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Abstract

Kit ligand (KL) is a survival factor and a mitogenic stimulus for differentiating spermatogonia. However, it is not known whether KL
also plays a role in the differentiative events that lead to meiotic entry of these cells. We performed a wide genome analysis of difference in
gene expression induced by treatment with KL of spermatogonia from 7-day-old mice, using gene chips spanning the whole mouse gen-
ome. The analysis revealed that the pattern of RNA expression induced by KL is compatible with the qualitative changes of the cell cycle
that occur during the subsequent cell divisions in type A and B spermatogonia, i.e. the progressive lengthening of the S phase and the
shortening of the G2/M transition. Moreover, KL up-regulates in differentiating spermatogonia the expression of early meiotic genes (for
instance: Lhx8, Nek1, Rnf141, Xrcc3, Tpo1, Tbca, Xrcc2, Mesp1, Phf7, Rtel1), whereas it down-regulates typical spermatogonial mark-
ers (for instance: Pole, Ptgs2, Zfpm2, Egr2, Egr3, Gsk3b, Hnrpa1, Fst, Ptch2). Since KL modifies the expression of several genes known
to be up-regulated or down-regulated in spermatogonia during the transition from the mitotic to the meiotic cell cycle, these results are
consistent with a role of the KL/kit interaction in the induction of their meiotic differentiation.
� 2007 Elsevier B.V. All rights reserved.
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1. Results and discussion

The kit tyrosine-kinase receptor and its ligand, (KL) are
essential for the maintenance of primordial germ cells
(PGCs) in both sexes. However, kit is known to play
important roles also during post-natal stages of spermato-
genesis (Sette et al., 2000). In the adult testis, the kit recep-
tor is expressed in differentiating spermatogonia, but not in
spermatogonial stem cells, whereas KL is expressed by Ser-
toli cells under FSH stimulation in both a soluble and a
transmembrane form, which are generated by alternative
splicing (Rossi et al., 1993). The soluble form of KL stim-
ulates DNA synthesis in type A spermatogonia cultured

in vitro, and injection of anti-kit antibodies blocks their
proliferation in vivo (Rossi et al., 1993; Packer et al.,
1995). A point mutation in the kit gene, which impairs
KL-mediated activation of phosphatydilinositol 3-kinase,
does not cause any significant reduction in PGCs number
during embryonic development, nor in spermatogonial
stem cell populations. However, males are completely ster-
ile due to a block in the initial stages of spermatogenesis,
associated to abolishment of DNA-synthesis in differentiat-
ing A1–A4 spermatogonia (Blume-Jensen et al., 2000; Kis-
sel et al., 2000). With the onset of meiosis kit expression
ceases, whereas a truncated kit product, tr-kit, a candidate
sperm factor acting in egg activation at fertilization, is
specifically expressed in post-meiotic stages of spermato-
genesis (Sorrentino et al., 1991; Sette et al., 1997). Other
Sertoli cell-secreted growth factors known to have direct
effects on spermatogonia are glial cell line-derived
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neurotrophic factor (Gdnf), which acts on self-renewal of
spermatogonial stem cells and inhibits their differentiation
(Meng et al., 2000), and bone morphogenetic protein 4
(Bmp4), which has both a proliferative and differentiative
effect on these cells, in which it stimulates kit expression
(Pellegrini et al., 2003).

We have previously shown that in vitro addition of sol-
uble KL to kit expressing A1–A4 spermatogonia from pre-
puberal mice stimulates their progression into the mitotic
cell cycle and significantly reduces apoptosis in these cells
(Dolci et al., 2001). However, it is not known whether,
besides stimulating cell divisions and survival, KL also
plays a role in the differentiative events which lead to mei-
otic entry, i.e. the transition from type B spermatogonia to
primary spermatocytes, even though it has been reported
that mouse germ cells cocultured with the 15-P1 cell line,
expressing the transmembrane form of KL, can undergo
transmeiotic progression in culture, whereas the soluble
form of KL was reported to antagonize this effect (Vincent
et al., 1998). Up to now, the only agent which has been pos-
tulated to have a (direct or indirect) role in the induction of
meiotic entry is all-trans retinoic acid (ATRA) (van Pelt
and de Rooij, 1991; Bowles et al., 2006; Koubova et al.,
2006). Interestingly, Wang and Culty (2007) have recently
found that ATRA stimulates kit expression in prepuberal
spermatogonia. In order, to clarify whether kit, besides
stimulating spermatogonial proliferation, also plays a
direct role in the differentiative program at the onset of
spermatogenesis, we performed microarray analysis of the
variation in gene expression induced by a 24 h treatment
with soluble KL of cultured spermatogonia from 7-day-
old mice, a cell populations which is highly enriched in
kit expressing cells.

The composition of the cell populations used for each
RNA extraction was routinely evaluated by morphology
and immunocytochemistry, as indicated in Section 2. The
spermatogonial population purified from testes of 7-day-
old mice consisted mainly of type A1–A4, intermediate
and type B spermatogonia together with spermatogonial
stem cells, and was contaminated by less than 5% of
somatic cells, whereas germ cells in the meiotic prophase
were virtually absent, in agreement with previous reports
(Pellegrini et al., 2003; Dolci et al., 2001).

Spermatogonia were incubated for 24 h in the presence
or absence of 100 ng/ml soluble KL. At the end of the incu-
bation complementary RNAs (cRNAs) were prepared
from the two different cell populations and hybridized with
commercially available mouse Genome 430 2.0 GeneChip
probe arrays (Affymetrix Inc.), containing 45,500 known
mouse genes or EST sequences, and thus spanning approx-
imately the whole mouse genome. The analysis was per-
formed on duplicate chip arrays, using cRNAs from two
different RNA pools, each obtained from two different cul-
ture experiments. Analogous experiments were also per-
formed with other two agents known to be active on
spermatogonia, i.e. Bmp4 (100 ng/ml) and ATRA
(0.3 lM). The entire set of raw and normalized are avail-

able in the Array Express public repository at http://
www.ebi.ac.uk/arrayexpress. (Accession No.: E-MEXP-
1126).

In statistical analysis, only genes with detection param-
eter P in both duplicates for one of the two compared con-
ditions (KL-treated and untreated cells) were taken into
consideration, and in the subsequent comparative analysis
only genes with change parameter I or D in both duplicate
experiments were considered. We established a change in
gene expression level between treated and untreated cells
to be significant only if exceeding 1.5-fold up or down in
both experimental duplicates. We chose this relatively
low threshold considering that the cell population in the
testis of 7-day-old mice is heterogeneous, i.e. approxi-
mately 50% of the spermatogonial population is expected
to be KL-responsive, based on the percentage of kit-posi-
tive cells determined in spermatogonia isolated from
8-day-old mice (Prabhu et al., 2006).

We reasoned that the genes found to be up- or down-
regulated by KL treatment assume significance especially
when considered not as single genes, but as groups of func-
tionally related genes, even though showing small quantita-
tive changes in their expression level, since small but
coordinated changes in gene expression have been shown
to clearly distinguish biological phenotypes (Mootha
et al., 2003).

Analysis of the data revealed that the transcripts up-reg-
ulated at least 1.5-fold by KL treatment in both experi-
ments were 544, while those down-regulated at least 1.5-
fold were 504. The complete list of up- and down-regulated
genes is available in the first two files of the Supplementary
data. The changes in spermatogonial gene expression pat-
tern induced by KL appear to be relatively specific for this
growth factor, since only 18% of these genes appeared to be
regulated in a similar fashion also by treatment with Bmp4,
and 12% also by treatment with ATRA (data available at
http://www.ebi.ac.uk/arrayexpress with Accession No.
E-MEXP-1126). One hundred and eighty-two of the KL-
up-regulated and 128 of the KL-down-regulated transcripts
corresponded to EST sequences for genes with unknown
functions (unclassified). We grouped the remaining 362
KL-up-regulated and 376 KL-down-regulated transcripts
in several functional classes (see the first two files in the
Supplementary data for description of the single genes).
Validity of the data of microarray analysis was confirmed
by performing semi-quantitative (RT-PCR) analysis for
randomly selected transcripts on RNA preparations
obtained from different cell preparations (Fig. 1). After
analysis of the encoded genes several interesting features
emerged. We clustered the genes with similar functions
and/or known developmental pattern of expression in the
germ cell line in four main categories, which are summa-
rized in Tables 1–4 (the indicated value of fold change is
the average of the two separate experiments): (1) Cell cycle
control; (2) Control of differentiation and meiotic entry; (3)
Metabolism; (4) Growth factors, receptors, nucleic acid
binding proteins and signal transducers.
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1.1. Cell cycle control

Genes involved in cell cycle control up- or down-regu-
lated by KL stimulation are reported in Table 1. Within
these genes, three functional groups can be identified, i.e.,
G1/S transition inhibitors and G2/M promoters, which
are up-regulated, and G1/S promoters, which are down-
regulated. These data indicate that KL induces in kit
expressing spermatogonia variations in their gene expres-
sion pattern, which might explain the occurrence of the
qualitative changes in their mitotic cell cycle that have been
previously described by pioneering autoradiographic stud-
ies by Monesi (Monesi, 1962). He showed that the whole
duration of the cell cycle is relatively constant, but the aver-
age DNA synthetic time (S phase) becomes progressively
longer during the subsequent cell divisions from type A
to type B spermatogonia, up to the last premeiotic DNA
synthesis in pre-leptotene spermatocytes (Monesi, 1962).
On the contrary, the average post DNA-synthetic time
(G2 phase) becomes progressively shorter during the subse-
quent cell divisions, and pre-leptotene spermatocytes enter
the prophase of the first meiotic division shortly after the
completion of the last round of DNA synthesis (Monesi,
1962). The present analysis reveals that, in agreement with

the progressive lengthening of the S phase, KL up-regulates
the expression of several genes which antagonize or delay
G1/S progression, and down-regulates expression of genes
which promote or accelerate G1/S progression. At the
same time, in agreement with the progressive shortening
of the G2/M phase, KL up-regulates the expression of sev-
eral genes which stimulate mitotic entry and completion of
mitosis.

1.2. Control of differentiation and meiotic entry

Genes known as spermatogonial or meiotic markers are
reported in Table 2. Between these genes, three functional
groups can be identified i.e., spermatogonial and late mei-
otic markers, which are down-regulated, and early meiotic
markers, which are coordinately up-regulated.

These data indicate that stimulation by the soluble form
of KL induces in kit expressing spermatogonia changes in
their gene expression pattern compatible with the activa-
tion of their differentiative program culminating with entry
into meiosis after the last round of DNA synthesis in pre-
leptotene spermatocytes. Indeed, many genes known to be
down-regulated in male germ cells at the onset of meiosis,
actually decrease their expression following KL treatment,
and, on the contrary, genes which are known markers of
the early meiotic stages of spermatogenesis, or that start
to be expressed from the lepto-zygotene stage onward,
increase their expression after KL treatment.

The down-regulation of Gsk3b is interesting, since its
homolog gene in Saccharomyces cerevisiae, Rim11p (regu-
lator of inducer of meiosis), is pivotal for the control of
meiosis entry in response to nutritional signals (Rubin-
Bejerano et al., 2004; Kassir et al., 2003). Moreover,
in vitro experiments have shown that Gsk3b inhibitors sup-
press DNA synthesis selectively in rat preleptotene sper-
matocytes, suggesting that Gsk3b might be required for
the last round of DNA synthesis preceding meiosis (Guo
et al., 2003).

The up-regulation of Tbca is also interesting. The pre-
cise role of Tbca is still unknown, though findings on
Rbl2p (its yeast homolog) suggest that it might play a role
in meiosis: Rbl2p has been hypothesized to serve as a b-
tubulin storage protein, and to intervene specifically along
meiosis but not mitosis (Archer et al., 1995).

Particularly intriguing is also the KL-mediated induc-
tion of the homeobox gene Lhx8, a gene highly expressed
in the adult testis, in view of its possible role in regulation
of spermatogonial differentiation into spermatocytes,
downstream from spermatogenesis and oogenesis basic
helix–loop–helix transcription factor 1 (Sohlh1) (Pangas
et al., 2006; Ballow et al., 2006).

KL influence also the expression of other genes whose
homologs play a role in meiosis in other species, even
though details about their expression during mammalian
spermatogenesis are not yet available. For instance, two
DSB repair enzymes Xrcc3 and Xrcc2 are up-regulated
by KL treatment. The Arabidopsis and Drosophila homo-

Fig. 1. Representative RT-PCR analysis of RNA from KL-treated and
untreated spermatogonia from 7-day-old mice, using specific oligonucleo-
tide primers for 12 of the 115 KL-regulated genes described in the text and
in Tables 1–4. RT-PCR analysis was performed at least twice and
provided similar results. The full list of the couples of oligonucleotide
primers used for RT-PCR analysis of each gene transcript is shown in
Section 2. Between parentheses, after the gene names, the average fold
changes deduced from the two separate microarray analysis are reported.
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logs of Xrcc3 play an essential role in meiosis (Bleuyard
and White, 2004), and Xrcc2 is known to be expressed at
high levels in the mammalian testis, so a possible role in
meiosis for this gene has been postulated (Cartwright
et al., 1998). A recent report indicates that Xrcc3 plays a
role during meiotic events in the mammalian testis (Liu
et al., 2007).

The down-regulation of several genes considered to be
markers of later stages of the meiotic prophase or of
post-meiotic germ cells, but which are not expressed in
early meiosis (i.e. in lepto-zygotene spermatocytes), is not
conflict with the ‘‘pro-meiotic’’ action of KL in spermato-
gonia. Indeed, this might be explained if the main action of
soluble form of KL is to induce an ‘‘early meiotic’’ pheno-

type, while inhibiting or delaying further progression of the
meiotic prophase, which is actually known to be a lengthy
process. Moreover, this would give a rational explanation
to the previously reported inhibitory role exerted by the
soluble form of KL in the relatively rapid transmeiotic pro-
gression of mouse germ cells in vitro (detected as expres-
sion of postmeiotic genes), which would be instead
stimulated by transmembrane KL (Vincent et al., 1998).

1.3. Metabolism

KL treatment appears to down-regulate in spermatogo-
nia several genes which are important in the control of
several anabolic pathways and energy production (Table 3)

Table 1
Cell cycle control

Functional
groups of genes

Target ID Fold change
vs. control

Gene
symbol

Description and functional notes

Inhibitors of G1/S
transition

1426520_at 4.04 Btg4 Negative regulator of progression through mitotic cell cycle, expressed at high levels
in the testis and in oocytes. (Buanne et al., 2000). Also called PC3B

1457356_at 2.85 Igf2r Antagonist of Igf2-stimulated growth, known to be expressed in spermatogenic cells
(Tsuruta and O’Brien, 1995)

1426210_x_at 2.67 Parp3 Poly(ADP-ribosyl)transferase. Its overexpression interferes with G1/S transition
(Augustin et al., 2003)

1430164_a_at 2.62 Grb10 Potent growth inhibitor which is a specific endogenous suppressor of
Igf-I-stimulated cell signaling and DNA synthesis (Dufresne and Smith, 2005)

1422574_at 2.45 Mxd4 Myc antagonist and inhibitor of cell cycle entry (Hurlin et al., 1995)
1431134_at 2.00 Ing5 Its overexpression in cancer cell lines decrease cell population in S phase

(Shiseki et al., 2003)
1427708_a_at 1.96 Nf2 (merlin) A tumor suppressor which inhibits cell proliferation and cell cycle progression by

repressing cyclin D1 expression (Xiao et al., 2005)
1422477_at 1.82 Cables1 Inhibits cdk2 activity by enhancing phosphorylation of its tyrosine 15 by Wee1

(Wu et al., 2001)
1441183_at 1.79 Jmjd2b Member of a family of retinoblastoma-binding proteins which potentiate

pRb-mediated repression of E2F-regulated promoters (Gray et al., 2005)
1438938_x_at 1.73 Phb2 Prohibitin 2. An inhibitor of cell proliferation (Tatsuta et al., 2005)
1448496_a_at 1.58 Ing1 Negative regulator of cell cycle progression analogous to Ing5 (Garkavtsev et al.,

1996)

Promoters of G1/S
transition

1422535_at 0.53 Ccne2 Cyclin E2. A well known stimulator of entry into the S phase
(Payton and Coats, 2002)

1435176_a_at 0.51 Id2 Transcription factor known as a positive regulator of cell proliferation and negative
regulator of cell differentiation, which causes inappropriate DNA synthesis in
meiotic cells when up-regulated in Ovol1-deficient mice (Li et al., 2005)

1433640_at 0.45 Fubp1 Transcription factor required for c-myc expression and cell proliferation
(He et al., 2000)

1423635_at 0.37 Bmp2 Reported to stimulate spermatogonial proliferation (Puglisi et al., 2004)
1448254_at 0.32 Ptn Pleiotropin. A known stimulator of spermatogonial proliferation essential for

spermatogenesis (Zhang et al., 1999)
1451805_at 0.26 Phip Stimulator of insulin and Igf signaling (Farhang-Fallah et al., 2002)
1458994_at 0.16 Csnk1g3 Casein kinase isoform whose yeast homologs are essential for cell growth

(Zhai et al., 1995)

Promoters of G2/
Mtransition

1450073_at 2.45 Kif3b Kinesin family member important for the proper progression of mitosis
(Haraguchi et al., 2006)

1419092_a_at 2.31 Slk Required for progression through G2 upstream of H1 kinase activation
(O’Reilly et al., 2005)

1432043_at 2.16 Smu1 Involved directly or indirectly in activation of cdc2 kinase (cdk1), and spindle
assembly (Sugaya et al., 2005)

1427679_at 2.15 Lats1 Promoter of mitotic exit (Bothos et al., 2005)
1419943_s_at 1.77 Ccnb1 Cyclin B1. A well known inducer of the M phase (Takizawa and Morgan, 2000)
1448000_at 1.72 Cdca3

(Tome-1)
A cytosolic protein required for proper activation of cdk1/cyclin B and mitotic entry
(Ayad et al., 2003)
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Table 2
Control of differentiation and meiotic entry

Functional
groups of genes

Target ID Fold change
vs. control

Gene
symbol

Description and functional notes

Early meiotic
markers

1459672_at 4.25 Top1 DNA topoisomerase 1. Expressed spermatogonia and spermatocytes, with the
highest levels in lepto-zygotene (Cobb et al., 1997). Localized in the nuclei of meiotic
cells in C. elegans (Lee et al., 2001)

1434588_x_at 3.17 Tbca Tubulin cofactor a. Involved in beta-tubulin folding. Abundant in testis, it is
progressively up-regulated from the onset of meiosis through spermiogenesis
(Fanarraga et al., 1999)

1432386_a_at 2.51 Phf7 PHD finger protein 7, also called Nyd-sp6. A transcription factor highly expressed
in the human testis, and absent in spermatocytic arrest (Xiao et al., 2002). One of
the most differentially expressed genes between spermatocytes and spermatogonia in
mice (Rossi et al., 2004)

1425641_at 2.48 Aff1 AF4/FMR2 family, member 1, also called AF5q31, Af4, Rob, Mllt2h, Alf4. A
transcriptional regulator essential for male germ cell differentiation and survival
(Urano et al., 2005)

1418466_at 2.34 Rnf141 Ring finger protein 141, also called Zfp36 or Znf230. Abundant in the human testis
and absent in azoospermic patients (Zhang et al., 2001). First detected at day 6 after
birth in the mouse testis, it reachs adult levels between day 14 and 21 (Qiu et al.,
2003)

1432230_at 2.25 Hip1 Huntingtin interacting protein 1. A protein required for differentiation,
proliferation, and/or survival of spermatogenic progenitors (Rao et al., 2001)

1436354_at 2.18 Dzip1l DAZ interacting protein 1-like An homolog of Dzip1, a RNA binding protein
expressed in pre-meiotic spermatogonia (Curry et al., 2006)

1452748_at 2.11 Xrcc3 X-ray repair complementing defective repair in Chinese hamster cells 3. A double-
strand DNA break (DSB) repair enzyme member of the recA/Rad51 family, which
binds to Rad51C, highly expressed in the mammalian testis (Dosanjh et al., 1998)

1442660_at 2.05 Ypel1 Yippee-like 1. A protein localized to the centrosome, the nucleolus and the mitotic
apparatus. Highly expressed within the testis in meiotic cells (Hosono et al., 2004;
Maratou et al., 2004)

1429923_x_at 2.02 Spata3 Spermatogenesis associated 3, also called Tsarg1 A testicular member of the DnaJ/
HSP40 protein family, cloned by subtraction with cryptorchid testis (Yang et al.,
2005)

1449912_at 1.90 Ssxb1 Synovial sarcoma, X member B, breakpoint 1. A X-linked gene showing tissue-
restricted mRNA expression to testis (Chen et al., 2003)

1427300_at 1.88 Lhx8 LIM homeobox protein 8. Highly expressed only in the post-natal testis and in fetal
oocytes, in which mRNA is detectable after meiotic entry (Ballow et al., 2006;
Pangas et al., 2006)

1454263_at 1.86 Gscl Goosecoid-like. A transcription factor expressed in both PGCs and in the adult
testis (Galili et al., 2000)

1457708_at 1.85 Mbd4 Methyl-CpG binding domain protein 4. Possibly involved in DNA mismatch repair
or in gene silencing imposed by methylated DNA. Expressed in fetal gonads and
adult testis (Fukushige et al., 2006)

1453612_at 1.81 Nek1 NIMA-never in mitosis gene a-related expressed kinase 1. A kinase possibly
involved early in the DNA damage response. In the testis is expressed at the
beginning of the meiotic phase (Arama et al., 1998; Letwin et al., 1992). Essential for
male fertility (Upadhya et al., 2000)

1426557_at 1.77 Mesp1 Mesoderm posterior 1. A spermatocyte-specific transcription factor absent in
spermatogonia (Rossi et al., 2004)

1455335_at 1.75 Xrcc2 X-ray repair complementing defective repair in Chinese hamster cells 2. DSB repair
enzyme member of the recA/RAD51 family, highly expressed in the testis
(Cartwright et al., 1998)

1456729_x_at 1.73 Rtel1 Regulator of telomere elongation helicase 1. An essential gene that regulates
telomere length and prevents genetic instability. Highly expressed in the testis,
mainly in the spermatogonia and spermatocytes, where it could prevent illegitimate
recombination in early meiosis (Ding et al., 2004)

1427498_a_at 1.66 Spag5 Sperm associated antigen 5. A microtubule-binding protein found in the mitotic
spindle (also called Deepest, MAP126, Mastrin, Astrin). It starts to be expressed in
the testis when meiosis begins (Shao et al., 2001)

Spermatogonial
markers

1428639_at 0.58 Lin9 Required for the expression of the spermatogonial marker B-Myb (Latham et al.,
1996; Pilkinton et al., 2007)

1422655_at 0.57 Ptch2 Patched homolog 2. A receptor for sonic hedgehog, expressed in spermatogonia,
and at lower levels in spermatocytes (Szczepny et al., 2006)

62 P. Rossi et al. / Gene Expression Patterns 8 (2008) 58–70



Author's personal copy

[no specific references are given for these genes, since
description of their metabolic function can be found in
the free databases at the link http://www.informat-
ics.jax.org]. The KL-mediated down-regulation of the
expression of several metabolic genes in spermatogonia is
an. apparent paradox for the action of a growth factor,
since these genes encode for proteins involved in nutrient
transport (amino acids, oxygen, glucose), nucleotide and
protein biosynthesis and energy production through the
Krebs cycle and the respiratory chain. However, it is wor-
thy to remind that starvation from nitrogen and carbon
nutrient sources is the environmental signal which induces
the switch from the mitotic to the meiotic cell cycle in yeast.

Indeed, in S. cerevisiae, nutritional signaling pathways con-
verge on transcriptional activation of the Ime1 gene, which
encodes a transcription factor that, in turn, triggers initia-
tion of meiosis, by turning off the expression of genes
required for the mitotic cell cycle, while activating the
expression of other genes which are crucial for execution
of the meiotic program (Kassir et al., 2003). Thus, it is
tempting to speculate that one of the effects of KL/kit
interaction in differentiating spermatogonia is to establish
progressively, during their mitotic divisions, a sort of
endogenous state of nutritional stress, which might be the
ancestrally inherited trigger for transcription of a master
transcriptional regulator of meiosis.

Table 2 (continued)

Functional
groups of genes

Target ID Fold change
vs. control

Gene
symbol

Description and functional notes

1436549_a_at 0.54 Hnrpa1 RNA binding protein expressed in the fetal testis but not in the fetal ovary. After
birth it is highly expressed only in early spermatogonia (Kamma et al., 1995)

1434458_at 0.52 Fst Follistatin. An activin-binding protein located in type B spermatogonia, and
primary spermatocytes, with the exception of the late leptotene and early zygotene
stages (Meinhardt et al., 1998)

1421700_at 0.50 Tex16 Testis expressed gene 16, an X-linked spermatogonial marker (Wang et al., 2001)
1436329_at 0.49 Egr3 Transcription factor specific for early A spermatogonia (Hamra et al., 2004)
1448460_at 0.48 Acvr1 Activin A receptor, type 1, also called Alk2 or ActRIA. Expressed in PGCs and in

mouse spermatogonia (Puglisi et al., 2004), in which activin is bound with higher
intensity with respect to leptotene or zygotene spermatocytes (Woodruff et al., 1992)

1438921_at 0.45 Atr Ataxia telangiectasia and rad3 related). A DNA damage checkpoint protein.
Expressed in all germ cell types with exception of the early meiotic stages
(Bellani et al., 2005)

1427682_a_at 0.39 Egr2 Transcription factor highly expressed in type A and B spermatogonia and
downregulated in preleptotene spermatocytes (Guo et al., 2004)

1439949_at 0.34 Gsk3b In mice, it is expressed in type B spermatogonia and pre-leptotene spermatocytes
and is down-regulated upon meiotic entry in both mice and rats (Guo et al., 2003)

1419012_at 0.24 Zfpm2 Zinc finger protein, also called Fog-2, which is expressed in the newborn mouse
testis in gonocytes and disappears after the first week of testicular development
(Ketola et al., 2002)

1457582_at 0.18 Uty Ubiquitously expressed Y-linked gene encoding a histocompatibility antigen, which
is not expressed in differentiating germ cells of the adult testis (Warren et al., 2000)

1417262_at 0.17 Ptgs2 Prostaglandin-endoperoxide synthase 2, also known as Cox-2. Its expression in rat
testis has been primarily localized in spermatogonial cells (Neeraja et al., 2003). It is
not expressed in the adult human testis, but strongly up-regulated in testicular
cancer (Hase et al., 2003)

1441854_at 0.13 Pole DNA polymerase epsilon. Detectable in mitotically proliferating spermatogonia but
not in the early stages of meiotic prophase (Kamel et al., 1997)

1443831_s_at 0.13 Mtl5
(Tesmin)

Testis-specific gene, whose transcription starts to accumulate in 8-day-old mouse
germ cells (Sugihara et al., 1999), and is detectable postnatally in all stages of
meiotic prophase I except preleptonema and leptonema (Olesen et al., 2004)

Late meiotic and
post-meiotic
markers

1434229_a_at 0.62 Polb DNA polymerase beta, a DNA repair enzyme in pachytene spermatocytes and post
meiotic male mouse germ cells (Hirose et al., 1989)

1437693_at 0.62 D1Pas1 Expressed in pachytene spermatocytes and haploid cells, in which it replaces the
spermatogonial and early meiotic expression of the homologous Y-linked Dby -
Ddzx3 gene (Session et al., 2001)

1437313_x_at 0.58 Hmgb2 Highly expressed in pachytene spermatocytes and early spermatids. Its disruption
causes sterility in male mice (Ronfani et al., 2001)

1441948_x_at 0.54 Zfand3,
Tex27

Also called Tex27. A postmeiotic germ cell marker (de Luis et al., 1999)

1440500_at 0.53 Map3k10 Also called mixed lineage kinase (Mlk2), expressed in late pachytene spermatocytes
and spermatids (Phelan et al., 1999)

1419772_at 0.15 Mllt10 Myeloid/lymphoid or mixed lineage-leukemia translocation to 10 homolog), highly
expressed in the testis in postmeiotic cells ( Linder et al., 1998)
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1.4. Growth factors, receptors, nucleic acid binding proteins

and signal transducers

This wide category of genes is summarized in Table 4
[references are given only for genes playing a known or
potential role in the spermatogenic process; in the other
cases, references can be found in the free databases at the
link http://www.informatics.jax.org].

An interesting information coming from this set of data
is that KL, which is known as a mitogenic and survival fac-
tor for differentiating spermatogonia (Rossi et al., 1993;
Dolci et al., 2001) up-regulates the expression of ligands
and receptors of the Tnf superfamily that might be
involved in regulating the number of germ cells entering
the first wave of spermatogenesis, which is characterized
by an early and massive wave of apoptosis in the spermato-
cyte compartment (Rodriguez et al., 1997). The induction
of Plzf, a known marker of spermatogonial stem cells
(Buaas et al., 2004; Costoya et al., 2004), is in apparent
conflict with the above described pro-differentiative pattern
of gene expression set up by KL treatment of spermatogo-
nia. Indeed, Plzf is expressed in gonocytes, and in undiffer-
entiated spermatogonia, but it is thought not to be
expressed in kit positive spermatogonia in the adult testis
(Oatley et al., 2006). However, Plzf is co-expressed with
kit in a subset of spermatogonial stem cells during the first
wave of spermatogenesis (Naughton et al., 2006). More-
over, recent data in our laboratory indicate that one of
the mechanisms through which Plzf maintains the stem cell
phenotype is the suppression of kit expression (Filipponi
et al., 2007). Thus, Plzf induction by KL in Plzf/kit
co-expressing spermatogonia during the first wave of sper-

matogenesis might contribute to the definitive cessation of
kit expression in these cells, which is required to establish
the pool of spermatogonial stem cells in the adult testis
(Naughton et al., 2006). Another possibility is that a tran-
sient Plzf induction by KL in differentiating spermatogonia
might contribute to the cessation of kit expression which is
known to occur at the onset of meiosis (Sorrentino et al.,
1991). Finally, among the list of KL down-regulated genes
encoding nucleic acid binding proteins, we noticed the gene
encoding the RNA binding protein Rod1, which might be
involved in the negative control of meiosis. Indeed, the
Rod1 homolog gene in the fission yeast Schizosaccharomy-

ces pombe [nrd1(+)] negatively regulates the onset of mei-
otic differentiation (its biological role is to block
differentiation by repressing a subset of the Ste11-regulated
genes, essential for conjugation and meiosis until the cells
reach a critical level of nutrient starvation). Interestingly,
mammalian Rod1 can complement yeast nrd1 defects
(Yamamoto et al., 1999).

1.5. Concluding remarks

One should consider that, in view of the fact that after
24 h of culture the difference in the percentage of apoptotic
cells between KL-treated and. untreated cells is 17% vs.
38% (Dolci et al., 2001), the possibility exists that changes
of gene expression levels that we observed could be
ascribed at least in part to variation of the relative content
of live vs. apoptotic cells in KL-treated and untreated cells.
Indeed, we did not perform treatments longer than 24 h,
since the high rate of apoptosis in control cells would have
impaired the significance of the changes in the pattern of

Table 3
Metabolism

Functional
groups of genes

Target ID Fold change
vs. control

Gene
symbol

Description and functional notes

Nucleotide
biosynthesis

1439012_a_at 0.64 Dck Involved in purine and pyrimidine biosynthesis
1416319_at 0.60 Adk Involved in purine and pyrimidine biosynthesis
1435277_x_at 0.32 Nme1 Involved in purine and pyrimidine biosynthesis
1442353_at 0.30 Itpa Involved in purine and pyrimidine biosynthesis

Metabolite
transport

1434897_a_at 0.62 Slc25a4 Intramitochondrial transporter
1437052_s_at 0.62 Slc2a3 Glucose transporter
1454622_at 0.57 Slc38a5 Transporter for both oxygen and amino acids
1420504_at 0.41 Slc6a14 Amino acid transporter
1437069_at 0.41 Osbpl8 Oxysterol binding protein-like 8. Involved in lipid transport and steroid metabolism

Energy
production

1423159_at 0.60 Dld Part of the of the energy-transfer system of the respiratory chain
1451084_at 0.59 Etfdh Part of the of the energy-transfer system of the respiratory chain
1422478_a_at 0.58 Acas2 Enzyme which produces acetyl-CoA mainly for the oxidation of acetate
1423747_a_at 0.53 Pdk1 A pyruvate dehydrogenase kinase isoform known to be repressed under starvation
1456573_x_at 0.46 Nnt Part of the of the energy-transfer system of the respiratory chain
1423621_a_at 0.42 Slc33a1 Acetyl-CoA transporter
1422500_at 0.42 Idh3a Isocitrate dehydrogenase 3 (NAD+) alpha. A key enzyme which catalyze the allosterically

regulated rate-limiting step of the tricarboxylic acid cycle, required to utilize acetate as a
carbon source

1416617_at 0.29 Acas2l Enzyme which produces acetyl-CoA mainly for the oxidation of acetate

Protein
synthesis

1429317_at 0.41 Qrsl1 Glutaminyl-tRNA synthase (glutamine-hydrolyzing)-like 1. Involved in protein
biosynthesis
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Table 4
Growth factors, receptors, nucleic acid binding proteins and signal transducers

Functional
groups of genes

Target ID Fold change
vs. control

Gene
symbol

Description and functional notes

Nucleic acid
binding
proteins

1457177_at 6.91 Rora RAR-related orphan receptor alpha. A nuclear receptor activated by stress (hypoxia) and
binding cholesterol derivatives (Jakel et al., 2006). Strongly expressed in the mouse testis
in cells at the periphery of seminiferous tubules (Steinmayr et al., 1998)

1427638_at 1.64 Zbtb16
(Plzf)

Transcription factor co-expressed with Oct4 in gonocytes and undifferentiated
spermatogonia, whose knock-out causes stem cell depletion in the testis (Buaas et al.,
2004; Costoya et al., 2004)

1449978_at 1.59 Zfy2 Y-linked zinc finger protein
1420759_s_at 0.60 Zfy1 Y-linked zinc finger protein
1424084_at 0.35 Rod1 Regulator of differentiation 1. A RNA binding protein, whose homolog in the fission

yeast S. pombe negatively regulates the onset of meiotic differentiation
(Yamamoto et al., 1999)

Growth factors
and cytokines

1417936_at 9.19 Ccl9 Chemokine (C–C motif) ligand 9, also called MIP-1 gamma. A cytokine which shares the
same receptors with Ccl3 (MIP 1-alpha), which increases in vitro DNA synthesis of type
A1–A4 spermatogonia and of pre-leptotene spermatocytes but inhibits DNA synthesis in
intermediate and type B spermatogonia (Hakovirta et al., 1994)

1459913_at 2.63 Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10, also called Tl2, or Trail, or
Apo-2L. Expressed in all human and rat testicular cells (Grataroli et al., 2002), it induces
apoptosis in germ cells, specifically spermatocytes, (McKee et al., 2006)

1459947_at 2.09 Bmp6 An oocyte-secreted growth factor (Hussein et al., 2005)
1439959_at 0.62 Fgf11 Growth factor of the FGF family
1419123_a_at 0.62 Pdgfc Growth factor of the PDGF family
1437270_a_at 0.47 Clcf1 Cardiotrophin-like cytokine factor 1. A gp-130 ligand of the IL-6 family, which have been

proposed as inhibitors of transition into meiosis in the fetal testis trough in vitro studies
(Chuma and Nakatsuji, 2001)

Receptors 1446875_at 12.43 Il1rapl2 Interleukin 1 receptor accessory protein-like 2. A X-linked gene also called IL-1R9,
IL1R9, TIGIRR-1

1455689_at 3.12 Fzd10 Frizzled homolog 10. A receptor for ligands of the WNT family of signaling proteins
1440085_at 2.00 Eda2r Ectodysplasin A2 isoform receptor, also called Xedar (X linked ectodysplasin receptor).

A tumor necrosis factor (Tnf) receptor superfamily member
1449149_at 1.94 Traf3 Tnf receptor-associated factor 3, a co-receptor of the Tnf family
1448167_at 0.56 Ifngr1 An interferon gamma receptor
1429216_at 0.56 Paqr3 Progestin and adipoQ receptor family member III. A membrane progesterone receptor
1418723_at 0.53 Edg7 Member of family I of the G protein-coupled receptors functioning as a lysophosphatidic

acid (LPA) receptor and contributing to Ca2+ mobilization
1442291_at 0.43 Edg4 Member of family I of the G protein-coupled receptors functioning as a lysophosphatidic

acid (LPA) receptor and contributing to Ca2+ mobilization

Signal
transducers

1424881_at 2.58 Trib1 Tribbles homolog 1. It is the homolog of a cell cycle regulator which affects the number of
germ cell divisions as well as oocyte determination in Drosophila (Mata et al., 2000)

1417784_at 2.52 Als2 A Rho/Rab/Rac activator which plays an anti-apoptotic role in neuronal cells
1420539_a_at 2.50 Chrdl2 Chordin-like 2. A regulator of BMP signaling
1439467_at 2.40 Mtap4 Microtubule-associated protein 4. Involved in the changes in microtubule dynamics or

function that are known to accompany differentiation
1455297_at 2.32 Spin2 Spindlin family, member 2—spindlin-like. A X-linked gene, cloned through a functional

retroviral cDNA library-based screen to identify genes that prevent growth factor
withdrawal-mediated apoptosis (Fletcher et al., 2002)

1418332_a_at 1.86 Agtpbp1 ATP/GTP binding protein 1, also called Pcd (Purkinje cell degeneration) or Nna1. A gene
essential for normal spermatogenesis (Fernandez-Gonzalez et al., 2002)

1435647_at 1.70 Ikbkg Inhibitor of kappaB kinase gamma. An inhibitor of TNF-induced apoptosis
1460304_a_at 1.55 Ubtf Upstream binding transcription factor, RNA polymerase I. A transcription factor

downregulaed by Gsk3b in myeloid cells
1423389_at 0.58 Smad7 An inhibitor of signaling from TGF-beta family members
1423176_at 0.57 Tob1 Transducer of ErbB-2.1. A negative regulator of BMP signaling
1423350_at 0.49 Socs5 Negative regulator of kit signaling
1450870_at 0.48 Rala V-ral simian leukemia viral oncogene homolog A—ras related. An activator of PLD,

which is activated in response to mitogenic stimulation
1425514_at 0.34 Pik3r1 Phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 1. Also called Grb1 or p85

alpha, it is the regulatory subunit of PI3 kinase and the mediator of tyrosine-kinase-
mediated PI3K signaling
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gene expression. However, if the changes in the pattern of
gene expression after a 24 h incubation depended just on
the variation in the proportion of live cells between KL-
treated and untreated samples, one would expect a wide-
spread variation in gene expression, whereas we found that
80% of expressed genes (i.e. those with a P detection
parameter) did not show quantitative variations after KL
treatment. Moreover, we had previously performed preli-
minary duplicate microarray experiments, using different,
less representative, Affymetrix gene chips (MG-U74A),
after a KL treatment of only 4 h, a time at which no change
in the rate of live vs. apoptotic cells in control vs. KL-trea-
ted cells is observed (see the third file in the Supplementary
data). As expected, using a 1.5-fold change threshold, we
could not detect significant changes in the rate of gene
expression after such a short incubation time for most of
the 12,500 genes represented in these arrays. However, in
a retrospective analysis, we have compared these data with
the results obtained with the 24 h treatment. When consid-
ering the absolute values, we noticed that a 4 h KL treat-
ment induces an increase for some of the genes that we
classified as G1/S inhibitors (Btg4, fold change vs.control:
3.44), meiotic markers (Top1: 1.37; Phf7: 1.50; Lhx8: 1.47;
Nek1: 2.52) and transcription factors (Rora: 3.44), and a
decrease for some of the genes that we classified as signal
transducers (Rala: 0.49) and spermatogonial markers
(Egr2: 0.72; Lin9: 0.65). Thus, the trend of the changes in
the pattern of gene expression which is observed after
24 h of culture is already present after a short-time incuba-
tion with KL.

Overall, the present study suggests that the soluble form
of KL, beside being a positive regulator of cell divisions
and survival in kit expressing type A spermatogonia, also
modifies the characteristics of their cell cycle and stimulates
their entry into the meiotic program. Even though further
studies, extended at the post-transcriptional and proteome
level, are required to fully evaluate the effects of KL stim-
ulation in spermatogonia, this transcriptome analysis sug-
gest that KL plays an important and direct role in male
germ cell differentiation that leads to the establishment of
spermatogenesis.

2. Experimental procedures

2.1. Isolation and culture of spermatogonia

Germ cell populations highly enriched in mitotic spermatogonia were
obtained as previously described from testes of 7-day-old mice (Rossi
et al., 1993; Pellegrini et al., 2003; Dolci et al., 2001; Rossi et al., 2004).
Briefly, germ cell suspensions were obtained by sequential collagenase–
hyaluronidase–trypsin digestions of freshly withdrawn testes. A 3 h period
of culture in E-MEM additioned with 10% FCS was performed to facili-
tate adhesion of contaminating somatic cells to the plastic dishes. At the
end of this pre-plating treatment, enriched mitotic germ cell suspensions
were rinsed from FCS and incubated for 24 h in the presence or absence
of 100 ng/ml soluble KL (R&D Systems, Minneapolis, MN), or 100 ng/
ml Bmp4 (R&D Systems, Minneapolis, MN), or 0.3 lM ATRA (Sigma
Aldrich, Milan, Italy). Purity of 7 dpn spermatogonia was about 90% after
the pre-plating treatment, and 95% after 24 h of culture. The homogeneity

of the cell populations was assessed through both morphological criteria
and by specific immunostaining with antibodies directed against three spe-
cific markers of mitotic germ cells, which are not expressed in testicular
somatic cells (Smad5, Alk3 and kit), as described previously (Pellegrini
et al., 2003).

2.2. RNA extraction, cDNA and cRNA preparation

Total RNA was extracted using TRIzol Reagent (Gibco), followed by
clean up on RNeasy mini/midi columns (RNeasy Mini/Midi Kit, Qiagen).
For each cell treatment (control, KL, Bmp4 and ATRA) two separate
RNA pools were prepared, each of which was obtained from cell prepara-
tions from two separate cultures. Biotin-labelled cRNA targets were syn-
thesized starting from 5 lg of total RNA. Double stranded cDNA
synthesis was performed with GIBCO SuperScript Custom cDNA Synthe-
sis Kit, and biotin-labelled antisense RNA was transcribed in vitro using
Ambion’s In Vitro Transcription System, including Bio-11-UTP and
Bio-11-CTP (NEN Life Sciences, PerkinElmer Inc., Boston, Massachu-
setts, USA) in the reaction. All steps of the labelling protocol were per-
formed as suggested by Affymetrix (http://www.affymetrix.com/support/
technical/manual/expression_manual.affx).

The size and the accuracy of quantitation of targets were checked by
agarose gel electrophoresis of 2 lg aliquots, prior to and after fragmenta-
tion. After fragmentation, targets were diluted in hybridisation buffer at a
concentration of 150 lg/ml.

2.3. DNA microarray hybridization

Hybridization mix for target dilution (100 mM MES, 1 M [Na+],
20 mM EDTA, 0.01% Tween 20) was prepared as indicated by Affymetrix,
including pre-mixed biotin-labelled control oligo B2 and bioB, bioC, bioD
and cre controls (Affymetrix cat #900299) at a final concentration of
50 pM, 1.5 pM, 5 pM, 25 pM and 100 pM, respectively. Targets were
diluted in hybridization buffer at a concentration of 150 lg/ml and dena-
tured at 99 �C prior to introduction into the GeneChip cartridge. A single
GeneChipMOE430 v2.0 was then hybridized with each biotin-labelled tar-
get. For each of the four experimental conditions tested (control, KL,
Bmp4, ATRA), two GeneChipMOE430 v2.0 were used for a total number
of 8 GeneChip arrays.

Hybridizations were performed for 16 h at 45 �C in a rotisserie oven.
GeneChip cartridges were washed and stained in the Affymetrix fluidics
station following the EukGE-WS2 standard protocol (including Antibody
Amplification), including the following steps: (1) (wash) 10 cycles of 2
mixes/cycle with Wash Buffer A (6X SSPE, 0.01% Tween 20) at 25 �C;
(2) (wash) 4 cycles of 15 mixes/cycle with Wash Buffer B (100 mM
MES, 0.1 M [Na+], 0.01% Tween 20) at 50 �C; (3) staining of the probe
array for 10 min in SAPE solution (10 lg/mL SAPE in 100 mM MES,
1 M [Na+], 0.05% Tween 20, 2 mg/mL BSA) at 25 �C; (4) (wash) 10 cycles
of 4 mixes/cycle with Wash Buffer A at 25 �C; (5) staining of the probe
array for 10 min in antibody solution (Normal Goat IgG 0.1 mg/mL;
(6) addition of the biotinylated antibody 3 lg/mL, 100 mM MES, 1 M
[Na+], 0.05% Tween 20, 2 mg/mL BSA) at 25 �C; (7) staining of the probe
array for 10 min in SAPE solution at 25 �C; (8) (final wash) 15 cycles of 4
mixes/cycle with Wash Buffer A at 30 �C.

2.4. Scanning and bioinformatic analysis

Images were scanned using an Affymetrix GeneChip Scanner3000 7G,
using default parameters. The resulting images were analysed using Gene-
Chip Operating Software v1.2 (GCOS1.2).

‘‘Absolute analysis’’ was performed for each chip with GCOS1.2 soft-
ware using default parameters, scaling signal intensity global trimmed
mean of all images to a value of 500. Report files were extracted for each
chip, and performance of labelled targets was evaluated on the basis of
several values (scaling factor, background and noise values, % present
calls, average signal value, etc.). Further data analysis was performed
using both GenePicker, a proprietary software developed by Giacomo
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Finocchiaro and Heiko Muller (http://bioinformatics.oxfordjournals.org/
cgi/reprint/bth416v1) and GeneSpring GX v.7.3.1 (Agilent Technologies),
a commercial software for analysis of microarrays data, with the following
criteria.

2.4.1. GenePicker analysis

(1) Samples were compared two by two; signal intensity values from
first condition were compared to signal intensity values from second con-
dition, for each of the four conditions; (2) in addition signal intensities
from single condition were used for regulated genes selection; (3) starting
from the complete list of probesets represented on the GeneChip arrays, a
fold change criteria was used to select probesets regulated; (4) transcripts
showing both a regulation call from the GCOS algorithm (I or D for
increase and decrease) and a fold change higher that the cutoff value were
positively selected as being regulated. The cutoff value was set to 1.5.
These list of regulated probesets, were furtherly refined by applying a sta-
tistical parametric test, with p-value cutoff set to 0.05 without multiple
testing correction.

2.4.2. GeneSpring analysis

(1) Starting from the list of all the probesets represented on the Gene-
ChipMOE430 v2.0, an initial selection was performed based on the ‘‘Flag’’
parameter generated by the GCOS software; (2) to avoid the selection of
false positives, a reduction of transcripts included in the starting genelist
was achieved, accordingly to the ‘‘flag’’ parameter associated with each
transcript; (3) probesets showing a ‘‘Present’’ flag in both replicate of at
least one experimental condition were included in the genelist, thus reduc-
ing the number of probesets (P in 2_2 either conditions); (4) starting from
this genelist, each condition was compared to the others using normalized
expression values and setting the fold change cutoff to 1.5, providing sev-
eral genelists of regulated probesets. These list of regulated probesets, were
further refined by applying a statistical parametric test, with variances not
assumed to be equal (Welch t-test) and p-value cutoff set to 0.05 without
multiple testing correction.

2.5. RT-PCR analysis

RT-PCR amplification of selected mRNAs (shown in Fig. 1), was per-
formed by using specific oligonucleotide primers designed on the basis of
the sequence of the corresponding Affymetrix target genes. Specificity of
the primers was previously controlled through BLAST analysis (http://
www.ncbi.nlm.nih.gov/blast/). The full list of the primers used follows:

Ccl9: ATGGCTTGGTGGTTAAGAGCACC (Forward); ACCAGA
CACATTCCAAAGTCCCA (Reverse). Amplification product 300 bp
Lhx8: GTCTGGAGATAGTTGGCTCGAGT (Forward); GGATGG
TAGGCTTTGTAAACTAG (Reverse). Amplification product 357 bp
Rnf141: TGCTGTTGTCTGTCATACCTTAG (Forward); TAGGTA
AGCACTCTACCAACTGA (Reverse). Amplification product 382 bp
Top1: GTAACAGCTATAGCACCGGAGTG (Forward); CTCCTC
CAAATAAGTCAAGAGTG (Reverse). Amplification product 284 bp
Rora: CTGCAATGTTCTCAGAGCTCCAG (Forward); CCACACC
CTCACATAACAGTCCT (Reverse). Amplification product 283 bp
Xrcc3: ATCCAGGCTGGAAGGCACCACAA (Forward); CCTGGT
TTAAGGAGTCAGACACT (Reverse). Amplification product 264 bp
Plzf: AGTTCAGCCTCAAGCACCAGTTG (Forward); GTAGAGG
TACGTCTTCTCTATCC (Reverse). Amplification product 263 bp
Btg4: AAGCATTTGGCAGATGGTCGTGG (Forward); TGTGCT
CACATTCCTGAAGCAGG (Reverse). Amplification product 252 bp
Spin2: GTACATGTATCAGCTTCTGGATG (Forward); ATGAAG
TACACAGAAGGCTTGGC (Reverse). Amplification product
207 bp
Dzip1l: GTGAACAATCTAGACAATCCCTC (Forward); AAGAG
GCTTCATCCAGATTGCTC (Reverse). Amplification product 222 bp
Gsk3b: TTCCTGCTGACACACGATGGAGC (Forward); TCCATT
CCCACTTGGAAAGTATC (Reverse). Amplification product 284 bp
Phip: GTAATTTCCTGATGTTATCTGCA (Forward); TTTCCTTG
TTATAAGAGAGATGG (Reverse). Amplification product 190 bp
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