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Mammalian spermatogenesis —the transformation of stem cells
into millions of haploid spermatozoa —is elaborately organized
in time and space. We explored the underlying regulatory mecha-
nisms by genetically and chemically perturbing spermatogenesis in
vivo, focusing on spermatogonial differentiation, which begins a
series of amplifying divisions, and meiotic initiation, which ends
these divisions. We first found that, in mice lacking the retinoic acid
(RA) target gene Stimulated by retinoic acid gene 8 (Stra8), undif-
ferentiated spermatogonia accumulated in unusually high numbers
as early as 10 d after birth, whereas differentiating spermatogonia
were depleted. We thus conclude that Stra8, previously shown to be
required for meiotic initiation, also promotes (but is not strictly re-
quired for) spermatogonial differentiation. Second, we found that
injection of RA into wild-type adult males induced, independently,
precocious spermatogonial differentiation and precocious meiotic
initiation; thus, RA acts instructively on germ cells at both transi-
tions. Third, the competencies of germ cells to undergo spermato-
gonial differentiation or meiotic initiation in response to RA were
found to be distinct, periodic, and limited to particular seminiferous
stages. Competencies for both transitions begin while RA levels are
low, so that the germ cells respond as soon as RA levels rise. To-
gether with other findings, our results demonstrate that periodic
RA–STRA8 signaling intersects with periodic germ-cell competencies
to regulate two distinct, cell-type-specific responses: spermatogo-
nial differentiation and meiotic initiation. This simple mechanism,
with one signal both starting and ending the amplifying divisions,
contributes to the prodigious output of spermatozoa and to the
elaborate organization of spermatogenesis.
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The adult mammalian testis is among the body’s most pro-
liferative tissues, producing millions of highly specialized

gametes, or spermatozoa, each day. Spermatogenesis (the pro-
gram of sperm production) is carefully regulated, ensuring that
spermatozoa are produced at a constant rate. We used the mouse
as a model to understand how mammalian spermatogenesis is
organized at the cellular and molecular level. We focused on
two key transitions: spermatogonial differentiation, which oc-
curs cyclically and begins a series of programmed mitotic di-
visions, and meiotic initiation, which ends these divisions and
marks the beginning of the meiotic program (Fig. 1A).

Like other proliferative tissues (e.g., blood, intestine, and
skin), the testis relies on a modest number of stem cells (1, 2).
The undifferentiated spermatogonia (also known as the Asingle/
Apaired/Aaligned spermatogonia), which encompass these stem
cells, have a remarkable capacity for self-renewal and differen-
tiation: They can reconstitute spermatogenesis upon transplantation
to a germ-cell-depleted testis (3, 4). In vivo, undifferentiated sper-
matogonia ultimately give rise to a single cell type, spermatozoa, yet
these undifferentiated spermatogonia express pluripotency-associ-
ated genes such asLin28a (Lin-28 homolog A) (5) and Pou5f/Oct4
(6, 7) and are the only postnatal mammalian cells from which

functionally pluripotent cells have been derived in vitro without
introduction of exogenous transcription factors or miRNAs (8).
Undifferentiated spermatogonia periodically undergo spermato-
gonial differentiation (also known as the Aaligned-to-A1 transi-
tion) to become differentiating spermatogonia (also known as
A1/A2/A3/A4/intermediate/B spermatogonia). During spermatogo-
nial differentiation, the spermatogonia down-regulate pluripotency-
associated genes (5, 9), lose capacity for self-renewal (4), and ac-
celerate their cell cycle (10) to begina series of six transit-amplifying
mitotic ivisions. At the conclusion of these mitotic divisions,
germ cells become spermatocytes, and undergo meiotic initiation
(Fig. 1A). This begins the meiotic program of DNA replication
and reductive cell divisions, ensuring that spermatozoa contribute
exactly one of each chromosome to the zygote.

Meiotic initiation is precisely coordinated with spermatogonial
differentiation: The six mitotic divisions separating the two
transitions occur over a span of exactly 8.6 d (11). Moreover,
spermatogonial differentiation and meiotic initiation occur in
close physical proximity. The testis comprises structures known
as seminiferous tubules (Fig. S1A); while one generation of germ
cells is initiating meiosis, a younger generation is simultaneously
undergoing spermatogonial differentiation, within the same tubule
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Injected RA Induces Precocious Spermatogonial Differentiation. Be-
cause injected RA induced precocious STRA8 expression in stages
II–VI, and STRA8 promotes spermatogonial differentiation, we
hypothesized that RA would also induce spermatogonial differenti-
ation in these stages. In the unperturbed testis, as a consequence of
their differentiation in stages VII–VIII, spermatogonia express KIT
protooncogene and enter mitotic S phase. They eventually develop
into type B spermatogonia, then become preleptotene spermato-
cytes, and then initiate meiosis to become leptotene spermatocytes.
We predicted that RA injection would cause undifferentiated sper-
matogonia to precociously begin this developmental progression.

We first confirmed that RA injection induced precocious KIT
expression in spermatogonia. In control testis sections, KIT ex-
pression was absent in type A spermatogonia in stages II–VI and
present in stages VII–VIII (Fig. S4 E and G) (7). As predicted, at
1 d after RA injection, KIT was strongly induced in stages II–VI.
We next tested for precocious entry into S phase, using PLZF to
identify undifferentiated and newly differentiating spermatogo-
nia, and BrdU incorporation to assay for S phase (Fig. S4 F and H).
Indeed, at 1 d after RA injection, many PLZF-positive spermato-

gonia in stages II–VIII incorporated BrdU, whereas in control testes
BrdU incorporation did not begin until stage VIII (10, 38).

If injected RA had induced precocious spermatogonial differen-
tiation, the spermatogonia should develop into type B spermato-
gonia, preleptotene spermatocytes, and leptotene spermatocytes
after 7, 8.6, and 10.6 d, respectively (Figs. 1B and 5A) (11). Thus, we
should see transient increases in these cell types. As predicted, at 7 d
after RA injection, type B spermatogonia were present in an
increased fraction of testis tubules, in a much broader range of
stages (XII–VI) than in control testes (IV–VI) (Fig. 5 B and C and
Fig. S5A). Preleptotene spermatocytes were similarly increased at
8.6 d after RA injection (in stages II–VIII, vs. VI–VIII in control
testes) (Fig. 5 D and E and Fig. S5B); throughout these stages, most
of the premeiotic cells in the tubule cross-sections were preleptotene
spermatocytes (Fig. S5D). Finally, at 10.6 d after RA injection,
leptotene spermatocytes were present in an increased fraction of
tubules, throughout stages VI–X (vs. VIII–X in control testes) (Fig.
5 F and G and Fig. S5C). We confirmed our identification of lep-
totene spermatocytes throughout this broad range of stages by
immunostaining for meiotic markers: γH2AX (phosphorylated H2A
histone family member X, a marker of DNA double strand breaks)
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Fig. 4. STRA8 protein is normally present in late
undifferentiated spermatogonia and can be pre-
cociously induced by injected RA. (A) Whole-mount
immunostaining of intact wild-type testis tubules
for PLZF (red) and STRA8 (green), in controls (Left)
and 1 d after RA injection (Right). Arrowheads:
isolated (single) spermatogonia. Dashed lines: pu-
tative interconnected chains of spermatogonia.
Magenta labels: early undifferentiated type A
spermatogonia (Aearly). Yellow labels: late un-
differentiated type A spermatogonia (Alate). Blue
labels: differentiating type A spermatogonia (Adiff).
(Scale bar, 30 μm.) (B) Diagram of STRA8 expression
in type A spermatogonia, in controls (light blue)
and 1 d after RA injection (light blue + dark
blue). Diagram is based on observations in A and C.
Aundiff, early, late, and Adiff: undifferentiated type A,
early undifferentiated type A, late undifferentiated
type A, and differentiating type A spermatogonia.
(C) Percentage of testis tubule cross-sections con-
taining STRA8-positive spermatogonia, in controls,
1 d after a single RA injection, and after 2 d of
WIN18,446 treatment. Control data are duplicated
from Fig. S1C. Error bars, mean ± SD *P < 0.01 (one-
tailed Welch’s t test). (D) Immunostaining for STRA8
on testis cross-sections in stages IV and VIII. Dashed
lines: basal laminae. Arrowheads: spermatogonia.
(Scale bar, 30 μm.) (E and F) Percentage of PLZF-
positive cells (E) or PLZF-negative premeiotic cells
(F) that are also positive for STRA8 in testis cross-
sections, in controls or 1 d after RA injection. Pre-
meiotic germ cells (In+B+Pl): intermediate and type
B spermatogonia and preleptotene spermatocytes.
Error bars, mean ± SD *P < 0.01 (one-tailed Welch’s
t test).
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