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Abstract

Testicular Sertoli cells (Sc) are main somatic component of seminiferous tubules that govern the differentiation of germ cells
(Gc) and provide them physical support. Sc are the target of follicle stimulating hormone (FSH) and testosterone (T) which
are known to regulate spermatogenesis. FSH and T levels in human and sub-human male primates remain high during
infancy (4–6 months post birth), similar to those during puberty. Subsequently, juvenile phase is marked with low levels of
these hormones. In spite of prolonged hormonal exposure, spermatogenesis is not discerned during infancy unlike that
during puberty. Situation during infancy is similar to certain idiopathic male infertility, where prolonged hormone
supplementation fails to initiate spermatogenesis. In our quest to determine non hormonal causes of idiopathic infertility
which may reside within the Sc, we investigated the association between spermatogenesis and Sc specific gene(s)
expressed differentially during puberty and infancy. Although products of several genes may be necessary for quantitatively
normal spermatogenesis, one needs to investigate their roles one by one. Differential display and real time PCR analysis
revealed higher expression of a known tumor suppressor, Dickkopf homolog 3 (DKK3), by pubertal monkey Sc as compared
to infant Sc. To evaluate role of DKK3 in spermatogenesis, we generated DKK3 knock down mice (DKDM) using shRNA
construct targeted to DKK3. In testis of adult DKDM, expression of DKK3 mRNA and protein were significantly (p,0.05) low
and was associated with elevated WNT-4/b-CATENIN activity. Elevated b-CATENIN activity is known to restrict Sc maturation.
Abundant expression of infant Sc marker, Mullerian inhibiting substance (MIS), in the testes of adult DKDM confirmed lack of
Sc maturation in DKDM. Gc differentiation and fertility was severely compromised in DKDM. This is the first report of role of
DKK3 in the testis and DKK3 mediated regulation of spermatogenesis via WNT-4/b-CATENIN modulation.
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Introduction

Sertoli cells (Sc) are the main somatic cells of testis which play a

major role in cyto-architectural organization of the seminiferous

tubule and most importantly, govern the differentiation of germ

cells (Gc). The physical and functional support of Sc is essential for

Gc survival and development. Follicle stimulating hormone (FSH)

and testosterone (T) are known to regulate spermatogenesis

through their receptors present in Sc.

Worldwide, up to 20% of couples are infertile. Approximately

30–50% of human infertility is attributable to male infertility [1,2].

Although hormonal causes of male infertility are well known, lack

of sufficient knowledge about intracellular mechanisms leading to

the production of important Sc factors necessary for regulating

spermatogenesis is the main reason behind inability to diagnose

and treat certain forms of idiopathic infertility. Infancy, in human

and non-human primates (up to 4–6 months of age), represents an

infertility-like situation because in spite of adequate hormonal

levels like those in adults, spermatogenesis is restricted during

infancy [3]. Testicular Sc bear receptors for FSH and T through

which these cells modulate expression of their genes and gene

products which are necessary for spermatogenesis within seminif-

erous tubule, during pubertal and adult phase of life [4]. We have

recently shown that functional ability of infant Sc is inadequate as

compared to pubertal Sc in rats [5] and sub-human primates [6].

Hence, comparative evaluation of genes expressed by infant and

pubertal Sc exposed to identical hormonal milieu may lead to

identification of gene(s) or gene product(s) relevant to onset of

robust spermatogenesis during normal puberty but not during

infancy. Although involvement of multiple genes may not be ruled

out, stepwise progress in divulging their role(s) one by one may be

necessary for laying strong foundation to address causes of

idiopathic infertility.

Expression of DKK3, which belongs to the Dickkopf (DKK)

family of genes, which are known to regulate Wnt signaling, was
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found to be augmented remarkably in pubertal monkey Sc as

compared to infant Sc. A recent study suggested that diminished

WNT/b-CATENIN activity in Sc during pubertal development

allows functional maturation of Sc which enables them to express

genes conducive to spermatogenesis [7]. We hypothesized that

DKK3 may be one of the factor(s) which presumably regulate

WNT/b-CATENIN activity in testis, hence, may have a crucial

role in causing maturity of Sc leading to onset of spermatogenesis.

Testis is an organ where cell division and differentiation, a

phenomenon known to be regulated by WNT signaling, continues

throughout life. However, association of the components of WNT

signaling with testicular Gc differentiation has not been extensively

studied, although WNT signaling has been shown to play an

important role in proliferation and self-renewal of mouse and

human spermatogonia [7,8].

Constitutively activated form of b-CATENIN in mouse Sc is

known to keep them in an immature state even during adulthood

[7] and is known to interrupt male fertility via progressive

degeneration of seminiferous tubules and testicular atrophy

associated with loss of Gc [9]. These observation suggested that

altered WNT/b-CATENIN signaling inhibits postnatal differen-

tiation of Sc, hampering attainment of their functional ability to

regulate Gc division and differentiation causing increased Gc

apoptosis and infertility [7,10]. On this basis, it is reasonable to

assume that during normal course of development, reduction in

WNT/b-CATENIN activity during pubertal development allows

Sc to mature and support spermatogenesis at puberty. However,

the factor which leads to such reduction in WNT/b-CATENIN

activity and which is crucial for Sc maturation during puberty is

yet unknown.

Although role of DKK3 in regulating WNT signaling was not

clear [12–14], recently DKK3 is shown to inhibit canonical WNT

signaling in lung and breast cancer cells [15]. Since, involvement

of DKK3 in targeting WNT pathway in cell specific manner is

gaining momentum [16], present study was designed to explore

whether elevated expression of DKK3 in Sc during puberty is

responsible for inhibiting WNT/b-CATENIN signaling, which is

known to induce Sc maturity and thereby enhance their ability to

generate sperm. We found that DKK3 regulates Sc maturation

through inhibition of WNT-4/b-CATENIN signaling.

Materials and Methods

Ethics statement
All experimental animals (monkeys as well as mice) were kept

and used as per the National guidelines provided by the

Committee for the Purpose of Control and Supervision of the

Experiments on Animals (CPCSEA) in India. All animal

experiments in this study were performed following protocols

approved by the Institutional Animal Ethics Committee (IAEC

Number 49/99, 187/08, 249/10) of the National Institute of

Immunology (New Delhi, India). FVB/J mice were procured from

the Small Animal Facility of the National Institute of Immunology.

When required, some of the FVB/J mice were sacrificed by

cervical dislocation, as approved by the Institutional Animal Ethics

Committee of National Institute of Immunology. Rhesus male

monkeys (Macaca mulatta) born and raised at the Primate Research

Center of National institute of immunology were used for this

study. The selected monkeys were members of captive breeding

group that lived within open enclosures enriched with swings and

perch and consumed fruits, soaked gram and pelleted feed (Golden

feed, Delhi, India). Prior to catheterization or castration of

monkeys, they were anesthetized with pentobarbital sodium

(,25 mg/kg body weight, i.v., plus 5 mg supplements as

required). Postoperatively, each monkey received cefotaxime

(75 mg/kg body weight) and an analgesic, diclofenac sodium

(1 mg/kg body weight), i.m., twice daily for 5 days. No monkey

was sacrificed for this study.

Preparation of pubertal monkeys
Precocious puberty associated with robust Gc differentiation

was induced in juvenile monkeys (18–22 months) by activation of

the dormant pituitary-testicular axis using pulsatile GnRH (0.3 mg

GnRH/2 ml saline/2 minutes/3 hours) treatment for 4–5 weeks

as reported by us previously [17]. Briefly, juvenile male monkeys

were surgically implanted with chronic indwelling catheters via

femoral or internal jugular vein under sterile conditions. The

catheter was exteriorized in the midscapular region. The

exteriorized catheter was protected by a nylon jacket and a

flexible stainless steel tether (36 inches long, 0.5 inches inner

diameter) attached to a swivel device on top of the cage. This

system allowed normal free movement of the monkeys without

affecting continuous access to venous circulation via the catheter.

Monkeys were treated with intermittent pulsatile GnRH for 4–5

weeks, until serum T levels reached and were maintained for a

week in the adult range. Weekly blood samples were collected via

catheter to measure the circulating levels of T, before and after the

GnRH pulse.

Isolation and culture of Sc
Testes from infant (3 months old) and pubertal monkeys were

surgically removed under general anesthesia [17] and Sc were

isolated and cultured following the procedure previously described

by us [17,18]. Similarly, Sc were cultured from 7 days and 20 days

old FVB/J mice according to the procedure described by Welsh

and Wiebe [19] with minor modifications. On day 4 of culture,

hypotonic shock was given for 3 minutes to remove Gc, if any in

the culture and on day 5 of culture, Sc were treated with rmFSH

(5 ng/ml) and T (1027 M) in combination for 24 hours to mimic

in vivo situation.

Differential display analysis of monkey Sc
To study differential gene expression between infant and

pubertal Sc, RNA from cultured cells were extracted after 24 hour

of hormone treatment using trizol and cDNA were synthesized to

perform differential display procedure as per the established

method [20]. PCR was performed using 48 short arbitrary

primers. PCR products were separated on 6% urea sequencing

gels. Differentially amplified bands were selected, cloned into

PCR-TRAP vector (GenHunter, Charlottesville, VA, USA)

amplified and sequenced. For identification of nucleotide sequenc-

es homologous to differentially expressed bands, BLAST program

was used.

Designing of DKK3 shRNA knock down construct and
generation of DKK3 knock down mice (DKDM)

DNA sequences encoding shRNA specific to DKK3 were

synthesized and cloned into pRNAT-CMV3.1/Neo vector (Gen-

Script, NJ, USA) between BamHI and AflII sites. shRNA

sequences for knocking down DKK3 were as follows:

Forward oligos. GATCGTACCAATTGGCAGGAAGT-

TCACAAGATAACCAATCAAGAGTTGGTTATCTTGTGA-

ACTTCCTGTTTTTTCAATTGGTAC;

Reverse oligos. TTAAGTACCAATTGAAAAAACAGGA-

AGTTCACAAGATAACCAACTCTTGATTGGTTATCTTG-

TGAACTTCCTGCCAATTGGTAC.
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Positive clones were confirmed by sequencing. The shRNA

vector comprised of CMV promoter which drove the expression of

shRNA and SV40 promoter which drove the expression of the

GFP. Positive clones were confirmed by sequencing. shRNA clones

were linearized with SalI and 4 kb fragment was eluted. DKK3

knock down mice (DKDM) were generated using the procedure of

testicular electroporation as described by us previously [21].

Similarly, FVB/J mice were also electroporated with construct in

which scrambled sequences of DNA similar but not identical to

those encoding DKK3 shRNA were cloned. Pups born were

analyzed for shRNA construct integration by normal PCR.

Genotyping was performed using DNA from tail biopsies of 3

weeks old mice, using standard PCR protocols and transgene

specific primers. Tail biopsies (3 mm) were lysed for 16 hours at

55uC in high salt digestion buffer containing 50 mM Tris HCl, 1%

SDS, 100 mM NaCl, 100 mM EDTA and 1200 mg/ml Proteinase

K. The lysate was processed for isolation of DNA using phenol-

chloroform extraction followed by ethanol precipitation. Extracted

genomic DNA (gDNA) was subjected for PCR analysis using

primers sequences as follows: forward 59-GCCCCATGGCT-

GACTAATTT-39; reverse 59- GTATCGCCCTCGAACTT-

CAC-39. Forward primer was designed to recognize sequences

on SV40 promoter and reverse primer was designed to recognize

sequences on GFP. Every PCR reaction set had two controls. PCR

of DKK3 shRNA construct was used as a positive control, PCR of

gDNA obtained from WT mice was used as a negative control.

The PCR reaction was performed using Perkin Elmer Thermal

Cycler. Reaction conditions were as follows: 94uC for 5 minutes

followed by 30 cycles of 94uC for 30 seconds, 60uC for 30 seconds

and 72uC for 30 seconds. The product of 500 bp was visualized on

1% agarose gel with ethidium bromide. PCR analysis till F4

generation was done to confirm the heritable genomic integration.

For Slot-Blot analysis, 1 mg gDNA samples were blotted onto a

nitrocellulose membrane using a slot blotter. Pre-hybridization,

hybridization with probe and washings were done following

standard procedure [22]. Kodak biomax film was exposed to

hybridized membrane at -70uC for 48 hours. The probe used was

the 4 kb SalI fragment of pRNAT-CMV3.1 Neo vector contain-

ing DKK3 shRNA sequence.

Real Time PCR analysis
Infant and pubertal monkey Sc treated with rmFSH and T for

24 hours in vitro were used to extract RNA. RNA was also isolated

from cultured Sc of 7 days old (infant) and 20 days old (pubertal)

FVB/J mice. Real time PCR was performed to detect expression

of DKK3, Mullerian inhibiting substance (MIS), b-CATENIN and

different Wingless related protein (WNT) genes at ten weeks of age.

Real time PCR of DKK3 and b-CATENIN was also carried out

using RNA isolated from purified cultures of Sc. Testes from

DKDM and wild type (WT) mice were surgically dissected and

RNA was extracted using TRIzol. Real time PCR was performed

using different primers specific for respective genes. The list of

genes along with primer sequences are given in Table S1. RNA

(1 mg) was treated with DNase I (1 mg) for 15 minutes at 25uC.

Reaction was terminated by adding 1 ml of 25 mM EDTA and

incubating at 65uC for 10 minutes. DNaseI treated RNA was

reverse transcribed using Reverse Transcription System (Promega

Corp, USA) with AMV reverse transcriptase and oligo (dT)15 for

the single-strand cDNA synthesis. Real time PCR amplifications

were performed in optical tubes in the Realplex (Eppendorf,

Hamburg, Germany) in a total volume of 10 ml, which included

1 ml of cDNA and 5 ml of Power SYBR Green Master Mix

(Applied Biosystems, CA, USA). CyclophillinA was used as an

endogenous housekeeping gene control. Differences in relative

expression levels was derived from 22DCt method, where DCt =

Ct gene of interest - Ct internal control as described by Schmittgen

and Livak [23].

Histological analysis, immunohistochemistry and TUNEL
staining

Tissue histology was performed as described by us previously

[17]. Briefly, mice testes were immersion fixed in Bouin’s fluid for

10–12 hours at room temperature and processed for making tissue

blocks before sectioning them at 4 mm thickness. Sections were

stained with hematoxylin and eosin for evaluating the status of

spermatogenesis. Seminiferous tubular diameter was measured at

206 magnification using measuring eyepiece. Only round and

oval tubules were considered for diameter measurement. The

numbers of normal and degenerated tubules were also counted

under equal area of observation (per field) at magnification 206.

Tubules showing loss of Gc, sloughing off of Gc and presence of

vacuoles were considered as degenerated tubules. Immunohisto-

chemical studies were performed as described previously [7].

Following primary and secondary antibodies were used: rabbit

anti-mouse DKK3 (Santa Cruz Biotechnology, CA,USA), goat

anti-mouse MIS (Santa Cruz Biotechnology, CA,USA), mouse

anti-GFP (Abcam, Cambridge, MA,USA), b-CATENIN anti-

mouse antibody (Santa Cruz Biotechnology, CA,USA), Alexa

Fluor 488 anti-mouse secondary antibody (Invitrogen, Life

Technologies, NY, USA), FITC anti-rabbit secondary antibody

(Abcam, Cambridge, MA,USA), Cy5 anti-goat antibody F(ab)2

(The Jackson ImmunoResearch Laboratory, PA,USA). TUNEL

staining was performed according to the manufacturer’s recom-

mended protocol (Roche Applied Science, Indianapolis, IN,USA).

Testicular paraffin sections were deparaffinized, rehydrated by

successive serial washings with ethanol and treated with proteinase

K for permeabilizion of cells. Fragmented DNA was labeled with

terminal deoxynucleotidyl transferase and biotin dNTPs. The

streptavidin-horseradish peroxidase and diaminobenzidine tetra

hydrochloride system was used to visualize for the apoptotic cells

under light microscope. Quantification of apoptotic germ cells in

WT and DKDM was done and compared by observing random

visual fields under equal area of observation (per field) under

magnification 206. Immunohistochemistry images were photo-

graphed by using Olympus IX81 microscope equipped with fluo

view SV1000. Histology and TUNEL images were photographed

with DS-5M camera assisted with Digital sight DS-LI software.

For immunocytochemistry analysis, Sc were cultured on coverslips

for 4 days and then washed in PBS before being fixed in 2%

paraformaldehyde for 15 minutes. Cells were permeabilized in

0.1% Tween 20 prior to blocking with goat serum and then

incubated with mouse antiserum raised against b-CATENIN for

2 hours at room temperature. Bound primary antisera were

detected by secondary antibodies tagged with Alexa 488. Sc nuclei

were stained with DAPI. Immunocytochemistry images were

captured on confocal microscope (Nikon, A1Rsi).

Assessment of serum testosterone levels and
testosterone replacement

Blood serum testosterone (T) level of juvenile monkey was

measured before and after the GnRH pulse as described by us

[17]. Serum T levels from the DKDM and WT mice were assessed

at ten weeks of age. Blood was obtained through retro-orbital

bleeding before sacrificing the mice. Serum T levels was assayed

by RIA in duplicate. The intra- and inter assay coefficients of

variation were less than 7% and less than 10%, respectively [17].

For T replacement, 20 ml (250 mg/ml) of testosterone undecanoate
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(TU) was injected once intramuscularly to each DKDM as

reported for mice [24]. Additionally, WT and DKDM mice

were injected with 20 ml of castor oil which was used as vehicle.

Blood was taken retro-orbitally after a month of injection and

serum T levels were measured.

Immunoblot analysis
Testicular fraction from WT and DKDM were lysed separately

with ice-cold PBS (pH 7.4) containing 50 mM Tris Chloride,

150 mM NaCl, 1% Triton 6100 and protease inhibitors (1 mM

PMSF, 1 mg/ml aprotinin and 1 mg/ml leupeptin). Lysates were

centrifuged (13,0006 g, 4uC, 30 minutes) and supernatant were

stored separately at 80uC, until immunoblot analyses for DKK3

and MIS were performed as described previously [25]. Protein

concentrations were determined by the Bradford method. 20 mg

protein from supernatant was resolved by one-dimensional SDS-

PAGE (12% acrylamide) under reducing conditions and electro-

phoretically transferred to a nitrocellulose membrane. After

blocking with blotto (Santa Cruz, CA, USA), the membranes

were incubated with primary antibody (1:500) in blocking buffer at

4uC for overnight and then with the goat anti-rabbit or rabbit anti-

goat horseradish peroxidase-conjugated secondary antibody

(1:5000) for 2 hours at room temperature. After washing the blot

thrice in PBS (16), protein bands were visualized by chemilumi-

nescence using the ECL plus western Blotting Detection Reagents

(GE Amersham, Piscataway, NJ, USA) and chemiluminescence

film (GE Amersham, Piscataway, NJ, USA).

Testicular weights, sperm counts and fertility assessment
Testes of both WT and DKDM were removed, weighed and

recorded at the age of ten weeks. Testis weight per gram body

weight was also evaluated. The concentration of epididymal

spermatozoa and the litter size from the productive matings was

analyzed. Total number of sperm present in both epididymis of

each mouse was counted after releasing the sperm in 1 ml of PBS

by puncturing epididymus at several sites and squeezing. The total

number of sperm was determined by using a hemocytometer.

DKDM male and female from F1 generation (siblings) were

cohabitated for three weeks. This ensured exposure of female to

the male at least through five ovarian cycles. Litter size was

determined after delivery of progeny to assess fertility of parents.

Similarly, WT mice were also assessed for fertility.

Statistical Analysis
Data was analyzed using Mann–Whitney test. All statistical

analyses were performed using Graphpad Prism 4.01,(Graphpad

Software, Lajolla, CA, USA). Data is represented as means 6

SEM of atleast three animals belonging to a particular group.

Significance was determined at p,0.05.

Results

Differential gene expression by infant and pubertal Sc
Puberty, known to occur at around 3.5 years of age in rhesus

monkeys which is associated with surge in gonadotropins & T

resulting into division and differentiation of spermatogonial cells.

Since it is difficult to pinpoint the onset of puberty, juvenile male

monkeys were treated with pulsatile GnRH to induce puberty in

them, as described previously by us [17]. T levels in such monkeys

were increased by 6–10 fold, testicular weight were increased by

5–6 fold and markers of initiation of spermatogenesis such as

enlarged seminiferous tubules containing large populations of

spermatogonia B and primary spermatocytes were evident (Fig. 1A

and B) like those during puberty [26].

Sc cultured from infant (3 months old) and pubertal monkeys

were 95% pure, as seen by oil Red O positive cells. To ascertain

differential gene expression by immature and mature Sc, RNA

was isolated from cultured Sc and cDNA was synthesized to

perform fluorescent differential display (Fig. S1A). Differentially

expressed sequences (infant vs. pubertal) were analyzed and

matched with homologous primate-specific gene sequences.

Expression of DKK3 was elevated (more than five folds) in pubertal

Sc as compared to infant Sc. This was reconfirmed by real time

PCR analysis using mRNA obtained from cultured Sc from infant

and pubertal monkeys (Fig. 1C). Additionally, Sc cultured from 20

day old (spermatogenically active) mice also showed significantly

(p,0.05) higher expression of DKK3 mRNA as compared to Sc

from 7 day old (spermatogenically quiescent) mice (Fig. 1D). This

provided strong basis to generate transgenic knock down mice for

evaluating spermatogenic role of DKK3 in vivo.

Generation and analysis of DKK3 shRNA knock down
mice

The DNA encoding shRNA sequences targeting DKK3 gene

were designed and cloned in pRNAT-CMV 3.1/Neo vector (Fig.

S1B). This construct was used for in vivo electroporation in the

testis of FVB/J mice, to generate transgenic mice by electropo-

ration. Similarly, FVB/J mice were also electroporated with

construct having scrambled sequences. Pups born from the mating

of such electroporated males and WT females were screened for

the transgene by PCR of gDNA obtained from tail tissue of the

progeny. Majority of the pups born were PCR positive (Fig. 2A).

Slot-blot hybridization with DKK3 shRNA specific probe con-

firmed the genomic integration of shRNA vector in most of the

PCR positive mice (Fig. 2B). RNA extracted from testes of such

mice was analyzed quantitatively by real time PCR for determin-

ing expression of DKK3 gene in comparison to that of age matched

WT mice. Expression of DKK3 significantly (p,0.05) declined in

DKK3 knock down mice (Fig.2C), such mice were referred as

DKDM. A range of 40%–96% reduction was seen in the

expression of DKK3 in F1 progeny as compared to WT controls

(Fig. S2G). Mice generated from different sperm of a founder

(electroporated male) displayed a range of different DKK3

expression based on the differential extent of inhibition of

DKK3 mRNA and were associated with oligo or azoospermia

(Fig. S2G). Suppression of DKK3 was not found in any of the mice

generated using scrambled shRNA construct (Fig. 2C). Significant

(p,0.05) reduction in the levels of DKK3 were also found in Sc

isolated from DKDM in comparison to Sc isolated from WT mice

(Fig. 2D). Western blot analysis performed using protein extracts

from DKDM testes and their age-matched WT control mice

revealed a remarkable decline in DKK3 in DKDM (Fig. 2E).

Testes of DKDM expressed GFP which was used as a reporter in

the construct (Fig. S1C). The shRNA mediated knock down effect

in seminiferous tubules of DKDM was confirmed by immunohis-

tochemistry which showed reduced levels of DKK3 protein in

comparison to to WT (Fig. 2F).

Compromised fertility in DKDM
Gross morphological assessment of the testes of F1 generation of

DKDM, at ten weeks of age showed atrophy of the testes with a

significant (p,0.05) reduction in testis weight (Fig. S2F) as well as

relative testicular weight per gram body weight (Fig. 3A, Fig. S2E).

DKDM displayed drastic (p,0.01) reduction in sperm counts as

compared to their age-matched WT mice (Fig. 3B). Mating

between DKDM siblings (of F1 generation) resulted in more than

50% reduction in litter size as compared to WT controls (Fig. 3C).

Interestingly, mouse showing more than 90% of DKK3 inhibition,
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whether in F1 generation or in F4 generation had azoospermia

(Fig.S2G). Reproductive functions of mice generated using

scrambled sequences for shRNA were not different from WT

mice; their F1 progeny were as fertile as WT and they did not

show any reproductive defects (Fig. S2A-D). ‘‘Hence for all further

studies, data from WT mice were used for comparisons’’.

Litter size of DKK3 female when mated with WT male was

normal and similar to that generated by the mating between WT

male and female (Fig S3B). In contrast, male DKDM generated

significantly (p,0.05) low litter size, upon mating with WT

females (Fig.S3B).

We found that serum levels of T were significantly (p,0.05)

reduced in DKDM as compared to age-matched WT mice, at ten

weeks of age (Fig. 3D). This was associated with significantly

(p,0.05) low level of Cytochrome p450c17alpha (CYP17) mRNA

(Fig. 3E). Despite low levels of T, most of the heterozygous

DKDM were fertile, although litter size was reduced. To evaluate

the relative contribution of low levels of T to the observed decline

in the sperm count, we supplemented T levels in DKDM. One

month post-treatment with long acting testosterone undecanoate

(TU), serum T levels of DKDM reached similar to levels found in

WT mice but failed to restore sperm counts. (Fig. 3F and 3G).

Histological evaluation of testes from F1 generation of DKDM

revealed reduction in tubular diameter showing signs of degener-

ation with the presence of vacuoles and sloughing of Gc in

degenerated tubules (Fig. 4A and 4B). Some of the tubules with

normal spermatogenesis were also present in DKDM. The

degenerative process was observed in up to 50–80% of tubules

(Fig. 4C). Restoration of T levels by TU treatment failed to restore

normalcy of seminiferous tubules in DKDM (Fig. 4D).

Reduced DKK3 and Gc apoptosis
In order to assess whether defective differentiation of Sc in

DKDM caused Gc apoptosis, we performed TUNEL analyses and

counted TUNEL-positive cells. Higher numbers of apoptotic cells

were observed in degenerated tubules of DKDM testes as

compared to that in WT mice (Fig. S2H and 4E).

Persistent WNT signaling in DKDM
To study the effect of DKK3 knock down on WNT signaling, the

expression of various canonical and non-canonical WNTs was

analyzed by real-time PCR in DKDM and age matched WT. The

expression of WNT-4 was found to be augmented in majority of

adult DKDM testis (Fig. 5A). The expression of the other non-

canonical WNT mRNAs, including WNT-6, WNT-11, WNT-5a,

WNT-5b and canonical WNT-1, WNT-8a did not vary. WNT-3a

Figure 1. DKK3 is over expressed in Sc during puberty of monkeys and mice. (A) Testicular sections showing seminiferous tubules of an
infant monkey. Spermatogonia A are shown with arrow. Scale bar: 50 mm (B) Testicular sections showing seminiferous tubules of pubertal monkey.
Spermatogonia B (shown with arrow) and spermatocytes (shown with arrowhead) can be noticed in pubertal monkey. Scale bar: 50 mm (C) Relative
quantity of DKK3 mRNA expression in Sc from infant (open bar) and pubertal monkeys (hatched bar). Real time PCR data from Sc of three animals are
represented as mean +/2 SEM in each bar (*p,0.05). (D) Relative quantity of DKK3 expression in Sc from 7 days old (open bar) and 20 days old mice
(hatched bar). Real time PCR data from Sc of three animals are represented as mean +/2 SEM in each bar (*p,0.05).
doi:10.1371/journal.pone.0063603.g001
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was not detected at all in the testis of DKDM. Since stabilization

of b-CATENIN levels is a known hallmark of activated WNT

signaling, we analyzed b-CATENIN expression levels in the testis

of DKDM. b-CATENIN mRNA levels were found to be higher in

DKDM, sometimes five fold as compared to WT controls (Fig. 5B).

Nuclear localization of b-CATENIN was observed in the testicular

sections of DKDM in comparison to WT where no nuclear

localization of b-CATENIN was observed (Fig. 5C). Similarly,

higher expression of b-CATENIN (Fig. 6A) and its nuclear

localization was also observed in cultured purified Sc of DKDM

(Fig. 6B).

Suboptimal DKK3 leads to impaired maturation of Sc
MIS expression is a marker of immature Sc and is transcrip-

tionally regulated by b-CATENIN [7]. Therefore, elevated

expression of b-CATENIN in adult DKDM prompted us to

Figure 2. Characterization of DKDM. (A) PCR results using gDNA obtained from tail biopsies of progeny generated by crossing electroporated
male and WT female mice. Lane 1: 100 bp marker, Lane 2: gDNA of WT mice, Lane 3–12: gDNA of F1 progeny, Lane 13: DKK3 shRNA construct. (B) Slot
Blot analysis of PCR positive samples of F1 progeny. DNA samples of PCR positive and WT mice (negative control) were hybridized with transgene
specific probe. DKK3 shRNA construct was used as a positive control. Sample 1 - DKK3 shRNA construct, samples 2–14 - gDNA from PCR positive mice,
samples 15 and 16 - gDNA from two different WT mice. (C) Real time PCR of DKK3 mRNA in the testes of WT mice (open bar), scrambled DKK3 (dotted
bar) and DKDM (hatched bar) at ten weeks of age. Data are represented as mean +/2 SEM (*p,0.05, n = 3). (D) Relative quantity of DKK3 mRNA
expression in Sc from WT mice (open bar) and DKDM (hatched bar). Real time PCR data of Sc isolated from four or more individual mice of each group
is represented as mean +/2 SEM (*p,0.05). (E) Western blot analysis of DKK3 from the testes of WT mice and DKDM at ten weeks of age. WT1 and
WT2 represents testicular lysates from two different wild type mice, D1–D3 represents testicular lysates from three individual DKDM. The quantity of
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as a housekeeping gene is shown in the lower panel. Note: equal amount of protein was
loaded in each well. (F) Immunohistochemical localization of DKK3 in testicular sections showing fluorescence and merged images of WT mice
(showing higher expression of DKK3) and F1 generation of DKDM (showing diminished expression of DKK3) at ten weeks of age, Scale bar: 50 mm.
Inset in the merged image of WT mice shows magnified area of the boxed region. All these images are representatives of atleast three random visual
fields obtained from atleast three or more animals of each group (WT and DKDM).
doi:10.1371/journal.pone.0063603.g002
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evaluate the expression of MIS. MIS expression in DKDM was

found to remain elevated during adulthood as revealed by real

time PCR (Fig. S3A) and western blot analysis (Fig. 6C).

Collectively, these observations indicated that in adult DKDM,

Sc exhibited gene expression pattern characteristics of undifferen-

tiated Sc, usually found in infant testis.

Discussion

Our study suggested that augmentation of testicular DKK3

expression observed during pubertal development is crucial for the

age dependent onset of spermatogenesis because RNA mediated

selective interference in expression of DKK3 interrupted Gc

development and fertility. Due to limitations in obtaining normal

testes of man, we used Sc from rhesus monkey, a primate known to

have close similarity to man. Since it is difficult to pinpoint puberty

Figure 3. Reduction in DKK3 leads to impaired spermatogenesis and reduced fertility. (A) Relative testis weight (testis weight per gm body
weight) of WT mice (open bar) and DKDM (hatched bar) at ten weeks of age. Data are represented as mean +/2 SEM (*p,0.05, n = 10). (B) Mean
epididymal sperm count of WT mice (open bar) and DKDM (hatched bar) at ten weeks of age. Data are represented as mean +/- SEM. (*p,0.05,
n = 10). (C) Mean litter size of WT mice (open bar) and DKDM (hatched bar). Data are represented as mean +/2 SEM (*p,0.05, n = 4). (D) Mean serum
T levels of WT mice (open bar) and DKDM (hatched bar). Data are represented as mean +/2 SEM. (*p,0.05, n = 3). (E) Relative quantity of
CYP17 mRNA levels in the testes of WT mice (open bar) and DKDM (hatched bar) at ten weeks of age. Real time PCR data from the testicular samples
of three animals are represented as mean +/2 SEM in each bar (*p,0.05). (F) Serum T levels of WT mice (open bar), DKDM (hatched bar) and T
replaced DKDM (horizontal hatched bar). Data are represented as mean +/2 SEM (*p,0.05, n = 3). (G) Mean epididymal sperm count of vehicle
(castor oil) treated WT mice (open bar), vehicle (castor oil) treated DKDM (hatched bar) and T replaced DKDM (horizontal hatched bar). Data are
represented as mean +/2 SEM (*p,0.05, n = 3).
doi:10.1371/journal.pone.0063603.g003
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in man and male monkeys, we generated pubertal monkeys by

successful augmentation of hormones and testicular size of juvenile

rhesus monkeys upon 4–5 weeks of pulsatile GnRH treatment as

previously shown by us [17,27] and others [28]. Sc of such

pubertal monkeys, in which Gc differentiation was markedly

initiated, as revealed by presence of spermatocytes, were

considered functionally active Sc and used for comparison with

Sc obtained from 3 months old infants which were resistant to

hormonal stimulation (from 0–3 months) as far as their capacity to

induce prolific Gc differentiation was concerned [28]. Rationale to

use isolated and cultured Sc instead of whole testicular extract for

differential display studies was to determine differential expression

of genes exclusively by the Sc which are known to regulate Gc

development and differentiation. Since freshly isolated Sc are

exposed to repeated enzyme treatments and temperature varia-

tions (4u–34uC) during isolation, we preferred to culture and

stabilize these cells before evaluating gene expression [6,29–31].

Differential display analysis revealed that DKK3 expression was

significantly elevated during puberty in the Sc of testis engaged in

active spermatogenesis as compared to that in Sc during infancy

Figure 4. Reduction in DKK3 causes disruption of seminiferous tubules. (A) Seminiferous tubules of ten weeks old DKDM showing sloughing
of Gc (shown by arrow), giant vacuoles (shown by arrowhead) and tubular degeneration. In some of the tubules, sperm were also present. However,
the age matched scrambled DKK3 mice showed normal spermatogenesis. Scale bar: 50 mm. (B) Seminiferous tubular diameter (in mm) of control mice
generated using scrambled DKK3 shRNA construct (open bar) and DKDM (hatched bar) at ten weeks of age. Round and oval tubules were considered
for plotting data from three individual mice of each group under equal area of observation (per field) as seen under magnification 206. Data is
represented as mean +/2 SEM in each bar. (*p,0.05). (C) Number of normal tubules (dotted bar) and degenerated tubules (crossed bar) in control
mice generated using scrambled DKK3 shRNA construct and DKDM at ten weeks of age. Data is plotted by counting normal and degenerated tubules
of three individual mice of each group under equal area of observation (per field) as seen under magnification 206. Data is represented as mean +/2
SEM in each bar. (*p,0.05). (D) Seminiferous tubules of ten weeks old control mice generated using scrambled DKK3 shRNA construct and DKDM
supplemented with T. T replaced DKDM did not show restoration of normal spermatogenesis in seminiferous tubules. Sloughing of Gc (shown by
arrow), giant vacuoles (shown by arrowhead) and tubular degeneration was still seen, Scale bar: 50 mm. All these images are representatives of atleast
three random visual fields obtained from atleast three or more animals of each group (Scrambled, DKDM and T replaced DKDM). (E) Quantification of
apoptotic Gc in the seminiferous tubules of WT mice and DKDM at ten weeks of age. Data is plotted from random visual fields obtained from atleast
three or more individual mice of each group under equal area of observation (per field) as seen under magnification 206. Data is represented as
mean +/2 SEM in each bar. (*p,0.05).
doi:10.1371/journal.pone.0063603.g004
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where testis is spermatogenically quiescent, despite of adequate

hormones. Dickkopf family of genes comprise of evolutionary

conserved four members (DKK 1–4) and a DKKL1 or soggy. In the

past, it had been suggested that DKK3 does not affect WNT

signaling, unlike DKK 1, DKK 2 and DKK 4 [11]. However, recently

DKK3 is shown to inhibit canonical WNT signaling specifically in

lung and breast cancer cells [15]. Real time PCR analysis in our

study, also revealed higher expression of DKK3 in Sc cultured from

testes of pubertal monkeys as compared to those cultured under

similar hormonal milieu from the testes of infant monkeys. Since it

is difficult to generate transgenic monkeys, we generated DKK3

knock down mice, referred to as DKDM, to evaluate whether

DKK3 has any regulatory role in spermatogenesis. Before doing so,

we confirmed by real time PCR analysis of mouse Sc mRNA that

DKK3 expression was low in 7 days old mice displaying limited Gc

differentiation as compared to that in 20 days old mice which

displays onset of robust spermatogenesis in the testis.

The DKDM, generated by us showed 40–96% reduction in

DKK3 mRNA expression in testis of mice from F1 generation.

Similar suppression of DKK 3 was also observed in cultured Sc of

DKDM. Limited number of mice generated using DNA sequences

encoding scrambled shRNA did not interfere with DKK3

expression and their testicular weight, sperm count and fertility

were also similar to that of WT mice. ‘‘Hence, such mice were not

further propagated and WT mice were used instead, for

comparison with DKDM’’.

DKK3 protein levels were also reduced in DKDM. DKK3 is a

secretory glycoprotein which is found immunohistochemically to

be accumulated at Sc-Gc junction of the seminiferous tubules

towards lumen [32]. Because it is a secretory protein, it may not be

found in abundance in the cytoplasm of Sc. Since we have used

CMV promoter, it may express in Gc also [33].

Integration of different copy numbers of the construct (encoding

shRNA) in various spermatogonial cells of the testes at the time of

gene electroporation might have generated variety of sperm by a

single testis. This might be the reason for mice to mice variation in

the levels of shRNA expression in the F1 progeny which exerted a

broad range of DKK3 inhibition. Such phenotypic equivalent of a

hypomorphic allelic series [34] enabled us to analyze a spectrum of

phenotypes ranging from subfertility to infertility in the very first

generation of such mice (Supplemental Fig.S2F).

Figure 5. Regulation of WNT signaling by DKK3. (A) Relative quantity of WNT-4 mRNA levels expressed in the testes of WT mice (open bar) and
individual DKDM (hatched bar) at ten weeks of age. Real time PCR data from the testicular samples of three animals are represented as mean +/2
SEM in each bar. (*p,0.05). (B) Relative quantity of b-CATENIN mRNA levels expressed in the testes of WT mice (open bar) and DKDM (hatched bar) at
ten weeks of age. Real time PCR data from the testicular samples of three animals are represented as mean +/2 SEM in each bar (*p,0.05). (C)
Immunohistochemical localization of b-CATENIN in the testicular sections of WT mice and DKDM showing various florescent and merged images.
Nuclear localization of b-CATENIN in Sc of DKDM can be seen. Inset in the merged images of DKDM shows magnified area of the boxed regions. All
these images are representatives of atleast three random visual fields obtained from atleast three or more animals of each group (WT and DKDM).
Left panel florescent and merged images of WT and DKDM, Scale bar: 50 mm. Right panel florescent and merged images of WT and DKDM, Scale bar:
20 mm.
doi:10.1371/journal.pone.0063603.g005
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Figure 6. DKK3 mediated regulation of b-CATENIN activity in Sc. (A) Relative quantity of b-CATENIN mRNA levels expressed in cultured Sc
isolated from WT mice (open bar) and DKDM (hatched bar). Real time PCR data of Sc isolated from four or more individual mice of each group is
represented as mean +/2 SEM (*p,0.05). (B) Nuclear localization of b-CATENIN in the purified cultures of Sc isolated from WT mice and DKDM.
Nuclear localization of b-CATENIN in Sc of DKDM can be seen. Merged image represents nuclear localization of b-CATENIN (green) along with nuclear
staining with DAPI (blue). All these images are representatives of atleast three random visual fields obtained from the Sc isolated from four or more
individual mice of each group. Scale bar: 50 mm. (C) Western blot analysis of MIS from the testes of WT mice and DKDM at ten weeks of age. Lanes 1–
4 represents testicular lysates from four different WT mice, Lanes 5–8 represents testicular lysates from four different DKDM. The quantity of
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as a housekeeping gene is shown in the lower panel. Note: equal amount of protein was
loaded in each well.
doi:10.1371/journal.pone.0063603.g006
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DKK1, 2, and 4 are known to regulate WNT signaling and bind

the same effectors, unlike DKK3 [11]. However, since DKK3

promoter hyper-methylation mediated decline in DKK3 expres-

sion is shown to result into augmentation of WNT signaling in

lung cancer cells [15], we evaluated the effect of shRNA mediated

DKK3 inhibition on testicular WNT signaling. We found that

WNT-4 was highly expressed in adult DKDM testis as compared

to age matched WT testis. However, the expression of the other

non-canonical WNT mRNAs in DKDM, including WNT-6,

WNT-11, WNT-5a, WNT-5b and canonical WNT-1, WNT-8a

did not vary notably as compared to age matched WT mice.

In testes of DKDM, enhanced WNT-4 signaling was associated

with an increase in b-CATENIN mRNA levels. Such directly

proportional relationship between WNT-4 and b-CATENIN had

been shown in the past [35]. It is known that b-CATENIN

enhances WNT-4 promoter activity [36] and also activates its own

promoter, leading to a further up regulation of b-CATENIN

expression [37]. This may be the reason for about five fold or

more rise in b-CATENIN m-RNA levels in some of the DKDM.

Since nuclear localization of b-CATENIN is indicator of its

activity leading to augmentation of transcriptional events, we

evaluated and confirmed elevated nuclear localization of b-

CATENIN in seminiferous tubular cells and cultured Sc of

DKDM in comparison to WT. In testicular section, both Sc and

Gc displayed nuclear localization of b-CATENIN because DKK3

has also been shown to be expressed in Gc [33]. The nuclear

localization of b-CATENIN upon down regulation of DKK3 in

DKDM suggested inhibition of b-CATENIN ubiquitination in

DKDM. No specific staining for b-CATENIN was seen in any of

the cells of WT mice testis, probably due to its complete

degradation by ubiquitination. This suggested that nuclear

localization of non-degraded b-CATENIN occurred in testicular

cells of mice when DKK3 was knocked down.

Differentiation of spermatogonial cells is dependent on testicular

Sc, which have receptors for both FSH and T [29,38]. We have

previously shown that differentiated, mature Sc alter their pattern

of gene expression during puberty which are associated with onset

of spermatogenesis [6,30,39]. In DKDM, augmentation of WNT-

4/b-CATENIN activity due to inhibition of DKK3 expression

might have restricted Sc maturation and therefore impaired

spermatogenesis in F1 generation. Support to this observation is

lent from a very recent study where augmentation of WNT-4/b-

CATENIN signaling resulted in incomplete differentiation of Sc

and loss of Gc [35].

Conditionally activated allele of the b-CATENIN in Sc

expressing Cre recombinase driven by the MIS promoter has

already been shown to constitutively activate b-CATENIN,

leading to continuous proliferation and compromised differentia-

tion of mouse Sc [7]. As compared to WT mice, Sc in such adult

mutant mice continued to express high levels of MIS which is

characteristic of immature Sc. Our observation of elevated MIS

expression in DKDM suggested failure of Sc maturation due to

diminished DKK3. Additionally, reduced diameter of seminifer-

ous tubule in DKDM which is also one of the determinants of Sc

maturation also suggested that Sc were immature in DKDM.

Sc also possess phagocytic activity where Sc recognize apoptotic

spermatogenic cells through the binding of their surface receptor,

class B scavenger receptor type I, to phosphatidylserine that is

expressed on the surface of spermatogenic cells during apoptosis

[40]. Inhibition of phagocytosis is known to reduce the number of

epididymal sperm, indicating that phagocytosis of apoptotic

spermatogenic cells by Sc is necessary for efficient production of

sperm. If ability of Sc to phagocytose the apoptotic cells declines

while maintaining their ability to support spermatogenesis,

accumulation of apoptotic Gc may further affect normal

functioning of Sc including sloughing off the Gc, as observed by

us in DKDM [40].

High levels of MIS expression in adult testis of DKDM also

might have contributed to infertility since MIS over expression is

associated with severe testicular defects [41]. MIS is also known to

exert a negative effect upon steroidogenesis by decreasing

expression of CYP17, an enzyme involved in androgen biosyn-

thesis in testes [42]. In DKDM, enhanced MIS expression was

associated with reduction in CYP17 mRNA levels which might

have contributed to the reduced T levels. However, this decrease

in T levels was not the primary cause of subfertility observed in

these mice because hormone replacement by exogenous supple-

mentation of T failed to restore normal spermatogenesis in

DKDM. DKK3 is also known to be expressed in pituitary and

hypothalamus [43] but in mice with mutated DKK3, fertility is not

compromised indicating lack of any systemic effect on fertility via

pituitary and/or hypothalamus [44]. Also, in DKDM mice

generated by us, most of the mice from F1 generation were able

to produce sperm as well as progeny, only the number of pups and

sperm count were low. This cannot be the effect of systemic

changes in hypothalamic or pituitary hormones because in such a

situation azoospermia would prevail, which was not the case. In

DKDM, levels of testosterone declined but replenishing testoster-

one by exogenous treatment did not result into restoration of

sperm production, making us to believe that the effect was not

because of the change in T levels but because of other changes at

the level of testis. Although it cannot be ruled out that DKK3

down regulation might have affected Leydig cells (Lc), function of

DKK3 is uncertain in Lc [45]. Main contribution of Lc is to

provide T to promote spermatogenesis and replenishment of T in

our study failed to recover the disturbed spermatogenic status of

these transgenic mice, letting us believe that DKK3 mediated

effect is non-hormonal and at the level of Sc.

LH and FSH levels were not checked because most of F1

generation mice were fertile and sired live offspring also. This

could not have happened if levels of FSH and LH were

physiologically below optimal. Additionally, mating of DKDM

females with WT males yielded normal litter size suggesting no

defect in gonadotropins due to DKK3 inhibition which might

have disturbed normal ovulation in DKDM females.

It is reasonable to assume from our study that reduction in

DKK3 causes activation of WNT/b-CATENIN activity in testis

restricting maturation of Sc which leads to subfertility or infertility.

While DKK3 mutant mice have been generated previously, no long

term study of male fertility in them was undertaken as they were

initially found to be fertile [44]. Differences in the fertility of DKK3

knock out and our knock down mice could be explained by the

possibility of redundancy in DKK3 mutant mice where function of

DKK3 might have been taken over by some other genes [46].

However, combined knocking out of DKK3 and the unique DKK3-

homolog, SOGGY [13] may reveal roles masked by redundancy.

However, since shRNA mediated interference occurs in the

cytoplasm, such redundancy is not possible in knock down mice.

We used CMV promoter because it is a known strong promoter

which guaranteed the expression of shRNA in vivo [47]. Therefore,

we evaluated functional aspects of gene using ubiquitous promoter

like CMV [48,49] for our DKK3 shRNA knock down study

knowing that shRNA is expected to express ubiquitously in other

tissues also to bring down DKK3 expression, if any. In knockout

animals which successfully divulged roles of several genes, the

expression of the genes are also lost ubiquitously [44]. However,

studies of Sc specific promoter mediated shRNA expression to

inhibit DKK3 exclusively in Sc, may further strengthen our findings.
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In a recent study, it has been demonstrated that WNT/b-

CATENIN signaling pathway influences spermatogenesis [7,35].

Our study further confirmed these findings. This study provided

substantial support to the notion that a remarkable rise observed in

DKK3 expression during puberty, acts as a suppressor of WNT-4

signaling allowing maturation of Sc during natural course of

development (Fig.7). A rise in WNT-4 activity associated with a

corresponding rise in b-CATENIN activity as a result of

diminished DKK3 expression in DKDM was responsible for

impaired Sc differentiation.

In conclusion, we have found a novel role for DKK3 upstream of

WNT-4 signaling in Sc, positioning DKK3 as a key regulator of Sc

maturation which is an essential prerequisite for normal

spermatogenesis observed during puberty (Fig.S4). Disruption of

DKK3 expression in Sc due to natural mutation or due to induced

effect (environmental or other causes) may interfere with Sc

maturation leading to subfertility or infertility even if hormones

and their receptors are normal. These findings highlighted the

possibility of new therapeutical strategies for overcoming similar

idiopathic infertility observed in humans and suggested that

restoration of fertility can be achieved by correction certain genes

raising hopes for individuals suffering from idiopathic male

infertility.

Supporting Information

Figure S1 (A) Fluorescent Differential display using mRNA from

hormone (FSH and T) treated Sc cultured from testis of infant (In)

and pubertal (Pu) monkey. For each set of arbitrary primers, 4

lanes were loaded with PCR product (Lane 1 and 2 are replicates

of infant monkey samples, lane 3 and 4 are replicates of pubertal

monkey samples). Arrow shows higher expression of sequences

specific to DKK3 in pubertal Sc as compared to infant Sc. (B) A

cartoon of the construct used for the generation of DKDM. A

linearized shRNA vector consisting of CMV promoter which drives

the expression of sequence for DKK3 shRNA and a SV40

promoter which drives the expression of GFP. Gene specific

shRNA sequences were inserted into the vector in between

BamH1 and AflII sites. (C) Immunohistochemical localization of

GFP in the testicular sections showing fluorescence and merged

images of WT mice (no GFP expression) and DKDM (expressing

GFP) at ten weeks of age, Scale bar: 50 mm. All these images are

representatives of atleast three random visual fields obtained from

atleast three or more animals of each group (WT and DKDM).

(TIF)

Figure S2 (A) Mean testis weight (in mgs) of WT mice (open bar)

and control mice generated using scrambled DKK3 shRNA

construct (hatched bar) at ten weeks of age. There was no

statistical difference between two groups (n = 10, p,0.05). (B)

Mean epididymal sperm counts (million/ml) of WT mice (open

bar) and control mice generated using scrambled DKK3 shRNA

construct (hatched bar) at ten weeks of age. There was no

statistical difference between two groups (p,0.05, n = 10). (C)

Mean litter size of WT mice (open bar) and control mice generated

using scrambled DKK3 shRNA construct (hatched bar) at ten weeks

Figure 7. A model of DKK3 mediated regulation of Sc maturation and spermatogenesis. In DKDM, LRP6 becomes available because of
diminished DKK3 levels. Available LRP6 binds to Frizzled receptor forming Fz-LRP6 complex augmenting WNT signaling. As a result, GSK-3b is
recruited to Frizzled receptor reducing its availability for binding to b-CATENIN, thereby minimizing phosphorylation and degradation of b-CATENIN.
Accumulated cytoplasmic b-CATENIN translocates to nucleus and augments expression of different genes, including that of itself, WNT4 and MIS in
Sc. Elevated levels of MIS interferes with the Sc maturation, hence, disturbing the balance between spermatogonial proliferation and differentiation
leading to subfertility and/or infertility. Additionally, MIS is known to inhibit T production via suppression of CYP17 activity in Lc which might be the
reason for reduced T levels in such mice. (eS-elongated spermatids, SSC-spermatogonial stem cells, Fz-Frizzled, rS-round spermatid, SpC-
spermatocytes, PTc-peritubular cell, Tcf/Lcf -transcription factors).
doi:10.1371/journal.pone.0063603.g007
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of age. There was no statistical difference between two groups

(p,0.05, n = 3). (D) Serum Testosterone levels of WT mice (open

bar) and control mice generated using scrambled DKK3 shRNA

construct (hatched bar) at ten weeks of age. There was no

statistical difference between two groups (p,0.05, n = 3). (E) Mean

body weight of WT mice (open bar) and DKDM (hatched bar) at

ten weeks of age. Data are represented as mean +/2 SEM

(*p,0.05, n = 10). (F) Mean testis weight of WT mice (open bar)

and DKDM (hatched bar) at ten weeks of age. Data are

represented as mean +/2 SEM (*p,0.05, n = 10). (G) Real time

PCR showing relative fold expression of DKK3 in WT mice and

DKDM mice (open bar, left side Y-axis). D1-D3 represents

testicular samples from three individual DKDM. Hatched bar

(towards right side Y-axis) shows epididymal sperm counts from

the same three DKDM mice depicting spectrum of phenotypes

ranging from oligospermia to azoospermia in F1 generation. Mean

value of DKK3 expression in WT mice (n = 3) were considered as 1

for comparison. (H) TUNEL assay detecting apoptotic cells in the

testis of WT mice and DKDM at ten weeks of age, Scale bar

50 mm. Higher number of apoptotic cells were seen in the

testicular sections of DKDM as compared to WT controls. All

these images are representatives of atleast three random visual

fields obtained from atleast three or more animals of each group

(WT and DKDM).

(TIF)

Figure S3 (A) Relative expression levels of MIS in the testes of

WT mice (open bar) and individual DKDM (hatched bars) at ten

weeks of age. Real time PCR data from the testicular samples of

three animals are represented as mean +/2 SEM in each bar

(*p,0.05). (B) Mean litter size from the matings of WT males with

WT females (open bar), DKDM males with WT females (dotted

bar) and DKDM females with WT males (hatched bar) at ten

weeks of age (*p,0.05, n = 3).

(TIF)

Figure S4 A cartoon showing that upregulation of DKK3
expression during natural course to puberty (yellow
section) is responsible for Sc maturation and that
inhibition of DKK3 in transgenic DKDM results into
maturational failure of Sc (dark pink section).

(TIF)

Table S1 List of primers used for Real time PCR.

(DOC)
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