtractive hybridization (SSH)

[Diatchenko et al., 1996]. In the case of RDA, several rounds of

subtraction are needed and it does not resolve the problem of the

wide differences in abundance of individual RNA species. Although

DD-PCR and arbitrary primed-PCR are potentially faster methods for

identifying expression differences between two populations, both of
Subtracted Human SSC Clones

Accession
no. R

	
Chromosomal
localization

NM_030767.4 1 9q32
ariant 4 NM_001032383.1 1 Xp11.23

NM_006311.2 1 17p11.2
ar gene encoding NM_022366 2 1q44

NM_004774.3 1 17q12–q21.1
NM_001999.3 1 5q23–q31

2 NM_000582.2 3 4q21–q25
,
1

NM_012096 1 3p21.1–p14.3

ase zeta (yeast) (REV3L) NM_002912.3 3 6q21
subunit NM_002720 1 16p12–p11

NM_000584 2 4q13–q21
ne encoding NM_001001924.1 4 8p22

NM_013367 2 4p15.2
ha 1 NM_001402 37 6q14.1

NM_020390 1 3q26.2
, alternative splice products L14561 2 12q21–q23

NM_014305 1 13q32.1
NM_001333.2 1 9q22.2
NM_054023 1 5q32

ript variant 3, non-coding RNA NR_026839.1 1 21q22.2
NM_198682.2 2 4q31.1
NM_017918 1 4q25

A NM_024519.2 1 16q22.1
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TABLE III. Summary of Differentially Expressed Unknown Genes in Subtracted Human SSC Clones

Biological process Gene symbol Partial size (bp) Accession no. R
	

Chromosomal localization

Unknown genes CHA-S55 480 GO581240 1 1q23
CHA-S212 496 GO581241 1 1q23

R	: redundant clones.
these methods are associated with high levels of false-positives and

are biased towards high-copy-number mRNAs. However, SSH has

the distinct advantage over other PCR-based techniques in that

it selectively amplifies target cDNA fragments (differentially

expressed) while simultaneously suppressing non-target DNA

amplification to generate a library of differentially expressed

sequences. The normalization step equalizes the abundance of

cDNAs within a target population, and the subtraction step excludes
Fig. 5. Known genes differentially expressed in P-hSSC-like-cells and S-hSSC-like-c

clones in P-hSSC-like cell and S-hSSC-like cells. A: In vitro senescence, 18 known genes w

cells. B: The calibrated density of 15 down-regulated known genes normalized to that
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the common sequences between the driver and tester populations

[Shridhar et al., 2002]. In addition, SSH has another advantages

over microarrays because SSH can isolate novel differentially

expressed genes [Jung et al., 2009]. In the present study, we obtained

128 positive clones using SSH, but 67 of these (52%) were

redundant. This relatively high redundancy rate indicates that

distinctive mammalian testis genes and gene products may have a

high conservation rate among diverse organisms [Hwang et al.,
ells. RT-PCR analysis showing the expression levels of known genes from subtracted

ere down-regulated in hSSC-like cells. Lane 1: P-hSSC-like cells. Lane 2: S-hSSC-like

of 18S rRNA.
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Fig. 6. Unknown/novel genes differentially expressed in P-hSSC-like-cells

and S-hSSC-like-cells. RT-PCR analysis showing the expression levels of two

unknown genes from subtracted clones in P-hSSC-like cell and S-hSSC-like

cells. A: In vitro senescence, CHA-S55 and CHA-S212 corresponding to

unknown genes were down-regulated in hSSC-like cells. Lane 1: P-hSSC-like

cells. Lane 2: S-hSSC-like cells. B: The calibrated density of CHA-S55 and CHA-

S212 normalized to that of 18S rRNA.
2001]. Despite this complication, we were able to identify 62 unique

clones: 23 corresponding to known genes and 39 corresponding to

unknown genes. By far the largest number of isolated clones

corresponded to the translation elongation factor eEF1A1 gene,

which accounted for 37 of the 71 (52%) of the subtracted clones

(Table II). Previous SSH experiments on several cell types have

shown no redundant results such as eEF1A1 [Yu et al., 2005; Choi

et al., 2006; Noh et al., 2007; Jung et al., 2009]. We found similar

eEF1A1 expression levels in proliferating and senescent human

SSC-like cells, suggesting it is required in both proliferating and

senescent hSSC-like cells. Two known genes that may have germ-

cell-related functions were also found in the present study. One of

these genes was SPP1, which is expressed at both the mRNA and

the protein levels in undifferentiated spermatogonia throughout the

cycle of the seminiferous epithelium [de Rooij and Grootegoed,

1998]. These data indicate that Spp1 could function in the self-

renewal of undifferentiated spermatogonia [Mizukami et al., 2008].

The other gene was eIF5A, which has an important role in eukaryotic

cell survival [Guan et al., 2004]. eIF5A2 has been identified in

screens of populations of infertile men, including those with

maturation arrest or Sertoli cell-only syndrome [Christensen et al.,

2005]. Because testicular tissue from azoospermic patients was used

for the current study, further investigation will be necessary to

establish the functional significance of these genes.

Using RT-PCR, we analyzed the expression levels of differentially

expressed genes identified in subtracted clones, showing that six

of these genes—AKNA, FBN2, ATP2B1, SCGB3A2, REV3L, and

CCDC109B—were down-regulated during senescence in hSSC-like

cells. These genes have been related to proliferation in germ cells

and thus might also be related to proliferation in hSSCs. AKNA (AT-
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hook transcription factor) coordinately regulates the expression of

the CD40 receptor and its cognate CD40 ligand [Siddiqa et al., 2001].

AKNA related to transcription, most of transcription factors are

often activated in young cell but down-regulated senescent cells, for

example, c-myc and c-jun [Sikora, 1993]. The roles of myc and other

transcription factors in oncogenesis have been reviewed by Meyer

and Penn [2008]. AKNA also down-regulated senescence stage cells

like c-myc. FBN2 (fibrillin 2), which is homologous to FBN1,

is highly expressed in embryonic tissues [Samuel et al., 2003].

Recently, FBN1 has been shown to play a key role in lung

development [Chen et al., 2005] and has been implicated in cell

attachment, differentiation, and migration [Tseleni-Balafouta et al.,

2006]. The well-known hSSC marker c-kit is essential for the

maintenance of PGCs in both sexes. In males, it is expressed during

embryogenesis and post-natal development [Mauduit et al., 1999]

and is important for maintaining quiescent HSCs in hematopoietic

systems [Thoren et al., 2008]. FBN2 seems to have a similar function

to c-kit in hSSC-like cells. ATP2B1, also known as PMCA1 (plasma

membrane calcium ATPase), is internalized during oocyte matura-

tion. This process, which is representative of the endocytosis of

several integral membrane proteins, is required for early embry-

ogenesis [Marian et al., 2005; El-Jouni et al., 2008]. SCGB3A2

(secretoglobin 3A2) was originally identified as a downstream target

of the homeodomain transcription factor Nkx2-1 in the lung;

ablation of NKX2-1 results in severely hypoplastic lungs. ATP2B1

and SCGB3A2 are involved cellular metabolism and were down-

regulated after cells entered senescence in our study. Previous

studies have shown that in senescent MSCs, the expression of genes

involved in cell cycle progression, DNA replication, mitosis, and

DNA damage repair are down-regulated [Ksiazek, 2009]. A role

for hREV in the cell cycle and cell proliferation has been reported

[Xu and Li, 2008]. Most genes involved in proliferation are down-

regulated in the senescent stage. Finally, CCDC109B is an

uncharacterized protein.

CHA-S55 and CHA-S212, identified in the present study as genes

down-regulated in senescent hSSC-like cells, are uncharacterized

genes located on human chromosome 1. Additional research will be

needed to understand the structures and functions of the proteins

encoded by these genes.

In summary, we profiled differentially expressed genes in

hSSC-like cells using the suppression subtractive hybridization

technique. Fifteen of the known genes and two of the unknown

genes were down-regulated in S-hSSC-like cells. Results of a

literature review suggest that SPP1 may be reliable marker of hSSC-

like cells. Other known genes may also indirectly contribute to the

specific characteristics of P-hSSC-like cells. Our findings thus

identify several potential novel biomarkers of hSSCs. Although

several other genes, including those of a6-integrin, b1-integrin,

Oct-4 and Thy-1, have been used as SSC biomarkers [Shinohara

et al., 1999; Ryu et al., 2004; Lee et al., 2006], these genes are usually

expressed in both hSSCs and hESCs and thus represent the

undifferentiated stem-cell state. Many testis-specific genes have

been identified in mouse spermatogonia [Wang et al., 2001]. It will

be beneficial to characterize the unknown hSSC-specific genes

derived from this SSH study. The specific genes identified here,

including those corresponding to two novel genes, may provide
JOURNAL OF CELLULAR BIOCHEMISTRY



important insights into the function of human SSCs and aid in their

characterization.
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