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Introduction

Androgens are key hormones in the control of spermato-

genesis. Under a number of conditions they have been

shown to be able to maintain qualitatively normal

spermatogenesis and fertility in the absence or virtual

absence of FSH, the other important hormonal regulator

of germ cell development (McLachlan et al., 2002; Sharpe,

1994). Androgens affect the production of male germ cells

at several levels. Recent investigations have focused

intensively onto the role of androgens in the adhesion of

round spermatids and the development of elongated sper-

matids (O’Donnell et al., 2000; Wong et al., 2005). The

process of spermiation, however, also appears to be con-

trolled at least in part by androgens (Beardsley et al.,

2006; Matthiesson et al., 2006). Moreover, dose-effect

studies on the ability of androgens to restore fertility in

hpg mice (mice that are hypogonadal because of a major

deletion in the GnRH gene) have indicated that progres-

sion through meiosis is exquisitely sensitive to androgen
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Summary

Evidence from several models of hormone depletion and ⁄ or replacement and

from knockout animals points to a key role of androgens in the control of

spermatogenesis. In testes of mice with a Sertoli cell-selective ablation of the

androgen receptor (SCARKO), transcriptional profiling, using microarray tech-

nology, revealed that, already on postnatal day 10 692 genes are differentially

expressed compared with testes of control mice. Further evaluation of a subset

of these genes by quantitative RT-PCR suggested that differences in expression

may already be evident on day 8 or earlier. As the androgen receptor in mouse

Sertoli cells becomes immunologically detectable around day 5, we tried to

identify the earliest responses to androgens by a new transcriptional profiling

study on testes from 6-day-old SCARKO and control mice. No obvious and

novel early androgen response genes, potentially acting as mediators of sub-

sequent indirect androgen actions, could be identified. However, several genes

differentially expressed on day 10 already displayed a response to androgen

receptor ablation on day 6. Quantitative RT-PCR studies for 12 of these genes

on 10 paired SCARKO and control testes from 4-, 6-, 8-, 10-, 20- and 50-day-

old mice revealed significant differences in expression level from day 4 onwards

for three genes (Eppin, PCI, Cldn11) and from day 6 onwards for one more

gene (Rhox5). For at least two of these genes (Rhox5 and Eppin), there is

evidence for direct regulation via the androgen receptor. For three additional

genes (Gpd1, Tubb3 and Tpd52l1) significantly lower expression in the

SCARKO was noted from day 8 onwards. For all the studied genes, an impres-

sive increase in transcript levels was observed between day 4–50 and differential

expression was maintained in adulthood. It is concluded that the SCARKO

model indicates incipient androgen action in mouse Sertoli cells from day 4

onwards.
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action (Handelsman et al., 1999). Finally it has been

shown that, somewhat surprisingly, the high concentra-

tions of androgens needed to maintain normal spermato-

genesis may suppress restoration after major disruption,

for instance, as a result of radiation or genetic defects

(Shetty et al., 2006).

As postnatal germ cells apparently do not express the

androgen receptor (AR) (Grootegoed et al., 1977) and are

able to develop into fertile spermatozoa in the absence of

cell-autonomous expression of the AR (Lyon et al., 1975;

Johnston et al., 2001; Tsai et al., 2006), somatic cells are

considered the most likely target of androgen action in the

control of spermatogenesis. The recent development of

mice with an efficient and cell-selective knockout of the AR

in Sertoli cells (SC), further referred to as Sertoli cell-selec-

tive ablation of the androgen receptor (SCARKO) mice,

has revealed that the SC is the key target of androgen action

in the control of germ cell development (Chang et al.,

2004; De Gendt et al., 2004). These SCARKO mice have

normally descended testes, but their testis weight is reduced

to only 28% of that of control male littermates and they

display a complete block in meiosis (Verhoeven et al.,

2007). Inactivation of the AR in peritubular cells causes a

slight reduction in the number of spermatozoa produced

but no infertility (Zhang et al., 2006). The phenotype of

mice with a Leydig cell knockout of the AR is difficult to

interpret as they display a marked reduction in testosterone

secretion and as disturbances of androgen action in SC also

have not completely been excluded (Xu et al., 2007).

After the identification of the SC as the major target of

androgen action in the control of spermatogenesis, the

major challenge remains to identify the molecular mecha-

nisms involved in this control. In a previous series of

experiments, we have shown that SCARKO mice may

present a valuable tool to address this question. Micro-

array studies searching for genes that are differentially

expressed in SCARKO and control testes on postnatal day

10 (a time point at which the cellular composition of

SCARKO and control testes is still identical) identified as

many as 692 genes that are expressed at a significantly

lower or higher level in the SCARKO testes. For 40 of

these genes the difference in expression level exceeded a

factor 2. Functional analysis of differentially expressed

genes suggested that genes related to several potentially

relevant processes such as tubular restructuring and cell

junction dynamics are overrepresented (Denolet et al.,

2006; Verhoeven et al., 2008).

Given the large number of differentially expressed genes

identified and given the fact that AR expression in SC

starts relatively late, somewhere between postnatal day 3

and 5 in rat (Bremner et al., 1994), we examined early

postnatal AR expression in the mouse and searched for

the earliest measurable responses of SC to androgens in

the mouse testis wondering whether later responses (day

10) might be due to the activation of ‘primary response

genes’. A new and extensive microarray analysis was set

up on day 6 to identify early ⁄ primary responses to andro-

gens. Moreover, using quantitative RT-PCR (qPCR)

detailed time studies were performed for a number of

potentially relevant genes between day 4 and 50.

Materials and methods

Tissue sampling and RNA extraction

Mice with a Sertoli cell-selective knockout of the AR

(SCARKO) were generated by crossing female mice

heterozygous for a floxed AR allele (ARflox ⁄ +) with male

mice (C57Bl ⁄ 6SJL) carrying the AMH-Cre transgene

(Lecureuil et al., 2002), kindly provided by Dr F. Guillou

(Tours, France). The ARflox ⁄ + females used in the original

microarray experiments were on a mixed 129 ⁄ Swiss

background. Those used for subsequent detailed qPCR

studies were on a 98% Swiss (CD1) background. Detailed

comparison revealed that the overall phenotype and the

testicular phenotype were similar in SCARKO mice

generated using ARflox ⁄ + females on a mixed 129 ⁄ Swiss

background and a CD1 background (data not shown).

Littermate males carrying the AMH-Cre transgene were

used as a control for the SCARKO animals. All animals

were treated according to the National Institutes of

Health Guide for the Care and Use of Laboratory Animals

and all experiments were approved by the local ethical

committee. The genotype of control and SCARKO

animals was confirmed by PCR on tail tips as described

elsewhere (De Gendt et al., 2004). Mice were killed by

cervical dislocation and testes from 4-, 6-, 8-, 10-, 20-

and 50-day-old animals were snap-frozen in liquid

nitrogen immediately after removal and stored at )80 �C.

Before RNA extraction, testis samples were weighed and

homogenized in a Dounce homogenizer (Kontes Co.,

Vineland, NJ, USA) and RNA was isolated with the

RNeasy Kit (Qiagen, Chatsworth, CA, USA) according to

the manufacturer’s instructions, encompassing an on-col-

umn deoxyribonuclease I (DNase I) treatment of the

RNA. For qPCR analysis, 5 ng luciferase mRNA (Promega

Corp., Madison, WI, USA) was added to each testis

sample before RNA preparation as an external standard

(Johnston et al., 2004).

Microarray target synthesis and processing

Individual RNA extracts were prepared from the testes

of five 6-day-old SCARKO mice and five control (AMH-

Cre) littermates. The quality of the RNA was monitored

by measuring the 260 ⁄ 280 and 260 ⁄ 230 nm ratios with a

NanoDrop spectrophotometer (NanoDrop Technologies,
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Centreville, DE, USA) and by means of the Agilent 2100

BioAnalyzer (Agilent, Palo Alto, CA, USA). Only RNA

showing no signs of degradation or impurities (260 ⁄ 280

and 260 ⁄ 230 nm ratios, >1.8) was considered suitable

for microarray analysis. Five microgram of polyadeny-

lated RNA from each sample was reverse transcribed into

double-stranded DNA with a polydeoxythymidine-T7

primer using SuperScript II RT, ribonuclease H and

DNA polymerase I (Invitrogen Life Technologies, Inc.,

Carlsbad, CA, USA). From this double-stranded DNA,

biotin-labelled target aRNA was generated in a T7 in

vitro transcription reaction using the Affymetrix IVT

Labelling Kit (Affymetrix, High Wycombe, UK). After

purification (GeneChip Sample Cleanup Module;

Affymetrix), yield (30–120 lg) and purity (260 ⁄ 280 and

260 ⁄ 230 nm ratios, >1.8) of the labelled amplified RNA

were analysed, 20 lg quality-controlled amplified RNA

was fragmented by alkaline hydrolysis and resuspended

with control spikes in 300 lL hybridization buffer

(Eukaryotic Hybridization Control Kit, Affymetrix). Of

this probe solution, 200 lL was used for hybridization in

a rotisserie oven at 45 �C.

The GeneChip Mouse Genome 430 2.0 Array from

Affymetrix was used in all hybridizations. This array

contains 45 000 probe sets to analyse the expression of

over 39 000 transcripts from Mus musculus, each repre-

sented by 11 probe pairs. Each pair consists of a perfect

match and a mismatch (with a single base point muta-

tion) 25-mer oligonucleotide probe. After hybridization,

gene chips were washed and stained in the GeneChip

Fluidics Workstation 400 (Affymetrix) using the EukGE-

WS2v4 protocol and subsequently scanned with the

GeneChip Scanner 3000 (Affymetrix). Image analysis was

performed by use of affymetrix genechip (Affymetrix,

Santa Clara, CA, USA) operating software.

Microarray data analysis

The microarray data from the five SCARKO and the five

control samples were compared to search for differentially

expressed genes. As the samples consisted two-by-two of

testicular RNA from littermate mice the data were consid-

ered paired. In an initial phase, results were analysed using

affymetrix microarray suite (mas) 5.0 (Affymetrix,

Santa Clara, CA, USA) software to extract the mas 5.0

detection calls. mas 5.0 software was also used to generate

expression ratios of the probesets. For statistical analysis, all

data were summarized and normalized using the robust

multiarray analysis algorithm (Bolstad et al., 2003; Irizarry

et al., 2003) as implemented in the BioConductor pack-

ages (http://www.bioconductor.org). Features were selected

such that they had at least one present call for one of the

samples, leading to 30 954 transcripts to evaluate further.

On this subset statistical evaluation was performed with the

‘linear models for microarray data’ (Limma) package

(Smyth, 2004). Samples from the control and SCARKO

mice were compared, including a litter effect as blocking

variable and tested for significance with an empirical Bayes

moderated t-test, as implemented in Limma. A list of dif-

ferentially expressed genes was generated on the basis of an

uncorrected p-value smaller or equal to 0.01, an absolute

ratio based on Limma ratios ‡1.5 and a ratio based on

MAS 5.0 intensities ‡ 2.

Quantitative RT-PCR

cDNA was synthesized from 1 lg RNA using Superscript

II RT, RNaseOUT and random hexamer primers (Invitro-

gen Life Technologies, Inc) according to the manufac-

turer’s protocol. Primers for Zic3, Eppin, PCI, Tsx, Tubb3,

Gpd1, Cld11 and Rhox5 and Tpd52l1 and probes are

Table 1 Oligonucleotide primers and probes used for qPCR

Gene Accession no. 5¢ Primer 3¢ Primer

Zic3 NM_009575 5¢-AAAGTTGCAGCTCCGGGTAG-3¢ 5¢-GTAGGGTGTTCTGGACACAG-3¢
Eppin NM_029325 5¢-GCTTCTGCTCCAAGCTCTGTG-3¢ 5¢-TTGCAGTGCTCAAAGTGCTCTC-3¢
PCI NM_172953 5¢-TGACCCCCAAAAGGACCAC-3¢ 5¢-TGGTCCAGGTAGTAGGAATACCCA-3¢
Tsx NM_009440 5¢-ATTCCAGCCTGGGCCGT-3¢ 5¢-CTCAGTGGCTCATCTGCCTG-3¢
Tubb3 NM_023279 5¢-CCCTTCGATTCCCTGGTCA-3¢ 5¢-ACGGCACCATGTTCACAGC-3¢
Gpd1 NM_010271 5¢-TGCCTCACACACACTGGGA-3¢ 5¢-TTTCCTGTGGCTGAAGTGCTT-3¢
Tpd52l1 NM_009413 5¢-CACGACATGCAGACCACGAC-3¢ 5¢-TTGCCTTCTGCCCTGCG-3¢
Cld11 NM_008770 5¢-CGTCATGGCCACTGGTCTCT-3¢ 5¢-GGCTCTACAAGCCTGCACGTA-3¢
Rhox5 NM_008818 5¢-TCATCATTGATCCTATTCAGGGTATG-3¢ 5¢-CTCTCCAGCCTGGAAGAAAGC-3¢
Luciferase –a 5¢-TCGAAGTATTCCGCGTACGTG-3¢ 5¢-GCCCTGGTTCCTGGAACAA-3¢

Probe

Tpd52l1 NM_009413 5¢-6-FAM-CAAGAAAACGCACGAAACCCTGAGCC-TAMRA-3¢
Rhox5 NM_008818 5¢-6-FAM-CTCGGAAGAACAGCATGATGTGAAAGCA-TAMRA-3¢

aDerived from sequence of mRNA provided by Promega (Madison, WI, USA).
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shown in Table 1. A TaqMan Gene Expression Assay

(Applied Biosystems) was used to verify Lrp8

(Mm00474028_m1), Jam3 (Mm00499214_m1) and Ank3

(Mm00464776_m1). For quantification of gene expression,

the 7500 Fast Real-Time PCR system (Applied Biosystems,

Foster City, CA, USA) running the ‘Fast RT-PCR’ protocol

(2 min at 50 �C, 2 min at 95 �C and 40 cycles of 3 sec at

95 �C and 30 sec at 60 �C) was used. Components for

real-time PCR, apart from primers (Invitrogen) and

probes (Eurogentec), were obtained from the Platinum

SYBR Green qPCR SuperMix-UDG kit (Invitrogen) and

for Rhox5, Lrp8, Tpd52l1, Jam3 and Ank3 the TaqMan

Fast Universal PCR Master Mix (2·) (Applied Biosystems)

was used. For Zic3, Eppin, PCI, Tsx, Tubb3, Gpd1 and

Cld11, each 10 lL real-time PCR contained 1· Platinum

SYBR Green qPCR SuperMix-UDG, 150 nm of each

primer and 0.05 lm ROX reference Dye. The uniqueness

of the amplified band was checked by performing a melt-

ing curve after the real-time PCR amplification. For Rhox5

and Tpd52l1, each 10 lL real-time PCR contained 1· Taq-

Man Universal PCR Master Mix (Applied Biosystems),

1 lm of each primer and 4 lm probe and for Lrp8, Jam3

and Ank3 each 10 lL real-time PCR contained 1· TaqMan

Universal PCR Master Mix (Applied Biosystems) and 1·
preformulated assay. The quantity of target mRNA was

normalized to an external luciferase mRNA standard,

added before RNA extraction. Results were quantified by

the comparative threshold method (Giulietti et al., 2001)

and DDCT values were expressed relative to the average

value of the control (AMH-Cre) on day 10 which was

arbitrarily given a value of 100. All samples were run in

triplicate. The qPCR time-studies were analysed by a

two-way anova supplemented with a Fisher multiple

comparison test by using ncss2000 software (NCSS

Statistical Analysis and Data Analysis Software, Kaysville,

UT, USA). A p-value £0.05 was considered statistically

significant.

Immunohistochemical analysis of AR expression

Testes derived from 2-, 4-, 5-, 6-, 7- and 12-day-old mice

(C57Bl ⁄ 6) were fixed in Bouin’s fluid and processed

for immunostainings of the AR as detailed elsewhere

(Saloniemi et al., 2009). The antiserum used was a poly-

clonal antibody (N20) raised against a peptide within the

N-terminal domain of the human AR (sc-816; Santa Cruz

Biotechnology, Santa Cruz, CA, USA).

Results

Expression of AR protein in prepubertal mouse SC

In rat SC immunoexpression of the AR becomes

evident 3–5 days postnatally (Bremner et al., 1994). To

investigate whether a similar timing also applies for mice,

immunohistochemical examination was performed on

testicular tissue derived from 2-, 4-, 5-, 6-, 7- and 12-

day-old mice (Fig. 1). Positive staining of the interstitial

and peritubular cells was evident at all time points

studied. No AR staining in SC nuclei was observed on

day 2, confirming the previous results (Tan et al., 2005).

Faint staining of isolated SC nuclei was seen on day 4.

Staining of all SC nuclei and a progressive increase in

staining intensity was noted from day 5 onwards.

Identification of differentially expressed transcripts in

control vs. SCARKO testes on day 6

To identify early and conceivably primary responses to

androgens in SC we searched for differentially expressed

genes in the testes of 6-day-old control and SCARKO

littermates using the same experimental approach as that

successfully applied in an earlier study on day 10 (Deno-

let et al., 2006). As expected, no differences in testis

weight [4.14 ± 0.47 mg and 4.39 ± 0.50 mg for SCARKO

and control respectively (mean ± SEM, n = 10)] were

observed at this age.

Unfortunately, when the same statistical methods were

applied as those used in the day-10 study (Denolet et al.,

2006) [(i) significance analysis for microarrays; (ii) a

paired t-test controlling the false discovery rate using the

Benjamini and Hochberg correction (Benjamini & Hoch-

berg, 1995); (iii) the moderated t-test as described in

Limma also encompassing the Benjamini and Hochberg

correction] no genes displaying a significantly different

level of expression were identified. Genes that tended to

be differentially expressed displayed low expression levels

and higher variation between individual animals than that

observed on day 10. A list of genes with suggestive differ-

ences in expression level (p £ 0.01 in the Bayes moderated

t-test implemented in Limma, an absolute ratio ‡1.5 in

Limma and a ratio ‡2 in MAS 5.0) is shown in Table 2.

Quantitative RT-PCR (qPCR) was performed to test

whether the differential expression of the genes with a

p £ 0.001 in Table 2 could be confirmed. Using the same

RNA extracts as those studied in the microarray, signifi-

cant differences (p < 0.05) could be confirmed for Zic3

and Eppin. PCI turned out to be borderline not signifi-

cant (p = 0.06) and no significant difference was observed

for Lrp8 (data not shown).

A search for the earliest time point at which androgen

target genes become differentially expressed in SCARKO

and control testis

As three of the genes with a more than twofold level of

differential expression and a p £ 0.01 summarized in
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Figure 1 Immunohistochemical staining of

the androgen receptor (AR) in 2-, 4-, 5-, 6-,

7- and 12-day-old mice testes. Testis samples

were collected from C57Bl ⁄ 6 mice and immu-

nohistochemical staining of the AR was per-

formed as explained in the Methods section.

Arrows indicate isolated SC nuclei staining

positive for the AR on day 4. General staining

of all SC nuclei may be observed from day 5

onwards. The inserts in the panels corre-

sponding to day 4–7 show control samples in

which the AR antiserum was replaced by non-

immune serum.

Table 2 Genes found to be differentially expressed in testes of 6-day-old Sertoli cell-selective ablation of the androgen receptor (SCARKO) and

control (Ctrl) mice by microarray analysis

Gene title (gene symbol) Accession no. Fold difference p-value

A. Genes with lower expression level in SCARKO than in Control testes (Ctrl ⁄ SCARKO)

Zinc finger protein of the cerebellum 3 (Zic3) NM_009575 10.05 0.0002

RIKEN cDNA 4933409K07 gene (4933409K07Rik) NM_178649 8.02 0.0084

myb-like, SWIRM and MPN domains 1 (Mysm1) NM_177239 6.19 0.0024

TSC22 domain family, member 1 (Tsc22d1) NM_009366 5.67 0.0041

Low density lipoprotein receptor-related protein 8, apolipoprotein e receptor (Lrp8) NM_053073 4.15 0.0007

Protein tyrosine phosphatase, receptor type, D (Ptprd) NM_001014288 3.88 0.0051

Procollagen, type IV, alpha 6 (Col4a6) NM_053185 3.65 0.0020

Serine protease inhibitor-like, with Kunitz and WAP domains 1 (eppin ⁄ Spinlw1) NM_029325 2.87 0.0001

RIKEN cDNA 8030451F13 gene (8030451F13Rik) NM_175418 2.52 0.0013

Cadherin EGF LAG seven-pass G-type receptor 1 (Celsr1) NM_009886 2.44 0.0071

Reproductive homeobox 5 (Rhox5) NM_008818 2.43 0.0084

RIKEN cDNA 2210403B10 gene (2210403B10Rik) NM_145216 2.26 0.0013

Serine (or cysteine) peptidase inhibitor, clade A, member 5 (Serpina5 ⁄ PCI) NM_172953 2.04 0.0005

B. Genes with higher expression level in SCARKO than in Control testes (SCARKO ⁄ Ctrl)

Guanylate nucleotide binding protein 1 (Gbp1) NM_010259 14.17 0.0011

Cytochrome P450, family 11, subfamily b, polypeptide 1 (Cyp11b1) NM_001033229 2.15 0.0026

HIV-1 tat interactive protein 2, homolog (human) (Htatip2) NM_016865 2.01 0.0066

Only genes with a more than twofold difference in expression level (p £ 0.01) are shown. Statistical evaluation was performed with the ‘linear

models for microarray data’ (Limma) package. For genes represented by more than one transcript in this list, only the transcript with the highest

fold difference was retained.
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Table 2 were also identified as genes with a more than

twofold differential expression on day 10 (Rhox5, Eppin

and PCI) we compared the list of 692 genes identified as

differentially expressed in SCARKO and control (Denolet

et al., 2006) with the list of the day 6 genes taking a

1.25-fold difference in expression level (MAS 5.0 ratio)

as a minimum fold difference and p £ 0.01 as a mini-

mum level of significance (for day 6). In total, 24 genes

were withheld that were downregulated in the SCARKO

in both lists and three genes that were upregulated

(Table 3).

To search for the earliest time point at which the AR

in SC affects the expression of these genes, a subset was

selected for detailed time studies by qPCR. The genes

selected comprised those examined for significant differ-

ences using qPCR as shown in Table 2 (Zic3, Lrp8, Eppin

and PCI) and a number of genes with prominently lower

expression in the SCARKO according to the day 10 study

(Rhox5, Eppin, Tsx, Gpd1, Tubb3, PCI, Tpd52l1) and a

few genes relevant to cell interactions and tubular restruc-

turing (Cldn11, Jam3, Ank3). Taking into account the

low levels of expression at the earliest time points and the

variation revealed by the day 6 microarray, qPCR was

performed on 10 testis extracts of SCARKO and AMH-

Cre littermates of 4-, 6-, 8-, 10-, 20- and 50-day-old mice.

Relative expression levels of the studied genes between

day 4 and 50 are shown in Figs 2 and 3.

Significantly lower expression levels in the SCARKO

could be documented on day 4 for Eppin, PCI and

Cldn11 and on day 6 for Rhox5. Gpd1, Tubb3 and

Tpd52l1 expression levels tended to be lower on day 6,

but significant differences were only seen from day 8

onwards. All the studied genes displayed significantly

lower expression in SCARKO from day 10 onwards.

Table 3 Genes found to be differentially expressed in testes of 6- as well as 10-day-old Sertoli cell-selective ablation of the androgen receptor

(SCARKO) and control (Ctrl) mice by microarray analysis

Gene title (gene symbol) Accession no.

Fold

difference

on day 10

Fold

difference

on day 6 p-value

A. Genes with lower expression level in SCARKO than in Control testes (Ctrl ⁄ SCARKO)

Reproductive homeobox 5 (Rhox5) NM_008818 17.55 2.43 0.0084

Serine protease inhibitor-like, with Kunitz and WAP domains 1 (eppin ⁄ Spinlw1) NM_029325 8.01 2.87 0.0001

Testis specific X-linked gene (Tsx) NM_009440 5.01 1.57 0.0028

Glycerol-3-phosphate dehydrogenase 1 (soluble) (Gpd1) NM_010271 3.42 1.93 0.0008

Tubulin, beta 3 (Tubb3) NM_023279 2.34 1.44 0.0046

Serine (or cysteine) peptidase inhibitor, clade A, member 5 (Serpina5 ⁄ PCI) NM_172953 2.33 2.04 0.0005

Cysteine dioxygenase 1, cytosolic (Cdo1) NM_033037 2.30 1.45 0.0013

Tumor protein D52-like 1 (Tpd52l1) NM_009413 2.19 1.49 0.0006

Cytochrome P450, family 7, subfamily b, polypeptide 1 (Cyp7b1) NM_007825 1.87 1.83 0.0001

Myozenin 2 (Myoz2) NM_021503 1.74 1.76 0.0000

Rac GTPase-activating protein 1 (Racgap1) NM_012025 1.73 1.26 0.0041

Tripartite motif protein 26 (Trim26) NM_001025599 1.60 1.38 0.0017

Claudin 11 (Cldn11) NM_008770 1.59 1.52 0.0007

Spermine oxidase (Smox) NM_145533 1.59 1.33 0.0086

Septin 6 (Sept6) NM_019942 1.57 1.33 0.0067

Expressed sequence AI504432 NM_173787 1.48 1.49 0.0076

SWI ⁄ SNF related, matrix associated, actin-dependent regulator of chromatin,

subfamily a, member 1 (Smarca1)

NM_053123 1.45 1.29 0.0069

Junction adhesion molecule 3 (Jam3) NM_023277 1.44 1.34 0.0001

Ankyrin 3, epithelial (Ank3) NM_009670 1.43 1.27 0.0090

Glutathione S-transferase, alpha 4 (Gsta4) NM_010357 1.38 1.30 0.0032

Proteolipid protein (Gow et al., 1999) 1 (Plp1) NM_011123 1.38 1.37 0.0000

Praja1, RING-H2 motif containing (Pja1) NM_008853 1.38 1.28 0.0075

G kinase anchoring protein 1 (Gkap1) NM_019832 1.33 1.27 0.0023

Cytochrome c, somatic (Cycs) NM_007808 1.31 1.25 0.0004

B. Genes with higher expression level in SCARKO than in Control testes (SCARKO ⁄ Ctrl)

Scinderin (Scin) NM_009132 1.62 1.44 0.0074

Receptor (calcitonin) activity modifying protein 3 (Ramp3) NM_019511 1.38 1.27 0.0042

Activin A receptor, type II-like 1 (Acvrl1) NM_009612 1.26 1.35 0.0041

Genes with a more than 1.25-fold difference in expression level from testes of 6-day-old SCARKO and control (Ctrl) mice (p £ 0.01), which are

also found to be differentially expressed in a microarray experiment on day 10 testes (Denolet et al., 2006). For genes represented by more than

one transcript in this list, only the transcript with the highest fold difference on day 10 was retained.
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Surprisingly, Zic3 was not differentially expressed on day

4–8. A significant difference was only observed from day

10 onwards (as was the case for Ank3) and this difference

increased in adulthood.

Discussion

The high number of transcripts (692) that are differen-

tially expressed in the testes of SCARKO and control

mice, already at postnatal day 10 (Denolet et al., 2006),

raises the question whether all these genes are directly

controlled by the AR in SC, or whether at least part of

them are indirectly regulated by (common) intermediary

regulatory factors that are the actual primary targets of

androgen action (Verhoeven & Swinnen, 1999). Indirect

effects of androgens have nicely been illustrated in other

experimental paradigms of androgen action such as the

coordinated changes in lipogenic gene expression in pros-

tate tumour cells (Swinnen et al., 1997). To address this

question and to search for early and potentially primary

targets of androgen action we compared transcript levels

in the testes of SCARKO and control mice on day 6. Day

6 was selected as in mice (Fig. 1), comparable to earlier

observations in rats (Bremner et al., 1994), the AR

becomes immunologically detectable in all SC around day

5.

Despite the use of a relatively large number of animals

(five pairs of SCARKO and control littermates) microarray

analysis did not identify genes that could be considered

obvious candidate early response genes possibly entailing

subsequent androgen responses. Although a number of

transcripts apparently displayed large differences in

expression levels on day 6, none of the observed differ-

ences was significant when the strict statistical methods

(including a Benjamini and Hochberg correction) used in

our previous day 10 study (Denolet et al., 2006) were

applied. Low expression levels and considerable inter-indi-

vidual variation were obviously one of the underlying

problems. qPCR analysis on the same samples used in the

microarray experiments (data not shown) confirmed a

tendency to higher expression levels in control vs.

SCARKO for the four genes (Zic3, Lrp8, Eppin and PCI)

displaying a more than twofold difference in expression

level and a p-value £0.001 (Bayes moderated t-test). The

difference was significant only for Zic3 and Eppin,

however, and qPCR on a larger independent set of testis

extracts confirmed a significant difference on day 6 for

Eppin and PCI only (Fig. 2). The fact that the marked

difference in Zic3 expression (about 10-fold in the day 6

microarray) could not be confirmed before day 10 in a

larger set of animals studied by qPCR was surprising. We

cannot exclude that the change in genetic background

Figure 2 qPCR results of the time pattern (day 4–50) of the expression of genes found to be differentially expressed in the testes of 6-day-old

Sertoli cell-selective ablation of the androgen receptor (SCARKO) and control mice. Transcript levels were measured and corrected for exogenously

added luciferase mRNA as described in the Materials and methods section. Ten SCARKO testes and testes from corresponding littermate controls

were studied at each age. The dashed bars represent the expression level of the evaluated gene on a given time point in testes of control litter-

mates, white bars represent the expression level of the evaluated gene on a given time point in testes of SCARKO mice. The average day 10 con-

trol value was arbitrarily set as 100 and expression values represent mean ± SEM (*p £ 0.05 with a two-way ANOVA supplemented by a Fisher

multiple comparison test).
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(from mixed 129 ⁄ Swiss to 98% CD1) may have contrib-

uted to this inconsistent observation.

It should be emphasized that these data do not exclude

that there may exist early response genes. In fact, such

genes may be (transiently) expressed before day 6, their

expression level (or the change in their expression level)

may be below the detection limit of the microarray tech-

nology, or probes for the relevant genes may be missing

on the microarray used.

Earlier attempts have been made to identify genes that

are rapidly (within 4–24 h) induced by androgens in the

testis using hpg mice or 8-day-old mice as an experimen-

tal paradigm (Sadate-Ngatchou et al., 2004; Zhou et al.,

2005). The genes identified in these studies did not turn

up in the present experiments and for most of them, their

physiological significance remains enigmatic. Comparison

of the data from these studies with our results is difficult

given the major differences in experimental set-up includ-

ing: analysis of the effects of endogenous androgens selec-

tively mediated by the AR in SC in our experiments vs.

analysis of effects of exogenously administered testoster-

one propionate mediated by all testicular androgen target

cells in the other studies (Verhoeven et al., 2008).

Despite the fact that the day 6 study did not identify

novel genes that are clearly regulated by the AR in SC, it

indicated that several of the transcripts, identified as dif-

ferentially expressed on day 10, may already be affected by

the AR knockout at much earlier time points. Comparison

of the list of 692 genes identified as androgen-regulated

on day 10 with the genes differentially expressed in

Figure 3 qPCR results of the time pattern

(day 4–50) of the expression of genes identi-

fied as differentially expressed in Sertoli cell-

selective ablation of the androgen receptor

(SCARKO) and control testes both in the day

6 and in the day 10 microarray study. Tran-

script levels were measured and corrected for

exogenously added luciferase mRNA as

described in the Materials and methods

section. Ten SCARKO testes and testes from

corresponding littermate controls were

studied at each age. The dashed bars

represent the expression level of the

evaluated gene on a given time point in testes

of control littermates, white bars represent

the expression level of the evaluated gene on

a given time point in testes of SCARKO mice.

The average day 10 control value was

arbitrarily set as 100 and expression values

represent mean ± SEM (*p £ 0.05 with a

two-way ANOVA supplemented by a Fisher

multiple comparison test).
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SCARKO and control mice on day 6 (taking arbitrary

limits of p £ 0.01 and a minimal 1.25-fold difference in

expression level) revealed 24 genes downregulated and

three genes upregulated in the SCARKO at both time

points. Interestingly, the latter list of genes contains eight

of the 40 genes found to be strongly affected by AR abla-

tion on day 10 (‡2-fold difference in expression level) as

well as genes functionally related to tubular restructuring,

a process identified as one of the likely targets of androgen

action (Denolet et al., 2006). For 12 of these genes, a

detailed study of the time dependent expression pattern

was performed by qPCR to identify the earliest time point

at which significant differences in expression level could

be observed between SCARKO and control. Two-way

anova analysis supplemented with a Fisher test revealed

significant differences on day 4 for Eppin, PCI and Cldn11

and on day 6 for Rhox5. It is of interest to note that for at

least two of these genes, there is evidence for a direct regu-

lation by the AR. Rhox5 is generally considered as a lead

gene in the search for SC genes that are activated by direct

interaction with the AR (Lindsey & Wilkinson, 1996;

Shanker et al., 2008). It is also the only gene identified as

a major androgen response gene in all presently available

microarray studies (Sadate-Ngatchou et al., 2004; Zhou

et al., 2005; Denolet et al., 2006; Eacker et al., 2007;

O’Shaughnessy et al., 2007). The proximal promoter of

Rhox5, which is active in the testis, harbours four

well-characterised androgen responsive elements (ARE)

(Barbulescu et al., 2001; Shanker et al., 2008). An ARE has

also been identified in the Eppin gene (Schauwaers et al.,

2007). Claudin 11 (Cldn11) has previously been shown to

be essential for male fertility (Gow et al., 1999) and to be

controlled by androgens (Florin et al., 2005; Kaitu’u-Lino

et al., 2007), but the mechanisms underlying this control

remain to be investigated. For three additional genes

(Gpd1, Tubb3 and Tpd52l1) significant differences in

expression level became only evident from day 8 onwards,

although a tendency for lower expression levels in the

SCARKO could already be noted at day 6. For these three

genes, there is also evidence for regulation by the AR.

Gpd1 is glucocorticoid regulated in rat brain and gluco-

corticoid responsive elements (identical to ARE) have been

identified in its 5¢-upsteam region (Cheng & de Vellis,

2000). Tubb3 is androgen regulated in neuroblastoma cells

(Butler et al., 2001) and a functional ARE has been identi-

fied in its first intron (De Gendt, K., Willems, A., Swin-

nen, J.V., Claessens, F., Verhoeven, G., unpublished

results). Tpd52l1 belongs to a family of TPD52 genes

shown to be regulated by androgens in prostate cancer

(Rubin et al., 2004).

Of interest is also the very large increase in transcript

levels observed for many of the studied genes over the

period investigated (approximately 8900-fold for Rhox5,

800-fold for Eppin, 1700-fold for Gpd1 and 70-fold for

Tubb3). As expression levels have been normalised to

exogenously added luciferase mRNA, they reflect the

amount of transcript per testis. The observed increase

may be attributed to several factors, the contribution of

which may also differ from gene to gene. First, between

day 4 and 20 there is a marked increase in the number

of SC. According to the previous estimates, between

day 2 and 50, however, this increase may account at

most for a factor 10 (Tan et al., 2005). Second, the

effects of androgens may increase by changes in the

concentration and activity of the AR and by the action

of other SC transcription factors that may enhance AR

activity. A nice example of the latter are the potentiat-

ing effects of GATA factors on androgen induction

mediated via the proximal promoter of Rhox5 (Bhard-

waj et al., 2008). Third, although at the earliest time

points SC are the likely site of expression for the stud-

ied genes, it cannot be excluded that some of them are

also expressed by other cell types, the proportion of or

the contribution of which may increase during testis

development.

It may be concluded that microarray analysis of the

genes expressed in the testes of 6-day-old SCARKO and

control mice did not reveal obvious primary androgen

response genes potentially involved in subsequent waves

of androgen controlled gene activation. Analysis of the

data, however, indicated that several genes that are differ-

entially expressed on day 10 may already display a

response to androgens on day 6. For a selected subset of

genes (including some with outspoken differences in

expression level on day 10 and some related to tubular

restructuring) a detailed time-study by qPCR confirmed

that their expression level may already be affected by the

SC AR as early as day 6 or even day 4. For several of

these genes, there is direct or indirect evidence that they

may be targets for direct interaction with the AR. For all

the studied genes a high level of differential expression

was maintained during adulthood.
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