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ABSTRACT

Continual sperm production relies on germ cells undergoing
spermatogenesis asynchronously. As a result, the testis always
contains a mixed population of germ cells at different stages of
their differentiation process. The heterogeneous nature of the
testis makes profiling gene expression within Sertoli cells or
specific populations of germ cells impossible when a wild-type
testis is assessed. We recently reported a unique method for
synchronizing spermatogenesis without affecting fertility by
manipulating RA levels within the neonatal testis. Using this
protocol, combined with the RiboTag transgenic mouse line, we
have mapped the Sertoli and germ cell translatome during the
initial synchronized wave of spermatogenesis. Using microarray
analysis, we identified 392 and 194 germ cell and Sertoli cells
transcripts, respectively, that dynamically change during sper-
matogonial differentiation, division, and the onset of meiosis.
Functional annotation clustering revealed that transcripts
enriched in germ cells were mostly associated with meiosis (21
transcripts), chromatin organization (12 transcripts), and cell
cycle (3 transcripts). In addition, glycoproteins (65 transcripts),
cell adhesion (15 transcripts), and cell junction (13 transcripts)
transcripts were overrepresented in the Sertoli cell-enriched list.
These datasets represent the first transcriptional analysis of
spermatogonial differentiation, division, and meiotic onset.
These data suggest that several of the genes encoding meiotic
proteins are expressed and are actively being translated well
before germ cells enter meiosis. In addition, this study provides
novel candidate genes, Asf1b and Esyt3, that may be involved in
the regulation of spermatogonial chromatin reorganization,
germ-Sertoli cell interactions, and/or blood-testis barrier forma-
tion.

gene expression, germ cells, retinoic acid, retinoids, Sertoli cells,
spermatogonia, testis, translational profiling

INTRODUCTION

Spermatogenesis is the tightly regulated process during
which the somatic Sertoli cells of the seminiferous epithelium
support the differentiation of spermatogonial stem cells into
mature spermatozoa. For decades, the first wave or onset of
spermatogenesis was considered by some investigators to be
synchronous [1, 2]. However, recent reports have shown that
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the first wave of spermatogenesis is in fact asynchronous and
occurs faster than subsequent waves [3-6]. In mice, the first
wave is initiated a few days after birth, when gonocytes
transition into differentiating A, spermatogonia that divide and
subsequently give rise to preleptotene spermatocytes by 8 days
postpartum (dpp) [3, 7].

Several studies have mapped gene expression within the
developing postnatal testis [8—13]. Most recently, Laiho et al.
[9] used deep sequencing analysis to investigate gene
expression and splicing variants in the whole testis at multiple
time points during the first wave of murine spermatogenesis.
They identified 2494 differentially expressed genes associated
mostly with meiosis, piwi-interacting RNA metabolism,
nucleus condensation, and flagella formation [9]. In addition,
a microarray study using whole embryonic gonads and juvenile
testes was used to identify potential genes involved in meiosis
[13] and a mouse testis developmental time-course microarray
database was developed to characterize the expression profile
of the testis as whole across the first wave of spermatogenesis
[8]. While these expression studies have enhanced our
understanding of testis development, they relied on gene
expression data collected from the whole testis, and, as a result,
provide no information regarding the cell-specific gene
expression events occurring during the first wave of spermato-
genesis. Given the complexity of the juvenile testis, molecular
signals from any individual cell type are difficult to discern
when the entire testis is assessed. While testis cell-specific gene
expression profiles have been generated for the neonatal testis
[14], these experiments relied on examining cells following
lengthy isolation experiments and may not accurately reflect
their expression profiles in vivo.

The continuation of spermatogenesis requires the active
metabolite of vitamin A, retinoic acid (RA). RA is required for
germ cell differentiation (reviewed in [15]) as animals that are
vitamin A deficient develop a block during spermatogonial
differentiation and are subsequently infertile [8, 16]. Recently,
we developed a technique using the bis-(dichloroacetyl)-
diamine compound WIN 18,446, which inhibits RA production
[17], followed by an injection of RA to synchronize
spermatogonial differentiation. By using the WIN 18,446/RA
synchronization method, spermatogenesis begins, but there is
no production of differentiating cells resulting in an absence of
the first wave of differentiating cells. This treatment creates a
unique environment in which the germ cells are functionally
normal, but specific germ cell populations are greatly enriched
during the first wave of spermatogenesis [18]. Therefore, using
this treatment, we are able to observe Sertoli/germ cell
interactions in a synchronized environment.

Over the past decade, significant advancements have been
made to determine gene expression within the testis [8, 9, 11,
12]. However, determining in vivo cell-type-specific gene
expression has been difficult due to lack of proper genetic
tools. The majority of studies that investigated cell-type
specific gene expression in the testis have utilized cell isolation
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techniques [12, 19, 20]. In order to examine gene expression in
vivo specifically in germ cells and in Sertoli cells, we took
advantage of the recently constructed RiboTag mouse [21, 22]
that allows for the isolation of polyribosomes from specific cell
types using a Cre/Lox system. This procedure allows the
identification of transcripts being actively translated in a cell-
specific manner. Combining this unique system with the WIN
18,446/RA synchronization technique, we have, for the first
time, analyzed in vivo gene expression changes in a
synchronized environment from neonatal Sertoli and germ
cells during spermatogonial differentiation, division, and the
onset of meiosis. Specifically, we have isolated 392 and 194
actively translated transcripts that are differentially expressed
in germ and Sertoli cells, respectively. We have identified 49
and 98 germ cell and Sertoli cell transcripts that respond to RA
and identified novel candidate genes such as Asflb and Esyt3
that may be involved in the regulation of spermatogonial
chromatin reorganization and blood-testis barrier formation.
These data provide the first in-depth analysis of germ and
Sertoli cell gene expression during spermatogonial differenti-
ation, division, and the onset of meiosis within a synchronized
neonatal testis.

MATERIALS AND METHODS

Animals and Tissues

All the animal experiments were approved by Washington State University
Animal Care and Use Committees and were conducted in accordance with the
guiding principles for the care and use of research animals of the National
Institutes of Health. The mouse colony was maintained in a temperature- and
humidity-controlled environment with food and water provided ad libitum.
Germ cell-specific (RiboTag/Stra8-cre or RiboTag/Ngn3-cre) and Sertoli cell-
specific (RiboTag/ Amh-cre) RiboTag mice were obtained by crossing
hemizygous RiboTag female mice [21] with Stra8-cre [23], Ngn3-cre [5], or
Amh-cre [24] male mice. The RiboTag mouse line was provided by Dr. Stanley
McKnight and Dr. Paul Amieux [21], and the cre mouse lines, Stra8-cre
(008208), Ngn3-cre (006333), and Amh-cre (007915), were purchased from
Jackson Laboratories. The animals were euthanized by CO, asphyxiation
followed by decapitation (0—10 dpp) or cervical dissociation (10 dpp adult), and
their testes were dissected. Samples for immunoprecipitation (IP) followed by
RNA preparation were snap frozen immediately after collection, and the IP
experiment was performed on the same day as tissue collection. Testis samples
for morphological and immunohistochemical analyses were fixed in Bouin
fixative between 2 and 8 h, depending on the sample size, and then dehydrated
through a graded ethanol series before being embedded in paraffin wax. Testis
sections (4 pum) were placed on Superfrost Plus slides (Menzel-Glaser) for
analysis.

WIN 18,446 and RA Treatment

Neonatal RiboTag/cre-positive mice were treated with WIN 18,446 and RA
to synchronize spermatogenesis essentially as described by Hogarth et al. [18].
Briefly, 1 dpp mice were fed 100 pg/g body weight WIN 18,446, suspended in
1% gum tragacanth, for 9 consecutive days. At 9 dpp (Day 9 of treatment),
mice were either sacrificed (0 h WIN 18,446-only treated mice) or
intraperitoneally injected with 200 pg of RA in 10 pl of dimethylsulfoxide
and then left to recover for either 4 h, 12 h, or 1, 2, 4, 6, or 8 days to obtain
samples that spanned spermatogonial differentiation, division, and the onset of
meiosis (Fig. 1).

Immunohistochemistry

Immunohistochemistry using the anti-hemagglutinin (anti-HA) antibody
(MMS-101R; Covance) was performed as described by Hogarth and Griswold
[25]. Antigen retrieval was performed in 0.01 M citrate (pH 6; >90°C
maintained for 5 min). Anti-HA antibody was applied at 500 ng/ml and
incubated overnight at room temperature in 5% normal goat serum/0.1% bovine
serum albumin/PBS. Control sections were incubated without primary
antibody. Binding of primary antibodies was detected using 2 pg/ml
biotinylated goat anti-mouse antibody (B7151; Sigma). Antibody binding
was detected as a brown precipitate following development with DAB-Plus
substrate kit (002020; Invitrogen). The sections were mounted under glass

coverslips in DPX mountant (VWR International). Germ and somatic cell types
were identified in Bouin fixed tissue on the basis of their nuclear morphology
and position within the developing testis [26]. In the postnatal testis, sections
from at least three RiboTag/cre-positive animals were analyzed for epitope-Tag
localization.

Immunoprecipitation Assay

Testes from RiboTag/Stra8-cre or RiboTag/Ngn3-cre were pooled at the
early time points in order to obtain sufficient RNA yields. Six testes from
RiboTag/Stra8-cre or RiboTag/Ngn3-cre mice were pooled for the O h to 2 days
post-RA injection time points whereas only one testis was required for the 4-8
days time points. One testis was used for all RiboTag/Amh-cre time points.
Testes were homogenized at 3% weight/volume in 50 mM Tris, 100 mM KCl,
12 mM MgCl,, and 1% NP-40 buffer, and IP was performed as previously
described [21] with a few modifications. Briefly, 50 pl of cleared homogenate
was frozen at —20°C and saved for the total whole testis lysate RNA. Five
microliters of anti-HA antibody was added to the remaining cleared
homogenate and incubated at 4°C for 4 h. Four hundred microliters of washed
beads (10004D; Life Technologies) were added to the antibody-homogenate
solution and incubated overnight at 4°C. After incubation, the beads were
washed in high salt buffer three times for 10 min, resuspended in RLT lysis
buffer with beta-mercaptoethanol that was supplied within the Qiagen RNeasy
Mini Kit (74104; Qiagen), and RNA was extracted.

RNA Extraction

RNA from the total whole testis lysate (50 pl) and the IP was obtained
using the RNeasy mini kit (Qiagen) according to manufacturer’s instructions.
RNA was quantified using a NanoDrop 1000 Spectrophotometer (Thermo
Scientific), and its quality was assessed using an Agilent 2100 Bioanalyzer with
the RNA 6000 Nano kit (Agilent Technologies).

Microarray Analysis

One hundred nanograms of either total or IP and extracted RNA was
amplified and labeled using NuGen Ovation labeling kit and hybridized to
Affymetrix GeneChip Mouse Gene 1.0 ST Arrays. Array output was
normalized using the Robust Multiarray Average algorithm, and data analysis
was conducted using GeneSpring (Version 12.5 GX; Agilent Technologies).
Duplicate samples were used in every time point across the synchronized
spermatogonial differentiation until meiotic onset, and the mean values of the
two replicates were used in subsequent analyses. Genes were considered to be
expressed if they 1) had a raw score of greater than 200 in at least one time
point, 2) were determined to be significantly different versus control (WIN
18,446-only, 0 h) treatment by ANOVA (P < 0.05), and 3) showed a 1.5-fold
change for IP versus total RNA analysis. The expression cutoff of 200 was
based on the expression of ovary-specific genes (Zp/, Zp3, and Gdfv).
Functional annotation clustering was performed using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics
Resources 6.7, freely available at http://david.abcc.ncifcrf.gov/. Transcripts that
passed a moderated r-test [27] and a 2-fold change when comparing total RNA
from time O h and 4 h post-RA injection were considered to be RA-regulated
transcripts. Additionally, to determine if the transcripts associated differently
with ribosomes during the first wave of spermatogenesis, the ratio of IP/total
RNA was calculated and then the standard deviation was determined between
each time point for each transcript. The Affymetrix Raw.CEL files have been
deposited with the National Center for Biotechnology Information Gene
Expression Omnibus, accession number GSE54408.

RESULTS

WIN 18,446/RA Treatment Synchronized Neonatal
Spermatogenesis

The first wave of spermatogenesis is very complex because
once RA triggers spermatogonial differentiation, it continues to
occur in several sections of the seminiferous tubule at various
times [3, 4]. Recently, we developed a procedure using the bis-
(dichloroacetyl)-diamine compound WIN 18,446, which in-
hibits retinaldehyde dehydrogenase activity and RA production
[17], followed by an injection of RA to synchronize
spermatogonial differentiation [18]. WIN 18,446 treatment
held the spermatogonia in an undifferentiated state, and once
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FIG. 1. WIN 18,446/RA treatment of neonatal mice during a synchronized first wave of spermatogenesis. Neonatal mice were fed vehicle (gum

tragacanth) or WIN 18,446 for nine consecutive days and either sacrificed or injected with vehicle (dimethylsulfoxide) or RA. STRA8 localization in cross-
sections of vehicle control (top) and WIN 18,446/RA (bottom) treated animals. Testes were collected prior to injection (0 h) or 1, 2, 4, 6, and 8 days
postinjection. Green arrows denote STRA8-negative spermatogonia, red arrows denote STRA8-positive spermatogonia, and black arrows denote STRA8-

positive preleptotene spermatocytes. Bars = 100 um.

RA is administered, it triggers the A aligned (A ) spermato-
gonia to differentiate (Fig. 1) [18]. Histological analysis of our
synchronized samples indicated that a slightly more differen-
tiated spermatogonial population, culminating in the appear-
ance of preleptotene spermatocytes at 6 days post-RA injection,
appeared at each collection point (Fig. 1). Undifferentiated
germ cells were enriched in WIN 18,446-only treated animals
(Fig. 1) whereas differentiating A spermatogonia were the most
advanced cell types at 4 h through 1 day post-RA injection
(Fig. 1). Intermediate and B spermatogonia were enriched at 2
and 4 days post-RA injection, respectively (Fig. 1). Prelepto-
tene and leptotene spermatocytes accumulated by 6 and 8 days
post-RA injection, respectively (Fig. 1). In addition to
preleptotene spermatocytes, a renewed population of differen-
tiating and undifferentiated spermatogonia is also enriched at 6
days post-RA injection. Because the A-A transition is
occurring at 1 day post-RA injection, the expression difference
between the germ cell population at 1 day and 6 day post-RA
injection may be attributed to the appearance of the
preleptotene population. This treatment replicated a rapid first
wave of spermatogenesis indicated by appearance of prelepto-
tene spermatocytes at 6 days post-RA injection (Fig. 1, black
arrows). This result was consistent with observations from
Drumond et al. [3].

RiboTag Activation in Sertoli and Germ Cells

Previous publications have shown that breeding the
RiboTag mouse line with mice carrying a cell-specific cre
recombinase transgene expresses a HA tag on the ribosomal
component RPL22 in a cell-specific manner [21, 22]. This
mouse line was created by Sanz et al. [21] in which the targeted
allele consists of a duplicated HA-tagged exon 4 that is
preceded by the loxP flanked wild-type exon 4. Using the Cre/
Lox system, the targeting vector expresses the wild-type
RPL22 protein in the absence of cre recombination, and after
recombination expresses the tagged RPL22 protein [21]. The
RiboTag mouse line bred to cell-specific cre recombinase mice
have been used to isolate forebrain, midbrain, Leydig, and
Sertoli cell-specific mRNAs from adult mouse tissues in vivo
[21, 22]. This study utilized RiboTag/cre-positive mice to
insert a tag on ribosome that were actively translating
transcripts specifically within germ or Sertoli cells during
spermatogonial differentiation, division, and meiotic onset. Cre
recombinase under the direction of the St7a8 promoter has been
shown to excise differentiating A, intermediate, type B, and a
subset of undifferentiated A spermatogonia [23, 28]. In
addition, cre recombinase was expressed in Sertoli cells from
Embryonic Day 15 onward using the Amh-cre mouse line [29].
To ensure that tagged RLP22 was being integrated into
polyribosomes in a cell-specific manner, immunohistochemis-
try was performed on testes isolated from RiboTag/Stra8-cre-
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FIG. 2. Activation of the RiboTag in germ or Sertoli cells of the testis. RiboTag mice were bred with either a germ cell-specific cre line (Stra8-cre; A) or a
Sertoli cell-specific cre line (Amh-cre; B). RiboTag activation was verified via immunohistochemistry using an anti-HA antibody in synchronized neonatal
testis sections. Black arrows represent immunopositive spermatogonia, and purple arrows represent immunopositive Sertoli cell cytoplasm. No primary
antibody negative control is represented within the inset. Bars = 50 pm. C) Microarray analysis results confirm the enrichment for well-known germ,
Sertoli, Leydig, or housekeeping genes in the IP from RiboTag/Strad-cre (top) or RiboTag/Amh-cre (bottom) mouse lines.

or Amh-cre-positive mice using a commercially available
antibody against the HA tag. The tag was detected only within
the cytoplasm of germ (Fig. 2A, black arrows) or Sertoli (Fig.
2B, purple arrows) cells and not within any other cell types of
the testis. To further validate that cell-specific transcripts were
enriched following IP and RNA extraction, an enrichment
value was calculated by comparing the expression of well
characterized testis cell-specific transcripts within mRNA that
was associated with HA-tagged polyribosomes (IP mRNA) to
the total mRNA samples following microarray analysis. The

enrichment values for transcripts isolated from RiboTag/Stra8-
cre-positive and RiboTag/Amh-cre-positive mice are illustrated
in Figure 2. Known germ cells transcripts, including Stra§,
Lin28a, and Kit, were found to be significantly enriched in the
RiboTag/Stra8-cre-positive IP mRNA samples, whereas Sertoli
and Leydig cell markers were not enriched (Fig. 2C).
Additionally, by utilizing the RiboTag/Amh-cre mouse line,
Sertoli cell transcripts were enriched and germ and Leydig cell
transcripts were decreased within the IP mRNA (Fig. 2C).
These results are consistent with previously published data [21,
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FIG. 3. Heat map of germ cell- or Sertoli cell-enriched transcripts during the first wave of spermatogenesis. Relative expression levels of 392 germ cell-
enriched (A) and 192 Sertoli cell-enriched (B) transcripts that significantly change during a synchronized first wave of spermatogenesis. Significance was
determined by ANOVA (P < 0.05) and a greater than 2-fold change compared to WIN 18,446-only (0 h) treated mice. Expression was normalized to the
mean intensity of the probe set, and these probes were ordered by expression (green = low; red = high). Data were visualized in GeneSpring GX Version

12.5; h = hour, d = days.

22] and indicate that testis cell-specific transcripts were isolated
using the RiboTag/cre-positive system.

Identification of Actively Translated Germ and Sertoli Cell
Transcripts During Spermatogonial Differentiation,
Division, and the Onset of Meiosis

In order to accurately investigate changes in germ or Sertoli
cell gene expression across spermatogonial differentiation,
division, and the onset of meiosis, microarray analysis was
performed on total and IP mRNA samples isolated from
RiboTag/Stra8-cre or RiboTag/Amh-cre, respectively, synchro-

nized neonatal mouse testes. We generated a list of 2345 germ
cell and 1149 Sertoli cell actively translated transcripts that
were enriched by 1.5-fold in the IP fraction compared to total
mRNA sample at one or more time points during spermato-
gonial differentiation, division, and meiotic onset (Supplemen-
tal Tables S1 and S2; Supplemental Data are available online at
www.biolreprod.org). Using an ANOVA test, the expression of
all eight time points was compared to the WIN 18,446-only (0
h) treated sample. We found 392 and 194 transcripts that
significantly changed in expression in germ and Sertoli cells,
respectively, as germ cells differentiated and Sertoli cells
matured during neonatal spermatogenesis (Fig. 3, A and B).
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TABLE 1. Identification of biological processes associated with germ
cell-enriched transcripts.

Biological process Number of

(Gene Ontology terms) transcripts P value

Meiosis 34 5.63E-19
Sexual reproduction 30 2.20E-13
DNA binding 69 1.05E-14
Spermatogenesis 11 2.73E-05
Chromosome segregation 10 2.99E-07
DNA packaging 12 2.07E-07
Chromatin organization 12 0.005796

Interestingly, the majority of germ cell transcripts (331)
increased in expression (Fig. 3A), whereas a larger number
of Sertoli cell transcripts, 101, decreased in expression across
spermatogonial differentiation, division, and meiotic onset
(Fig. 3B). We believe these observations reflect germ cells
differentiating to form preleptotene spermatocytes and the
shifting of Sertoli cells from a mitotically active state toward
terminal differentiation during spermatogenesis [30, 31].

Functional annotation clustering using DAVID was then
performed, revealing that the 392 actively translated germ cell-
enriched transcripts were significantly associated (P < 0.01)
with meiosis (34 transcripts), sexual reproduction (30 tran-
scripts), DNA binding (69 transcripts), spermatogenesis (11
transcripts), chromosome segregation (10 transcripts), and
DNA packaging and chromatin organization (12 transcripts)
(Table 1). The 194 Sertoli cell transcripts were associated with
biological terms and processes such as glycoprotein (65
transcripts), cell adhesion (15 transcripts), membrane (74
transcripts), cell-substrate adhesion (5 transcripts), cell junction
(13 transcripts), and adherens junction (4 transcripts) (Table 2).
All of the biological terms and processes linked with Sertoli
cells are known to be involved in forming the blood-testis
barrier [30, 32]. Seven Sertoli cell transcripts displayed a
similar expression pattern to known blood-testis barrier
mRNAs, such as N-cadherin [33], with an increase in
expression between 4 and 12 h, a decrease at 4 days, and
then an increase again at 6 days post-RA injections (Fig. 4).
These results imply that these novel transcripts may play a role
in forming the blood-testis barrier.

Spermatogonia undergo dramatic chromatin reorganization
as they differentiate. To further investigate the transcripts
associated with DNA packaging and chromatin reorganization
identified by the DAVID analysis, their expression was plotted
across the first wave of spermatogenesis. Six of those
transcripts were highly expressed (greater than 500 in at least
one time point) and demonstrated changes in expression as
spermatogenesis progressed (Fig. 5A). We also found three
histone variants in the testis that were actively transcribed and
exhibited significant changes in expression as the germ cells
undergo differentiation (Fig. 5B), which support results from

TABLE 2. Identification of biological processes associated with Sertoli
cell-enriched transcripts.

Biological process Number of

(Gene Ontology terms) transcripts P value
Glycoprotein 65 7.43E-08
Cell adhesion 15 5.92E-04
Membrane 74 4.47E-04
Cell-substrate adhesion 5 0.001797
Cell junction 13 0.002965
Adherens junction 4 0.0932
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FIG. 4. Identification of candidate blood-testis barrier transcripts within
Sertoli cells. Graphs depicting the microarray expression pattern of Sertoli
cell-enriched transcripts that are associated processes involved in blood-
testis barrier formation. Raw expression values are represented on the y-
axis, and time post-RA injection is on the x-axis.

Sun and Qi [34]. Products from these transcripts may play a
role in remodeling chromatin within spermatogonia as they
differentiate to form meiotic spermatocytes.

Germ and Sertoli Cell RA-Responsive Transcripts

RA is necessary for spermatogonial differentiation, yet
whether it acts within Sertoli cells, germ cells, or both to
coordinate this process is still to be fully understood as are the
downstream consequences of RA signaling to control this
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FIG. 5. Identification of candidate chromatin modifying transcripts
within germ cells. Graphs depicting the microarray expression pattern of
germ cell-enriched transcripts that are associated with DNA packaging
and chromatin organization (A) and histone modifications (B) across the
first wave of synchronized spermatogenesis. Raw expression values are
represented on the y-axis, and time post-RA injection is given on the x-
axis.
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FIG. 6. Retinoic acid (RA)-regulated germ and Sertoli cell transcripts. Venn diagram for all RA up-regulated (A) or down-regulated (B) germ (RiboTag/

Ngn3-cre) or Sertoli (RiboTag/Amh-cre) cell transcripts. The Sertoli cell-enriched transcripts were determined by comparing the IP mRNA to the total
mRNA in all the time points assayed, whereas germ cell-enriched transcripts were identified by comparing WIN 18,446-only and WIN 18,446/RA-treated
testes left to recover for 4 h. C) Graph depicting the microarray expression pattern of the top five retinoid metabolism transcripts that significantly change
in expression during the first wave of synchronized spermatogenesis. Significance was determined by an ANOVA test (P < 0.05) compared to WIN
18,446-only (0 h) treatment. Raw expression values are represented on the y-axis, and time post-RA injection is given on the x-axis.

differentiation step. Yoshida et al. [5] demonstrated that cre
recombinase under the direction of the Ngn3 promoter was
expressed in A singles (A), A pair (Apr), and A, spermato-
gonia. Therefore, we utilized this mouse, bred to the RiboTag
mouse line, to excise the wild-type RPL22 protein and express
the HA-tagged RPL22 protein [21] within germ cells prior to
the A to A, spermatogonia transition, allowing for the
investigation of the undifferentiated spermatogonial response
to RA in vivo. I[P mRNA was compared to total mRNA to
determine which germ cell transcripts were enriched in WIN
18,446-only and WIN 18,446/RA-treated testes left to recover
for 4 h. These comparisons revealed 3813 transcripts that were
enriched in germ cells when using the Ngn3-cre mouse line
(Fig. 6A). To ascertain which transcripts were regulated by RA,
total RNA from the RiboTag/Ngn3-cre WIN 18,446-only
treated testes were compared to total RNA from testes collected
from WIN 18,446/RA-treated animals that were left to recover
for 4 h. Using a moderated #-test and requiring a greater than
1.5-fold change, we found 193 and 139 transcripts that were
up- and down-regulated, respectively, with RA treatment
(Supplemental Table S3). To ascertain which of these were
germ or Sertoli cell transcripts, Venn diagrams were used to
determine all the possible relations between up-and down
regulated RA-responsive and germ cell- and Sertoli cell-
enriched mRNAs (Fig. 6, A and B). We discovered 40 germ

cell- and 39 Sertoli cell-enriched genes that were up-regulated
with RA (Fig. 6A). Furthermore, we found 9 germ cell- and 59
Sertoli cell-enriched transcripts that were down-regulated with
RA (Fig. 6B). The top five up- and down-regulated RA-
responsive germ cell- or Sertoli cell-enriched transcripts are
given in Tables 3 and 4, respectively. Interestingly, these lists
include Gadd45b and 6330545A04Rik (Rsgl) that have not
previously been shown to be RA-responsive in germ cells [14]
although Gadd45b has been shown to be RA-responsive in
other tissues [35, 36]. Rsg/ has been shown to be important for
cytoplasmic localization and membrane trafficking in Xenopus
multiciliated cells [37]; however, the role of Rsgl/ in
mammalian cells is unknown.

Identification of Germ or Sertoli Cell Transcripts That
Increase Their Association with Ribosomes During
Spermatogonial Differentiation, Division, and the Onset of
Meiosis

A recent report by Chappell et al. [38] revealed that germ
cell and housekeeping transcripts display significant changes in
translational efficiency during the onset of spermatogenesis.

The RiboTag mouse line provides an alternative tool for
investigating translational efficiency because RPL22 has been
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TABLE 3. Identification of RA-regulated germ cell-enriched transcripts.

Transcripts identification Gene description Gene symbol Fold change
RA up-regulated transcripts
10462853 Cytochrome P450, family 26, subfamily a, polypeptide 1 Cyp26al 3.83
10364950 Growth arrest and DNA-damage-inducible 45 beta Gadd45b 3.38
10366546 Carboxypeptidase M Cpm 3.06
10509941 RIKEN cDNA 6330545A04 gene 6330545A04Rik 3.00
10537231 Stimulated by retinoic acid gene 8 Stra8 2.93
RA down-regulated transcripts
10358210 Nuclear receptor subfamily 5, group A, member 2 Nr5a2 —1.74
10514919 DMRT-like family B with proline-rich C-terminal, 1 Dmrtb1 —1.62
10590269 Myelin-associated oligodendrocytic basic protein Mobp -1.59
10565204 Basonuclin 1 Bnci —1.58
10605542 Melanoma antigen family B, 16|melanoma antigen family B, Mageb16]| -1.56
16, pseudogene 1 Mageb16-psi

shown to be mostly incorporated within polyribosomes, those
associated with higher levels of mRNA translation, with little
incorporation into the lighter fraction of ribosomes [21], those
less often associated with translation. Therefore, by comparing
the IP RNA/total RNA ratio at each time point for the germ
cell- or Sertoli cell-enriched transcripts and calculating the
standard deviation between the ratios at all eight time points,
we were able to investigate changes in mRNA association with
the ribosome during a synchronized spermatogonial differen-
tiation, division, and meiotic onset. The top five germ and
Sertoli cell transcripts that have a variable IP RNA/total RNA
ratio (Supplemental Table S4), signaling that their association
with ribosomes changes most significantly during spermato-
gonial differentiation, division, and meiotic onset, are listed in
Table 5. It is interesting to note that four of the five germ cell
transcripts all displayed their highest ratio of IP to total RNA at
4 h post-RA injection. In addition, approximately 9.5% of the
germ cell-enriched transcripts that are significantly changing
during spermatogonial differentiation have the highest ratio at
this time point (Supplemental Table S4). These data indicate
that RA may alter the loading of germ cell mRNA onto
polyribosomes. These results suggest that both germ and
Sertoli cell mRNA transcripts significantly change their
association with ribosomes during spermatogonial differentia-
tion, division, and the onset of meiosis, which is consistent
with previously published data [38].

Both Germ and Sertoli Cells Contain Components of the
Retinoid Metabolism Pathway

The active metabolite of vitamin A (i.e., RA) is a key
regulator of the transition of undifferentiated A spermatogonia
to differentiating A, spermatogonia and, subsequently, the

TABLE 4. Identification of RA-regulated Sertoli cell-enriched transcripts.

production of spermatozoa [16, 39—41]. While there is some
published information regarding which retinoid metabolism
and signaling proteins function within the testis (reviewed in
[42]), the cell-specific localization of some of these proteins in
the neonatal testis is unknown. Therefore, using the total RNA
samples and a list of known retinoid metabolism genes, we
determined the most dynamically changing genes encoding
retinoid metabolism proteins during spermatogonial differen-
tiation, division, and meiotic onset (Fig. 6C). Furthermore, we
wanted to determine which metabolism genes are enriched in
neonatal germ or Sertoli cells during synchronized spermato-
genesis. A Venn diagram was used to compare a list of known
retinoid metabolism genes to a list of germ cell- or Sertoli cell-
enriched transcripts (Fig. 7). The retinoid metabolism tran-
scripts enriched in germ cells were Rxrg, Rarb, Rarg, Cyp26al,
Rbp4, and Crabpl while the retinoid metabolism transcripts
enriched in Sertoli cells were Rxrb, Adh4, Lpl, Stra6, and
Aldhla2. These data demonstrate that in neonatal animals both
germ and Sertoli cells contain the components required for
retinoid production, signaling, and degradation.

Actively Translated Cell Cycle Transcripts Have Cyclic
Expression During the First Wave of Spermatogenesis in
Germ and Sertoli Cells

During the first wave of spermatogenesis, germ and Sertoli
cells undergo multiple rounds of cellular division and
differentiation to form haploid spermatozoa and mature Sertoli
cells. Throughout this time, the expression of cell cycle
proteins must be carefully regulated in both somatic and germ
cells to ensure proper division. For that reason, we decided to
investigate cell cycle transcripts during synchronized sper-
matogonial differentiation, division, and meiotic onset in both

Transcripts identification Gene description Gene symbol Fold change
RA up-regulated transcripts
10364494 Follistatin-like 3 |protease, serine-like 1 FstI3|Prssl1 6.47
10595953 Extended synaptotagmin-like protein 3 Esyt3 5.20
10456392 Cell death-inducing DNA fragmentation factor, alpha subunit-like effector A Cidea 4.40
10381528 N-Acetylglutamate synthase Nags 3.65
10385893 Solute carrier family 22 (organic cation transporter), member 4 Slc22a4 3.35
RA down-regulated transcripts
10601786 Preferentially expressed antigen in melanoma-like Pramel -3.33
10526952 G Protein-coupled estrogen receptor 1 Gper —2.60
10458828 Cysteine dioxygenase 1, cytosolic Cdot1 —2.60
10495206 Solute carrier family 16 (monocarboxylic acid transporters), member 4 Slc16a4 -2.23
10505489 Pregnancy-associated plasma protein A Pappa —2.18
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TABLE 5.
spermatogenesis.

Identification of germ cell- or Sertoli cell-enriched transcripts that change the association with the ribosomes during the first wave of

Transcripts identification Gene description

Gene symbol

Ratio IP/total for each time point

Oh 4h 12h 1day 2days 4 days 6 days 8 days SD

Germ cell transcripts

10468722 Glial cell line derived neurotrophic Gfratl 2.74 781 233 217 199 122 178 2.05 2.09
factor family receptor alpha 1

10503176 Chromodomain helicase DNA binding Chd7 223 7.63 390 247 316 142 233 1.61 2.00
protein 7

10536427 HORMA domain containing 1 Hormad1 539 3.60 527 3.15 5.09 1.83 155 174 1.65

10578572 Storkhead box 2 Stox2 0.86 4.83 1.01 0.65 084 0.79 1.00 0.62 1.42

10510170 Predicted gene 13235 | predicted gene ~ Cm13235| 2.24 538 2.18 2.07 171 1.09 133 145 1.36
13151 Cmi3151

Sertoli cell transcripts

10485700 Butyrobetaine (gamma), 2-oxoglutarate Bbox1 1.17 349 131 136 123 135 3.88 3.45 1.21
dioxygenase 1 (gamma-butyrobetaine
hydroxylase)

10604682 Predicted gene 648 GCmo648 1.39 2,50 1.20 124 136 134 415 3.70 1.20

10422412 Solute carrier family 15 (oligopeptide Slc15al 091 1.20 1.11 1.09 132 1.18 238 3.86 1.01
transporter), member 1

10574572 RIKEN cDNA 2210023G05 gene 2210023G0O5Rik 097 1.63 1.88 1.42 1.85 1.42 320 3.66 0.94

10369264 Oncoprotein induced transcript 3 Oit3 1.24 124 128 143 184 192 260 3.89 0.92

germ and Sertoli cells. A list of 92 genes known to play a role
in controlling the cell cycle was compared to the actively
translated germ or Sertoli cell transcripts that dynamically
change. We discovered that there were significantly more cell
cycle transcripts actively translated in germ cells (32)
compared to Sertoli cells (3) (Supplemental Table S5). One
of the key regulatory protein families that control cell cycle
progression is the cyclins. These proteins are components of a
complex that ensure DNA is properly duplicated, repaired, and
segregated into new daughter cells (reviewed in [43]). We
mined our synchronized neonatal microarray data to look
specifically at cyclin transcripts in germ cells during sper-
matogonial differentiation (Fig. 8A). Within germ cells, there
were six cyclins actively translated during spermatogonial
differentiation, division, and meiotic onset, and five of these
transcripts demonstrated cyclic changes in expression. The
sixth cyclin, Ccnb3, only increased in expression in the 6 and 8
days postinjection time points, when preleptotene spermato-
cytes are present. These results imply that these six cyclins may
play a role in regulating cell cycle progression in germ cells
during neonatal spermatogenesis. Within Sertoli cells, two of
the three cell cycle transcripts were highly expressed, displayed
changes in expression across spermatogonial differentiation,

Retinoid metabolism
transcripts (44)

Germ cell enriched
transcripts (2345)

Sertoli cell enriched
transcripts (1149)

FIG. 7. Retinoid metabolism transcripts within germ and Sertoli cell. A
Venn diagram depicting all the known retinoid metabolism transcripts (red
circle) that are enriched in germ cells (RiboTag/Stra8-cre; blue circle) or
Sertoli cells (RiboTag/Amh-cre; green circle).

division, and meiotic onset, and belonged to the TGF-f
signaling pathway (Fig. 8B). These results indicate that that
these two transcripts, Tgfb/ and Smad3, are actively translated
within Sertoli cells and possibly play a role in regulating Sertoli
cell proliferation during neonatal spermatogenesis.

Known Meiotic Transcripts Are Expressed Prior to the Onset
of Meiosis

Meiosis is essential for generation of spermatozoa and
involves recombination and segregation of homologous
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FIG. 8. Actively translated cell cycle transcripts during the first wave of
spermatogenesis. Graphs depicting the microarray expression patterns of
actively translated germ cell-enriched cyclins (A) and actively translated
Sertoli cell cycle transcripts, Tgfb1 and Smad3, (B) across the first wave of
synchronized spermatogenesis. Raw expression values are represented on
the y-axis, and time post-RA injection is given on the x-axis.
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FIG. 9. Actively translated meiotic transcripts during the first wave of
spermatogenesis. Graph depicting the microarray expression pattern of
known meiotic transcripts that are actively translated within germ cell
across the first wave of synchronized spermatogenesis. Raw expression
values are represented on the y-axis, and time post-RA injection is given
on the x-axis.

chromosomes. One of the fundamental unanswered questions
regarding spermatogenesis is at what point the initiation of
meiosis begins. Does it initiate at the A to A, transition when
spermatogonia are committed to differentiation or does it begin
at the first appearance of the first meiotic cell, preleptotene
spermatocytes? To investigate this question, the expression of
transcripts known to code for proteins associated with key
meiotic processes such as synaptonemal complex formation,
cohesin, or DNA double-stranded break repair were plotted
across spermatogonial differentiation, division, and the onset of
meiosis (Fig. 9). Of the 17 meiotic genes investigated, nine
transcripts were associated with polyribosomes and were
expressed before the first appearance of meiotic germ cells,
which in WIN 18,446/RA-treated animals occurs at 6 days
post-RA injection with the enrichment of preleptotene
spermatocytes. These results suggest that meiosis may initiate
when germ cells commit to differentiation prior to the start of
meiosis. In addition, it is also possible that the meiotic genes
are expressed within undifferentiated cells and that RA
stimulation does not alter the expression of the mRNAs
dramatically until the initiation of meiosis with the first
appearance of preleptotene spermatocytes.

DISCUSSION

This study represents the first in-depth analysis of the
expression of actively translated genes in either germ or Sertoli
cells during a synchronized neonatal wave of spermatogenesis.
Over the past decade, there have been several investigations
performed to determine gene expression within the postnatal
testis [8, 9, 12]. However, these studies utilized starting
material consisting of multiple cell types or testis cell
populations isolated via lengthy tissue dissociation techniques.
The combination of our unique WIN 18,446/RA synchroniza-
tion protocol [18] and the RiboTag mouse line [21, 22] has
enabled us, for the first time, to examine in vivo gene
expression patterns as each differentiating germ cell initially
appears during spermatogonial differentiation, division, and the
onset of meiosis (Fig. 1). Using the WIN 18,446/RA
synchronization method, we can recapitulate the shortened
timing that is a hallmark characteristic of the first wave of
spermatogenesis. Clearly, the traditional first wave consisting
of gonocytes differentiating to A, spermatogonia is blocked as
there are no differentiating germ cells in the presence of WIN
18,446. However the initial wave of differential spermatogonia

development that we observed likely results from releasing the
block in the transition from undifferentiated to differentiated
spermatogonia in a synchronized manner.

Functional annotation clustering of actively translated germ
cell transcripts revealed functions such as DNA binding, DNA
packaging, and chromosome organization are enriched during
spermatogonial differentiation, division, and the onset of
meiosis (Fig. 5A). Of these, the most interesting and novel
appears to be ASF1 antisilencing function 1 homolog B
(Saccharomyces cerevisiae) (Asflb). This transcript was the
most highly expressed and dynamically changing DNA
packaging and chromosome organization mRNA through the
first wave and has an expression profile similar to that of a RA-
responsive transcript, Stra8. The expression profile for Stra8
includes peaks in expression 12 h and 6 days post-RA injection
in testes of WIN 18, 446/RA-treated mice. ASF1B, also known
as CIA-II, is expressed in spermatogonia and spermatocytes
[44] and is a H3-H4 histone chaperone, indicating its
involvement in histone changes during replication, transcrip-
tion, and DNA repair (reviewed in [45]). ASFIb has no known
RA response element; however, it does contain an E2F-
responsive sequence that is necessary for E2F1 activation of
Asflb transcription [46]. E2F1 binding has been shown to be
induced by RA [47]; therefore, it is possible that RA may play
a role in driving the expression of Asflb and subsequently
regulating histone structure and function. In addition, this
transcript may play an essential role in reorganizing the
chromatin of spermatogonia, preparing them to enter meiosis.
However, more studies need to be performed to determine
whether RA directly regulates the expression of these
transcripts and if their products are necessary for the
progression of spermatogenesis.

Functional annotation clustering of the 194 Sertoli cell
transcripts that significantly changed during spermatogonial
differentiation, division, and meiotic onset revealed biological
functions that are all important for the formation of the blood-
testis barrier. While the blood-testis barrier has been well
characterized, the proteins responsible for its formation and
maintenance are still being elucidated. We identified five novel
transcripts that have a similar expression profile to that of
known blood-testis barrier transcripts (Fig. 4), but a function
for their gene products in Sertoli cells has yet to be described.
Of most interest in the Sertoli-enriched gene set is Esyt3
because it displayed a similar expression profile to that of RA-
responsive mRNAs. Esyt3 codes for a calcium-regulated
intrinsic membrane protein. Increases in intracellular calcium
concentration causes changes in Sertoli cell cytoskeletal
structure as well as Sertoli-Sertoli cell junction dynamics
(reviewed in [48]). Therefore, it is possible that Esys3 may play
an essential role in regulating changes in Sertoli cells dynamics
via controlling calcium concentrations; however, further
studies need to be performed to determine its exact function
within the testis. Furthermore, we found that two cell cycle
transcripts, Tgfbl and Smad3, which are associated with the
TGF-B signaling pathway, are highly induced in Sertoli cells
after stimulation with RA and during the initial differentiation
of spermatogonia. Smad3 is known to transmit TGF-B and
activin signaling, known to be necessary for multiple processes
within the developing testis, including regulating testis
development, germ cell numbers, and testicular architecture
(reviewed in [49]). Our results support the conclusion from
Itman et al. [50] that Smad3 is expressed within Sertoli cells,
drives normal Sertoli cell proliferation, and is involved in
regulating the timing of spermatogonial differentiation, divi-
sion, and the onset of meiosis.
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This study also investigated the expression of known
meiotic transcripts in order to elucidate when the initiation of
meiosis begins. Of the 17 known meiotic transcripts investi-
gated, nine were found to be expressed and associated with
polyribosomes in germ cells before the onset of meiosis. These
data are consistent with previous reports indicating that
synaptonemal complex proteins are expressed in proliferating
spermatogonia [51, 52]. These data suggest that once the germ
cells are committed to differentiation, at the A to A transition,
they begin to build and load mRNAs encoding meiotic proteins
onto ribosomes. In addition, it is possible that these transcripts
are involved in the mitotic cell cycle because these transcripts
are highly expressed in spermatogonia that are undergoing
several rounds of division. Furthermore, the meiotic genes
studied may be expressed in undifferentiated spermatogonia
that are present at all the time points investigated, and the
relatively low levels of expression may be due to the mitotic
proliferation of undifferentiated spermatogonia. It is possible
that RA stimulation does not alter the expression of the
mRNAs dramatically until the initiation of meiosis with the
first appearance of preleptotene spermatocytes. We believe
these results are novel because they indicate that over 50% of
the meiotic transcripts examined are present prior to the
formation of meiotic spermatocytes. Nevertheless, more studies
need to be performed to determine the precise point in which
spermatogonia commit to undergoing meiosis.

This study analyzed, for the first time, in vivo gene
expression changes within germ or Sertoli cells during neonatal
spermatogenesis. Our results support the hypothesis that the
WIN 18,446/RA synchronization method forces neonatal germ
cells to differentiate in a uniform manner throughout the testis.
This analysis also identified novel candidate transcripts that
may play are role in chromatin organization and blood-testis
barrier formation within the neonatal testis. Interestingly, the
transcripts that were identified as possible players in chromatin
organization and blood-testis barrier formation have expression
patterns similar to that observed for RA-responsive transcripts.
Therefore, it is possible that RA may regulate these transcripts.
These data provide additional support that RA plays a role in
spermatogonial differentiation, cell cycle, and blood-testis
barrier formation [43, 53, 54]. This study also indicates that
both germ and Sertoli cells have the components necessary to
synthesize, signal, and degrade RA. Lastly, we have deter-
mined that meiotic transcripts are expressed and associate with
polyribosomes prior to the onset of meiosis. These data provide
the first in-depth analysis of germ and Sertoli cell gene
expression during spermatogonial differentiation, division, and
meiotic onset within a synchronized neonatal environment.
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