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Summary

PUF proteins are a conserved family of RNA binding
proteins that regulate RNA stability and translation
by binding to specific sequences in 3'-untranslated
regions. Drosophila PUMILIO and C. elegans FBF are
essential for self-renewal of germline stem cells, sug-
gesting that a common function of PUF proteins may
be to sustain mitotic proliferation of stem cells [1].
Here, we show that PUF-8, the C. elegans PUF most
related to PUMILIO, performs a different function in
germ cells that have begun meiosis: in primary sperm-
atocytes, puf-8 is required to maintain meiosis and
prevent the return to mitosis. Primary spermatocytes
lacking PUF-8 complete meiotic prophase but do not
undergo normal meiotic divisions. Instead, they dedif-
ferentiate back into mitotically cycling germ cells and
form rapidly growing tumors. These findings reveal an
unexpected ability for germ cells that have completed
meiotic prophase to return to the mitotic cycle, and
they support the view that PUF proteins regulate muilti-
ple transitions during germline development.

Results

puf-8, a pumilio-Related Gene, Is Expressed

in the Germline of C. elegans

Among the 11 PUF proteins in the C. elegans genome,
puf-8 and puf-9 are the most related to Drosophila pumi-
lio (49% identity, 68% similarity [1]). Northern analysis
revealed that puf-8 is expressed primarily in the germ-
line, whereas puf-9 is expressed primarily in the soma
(Figure S1Ain the Supplementary Material available with
this article online). Consistent with germline expression,
a puf-8:gfp fusion was expressed strongly in sperm (Fig-
ure S1B).

To analyze the consequences of loss of puf-8 expres-
sion, we obtained a puf-8 deletion allele (puf-8(ok302))
from the C. elegans Gene Knockout Consortium (Figure
S1C). We also used RNA-mediated interference [2] to
reduce puf-8 expression (Figure S1A). Both methods
yielded identical phenotypes, albeit with different fre-
quencies (Table 1).

puf-8 Is Required for Faithful Meiotic Divisions

in Spermatocytes

At 20°C, puf-8(0k302) hermaphrodites were subfertile
(brood size: 150 compared to 240 in wild-type) and seg-
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regated a significant number of dead embryos (53%)
and males (11%), as is typical of mutants that affect
chromosome segregation [3]. To determine whether the
lethality was due to defective sperm, oocytes, or both,
we mated puf-8(0k302) hermaphrodites with wild-type
males. Mated puf-8(ok302) hermaphrodites gave rise
to 91.3% live progeny compared to 47% for unmated
hermaphrodites, indicating that most of the embryonic
lethality was due to defective sperm (see the Supple-
mentary Material).

Consistent with this finding, staining of puf-8(0k302)
spermatids with DAPI frequently revealed the absence
of DNA (20%) or extra masses of DNA (32%) (n = 100;
Figure 1C). In contrast, no defects were seen in oocytes
and in maternal pronuclei in embryos (polar bodies were
formed as in wild-type, data not shown), confirming that
puf-8 is not essential for oocyte development.

DAPI staining of the germlines of puf-8(0k302) adult
males revealed no obvious abnormalities as germ cells
progressed from mitosis to metaphase of meiosis | (data
not shown and Figure 1B). Abnormal DAPI patterns were
first seen during and after the meiotic divisions. In wild-
type, secondary spermatocytes and spermatids appear
as uniformly sized, round cells, which often remain
attached to a residual body (Figure 1B). In contrast, puf-
8(0k302) meiotic products were frequently misshapen,
had no recognizable residual bodies, and had DNA
masses of varying sizes (Figure 1B). We conclude that
puf-8 is required for meiotic divisions in spermatocytes.

At 25°C, 44% of puf-8(0k302) Germlines

Develop Tumors

When raised at 25°C, puf-8(0k302) hermaphrodites be-
came 100% sterile. DAPI staining revealed two predomi-
nant phenotypes: small germlines with fewer cells than
wild-type, and tumorous germlines with abnormally high
numbers of cells (Table 1; Figure 2). We have shown
previously that puf-8 is required redundantly with other
PUF proteins to maintain germ cell viability during larval
stages [4]. The occasional small germline phenotype of
puf-8 mutants, therefore, may reflect an early function
essential for proliferation and/or viability that puf-8
shares with other PUFs. In this study, we focus on the
tumorous phenotype, since this phenotype has not yet
been described for other PUFs and is most related to
the meiotic defects seen in puf-8 mutants raised at 20°C
(see below).

DAPI staining of the puf-8 tumorous germlines re-
vealed that the distal to proximal order of mitosis to
meiosis was not affected, except in the most proximal
region (Figure 2). This region is normally filled with ga-
metes, which include oocytes and sperm in hermaphro-
dites and only sperm in males. In puf-8(0k302) and puf-
8(RNAiI), oocytes were present in hermaphrodites (data
not shown), but sperm were absent or present in re-
duced numbers, in both hermaphrodites and males (Fig-
ure 2 and data not shown). In their place, numerous,
apparently undifferentiated, cells filled the most proxi-
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Table 1. Formation of puf-8 Tumors Requires Spermatogenesis and Progression through Meiotic Prophase

% Small % Tumorous
Genotype Gametogenesis Germline Germline (n)
puf-8(0k302) XX Spermatogenesis/oogenesis 56% 44% (82)
puf-8(0k302) XO Spermatogenesis only 39% 61% (100)
puf-8(RNAi) XX Spermatogenesis/oogenesis 10% 86% (89)
puf-8(RNAI) XO Spermatogenesis only 12% 87% (95)
puf-8(RNAI) fem-1(hc17) XX Oogenesis only ND 0% (100)
puf-8(RNAI) tra-2(q122) XX Oogenesis only ND 0% (100)
puf-8(RNAI) tra-2(q122) XO Spermatogenesis only? ND 90%(100)
puf-8(RNAiI) mek-2(q425) XX Spermatogenesis/oogenesis: all arrest at pachytene ND 0% (46)
puf-8(RNAI) spe-6(hc49) XX Spermatogenesis/oogenesis: sperm arrest at diakinesis ND 0% (48)
puf-8(0k302);spe-6(hc92)/ + XX Spermatogenesis/oogenesis ND 50% (18)°
puf-8(0k302);spe-6(hc92) XX Spermatogenesis/oogenesis: sperm arrest at diakinesis ND 13% (15)°

All genotypes were grown at 25°C. ND: not determined.

aThe tra-2(q122) mutation eliminates sperm production in XX animals but has no effect on spermatogenesis in XO animals.
b spe-6 mutations block spermatocytes in diakinesis but do not affect oocytes. The 2 out of 15 putative puf-8(0k302);spe-6(hc92) XX hermaphro-
dites that developed a tumor are likely non-Spe recombinants; see the Supplementary Material.

mal region (Figure 2). These cells increased in number
over time, from about 20 in L4 larvae to over 1000 in
2-day-old adults (Figure 2). We verified that the cells in
the tumors were germ cells, by staining with three germ
cell-specific markers (PGL-1, GLH-1, and GLP-1, [5-7],
Figure 3A, and data not shown) and that they were prolif-
erating, by staining with the mitosis-specific marker
phospho-H3 ([8]; Figure 3B).

puf-8 Tumors Arise from Primary Spermatocytes
that Have Completed Meiotic Prophase but Fail

to Undergo Normal Meiotic Divisions

We next asked whether the puf-8 tumors were derived
from cells destined to become oocytes, sperm, or both.
The presence of the tumors in males (which only make
sperm) indicated that spermatogenic germ cells can
contribute to the tumor (Table 1). To test whether ooge-
nic germ cells were also competent, we examined the
effect of removing puf-8 in fem-1(hc17) and tra-2(q122),
two mutants that cause hermaphrodites to produce only
oocytes [9, 10]. We found that puf-8(RNAi);fem-1(hc17)
and puf-8(RNAI);tra-2(q122) “females” formed oocytes,
but no tumors (Table 1). These oocytes could be fertil-
ized by wild-type sperm and form viable embryos (data
not shown). We conclude that the puf-8 tumors are de-
rived only from spermatogenic germ cells.

We next asked whether puf-8 tumors were derived
from germ cells that had initiated meiosis. mek-2(q425)
and spe-6(hc49) are mutations that arrest germ cells
during early (pachytene; mek-2) or late (diakinesis;
spe-6) prophase of meiosis | [11, 12]. We found that puf-
8(RNAIi);mek-2(q425) and puf-8(RNAi);spe-6(hc49) males
failed to develop tumors (Table 1) and instead resembled
mek-2 and spe-6 single mutants (data not shown). Simi-
lar results were obtained when examining puf-8(ok3-
02);spe-6(hc92) double mutant hermaphrodites (Table
1). We conclude that the puf-8 tumors are derived from
germ cells that have progressed through prophase of
meiosis |.

DAPI staining of the puf-8 tumorous germlines sug-
gested that germ cells progress normally through mei-
otic prophase and to metaphase of meiosis | (Figures
2, 3, and 4). Staining with meiosis and spermatogenesis

markers confirmed this assessment. HIM-3 is a synapto-
nemal complex protein that decorates chromosomes
throughout meiotic prophase and comes off chromo-
somes during the meiotic divisions (Figures 4A and 4C;
[13]). In puf-8 tumorous germlines, HIM-3 was present
on chromosomes throughout meiotic prophase and be-
came cytoplasmic during the divisions, as in wild-type
(Figures 4B and 4D). In most cells of the tumor, HIM-3
remained cytoplasmic (Figure 4D), although cells with
nuclear HIM-3 were also detected (Figure 4B). Markers
for spermatogenesis (MO and MSP, [14, 15]) also ap-
peared during meiotic prophase, as in wild-type, in puf-
8(RNAI) tumorous germlines (Figures 4E and 4F and data
not shown). In wild-type, MO and MSP persist during
the meiotic divisions and in differentiating spermatids
(Figure 4E and data not shown). Remarkably, MO and
MSP were absent from the puf-8 tumors. This finding is
consistent with cells in the tumors having returned to a
less-differentiated state (Figure 4F and data not shown).

To investigate the transition from primary spermato-
cytes to tumor, we dissected puf-8 tumorous germlines
and stained the dissociated germ cells with DAPI and
anti-tubulin (Figures 1 and 4G-4H). Primary spermato-
cytes that had budded off from the germline syncytium
displayed an apparently normal metaphase arrange-
ment of chromosomes and centrosomes (Figures 1, 4D,
and 4H). The ensuing division products, however, were
highly aberrant, often consisting of large cells (similar
in size to budded primary spermatocytes) with disorga-
nized spindles and two or more masses of partially de-
condensed DNA (Figures 1, 4D, and 4H). These aberrant
intermediates were reminiscent of those seen in puf-8
germlines grown at 20°C (Figure 1). However, unlike
those germlines, which yield aneuploid sperm, puf-8
tumorous germlines gave rise to many rounded cells
with decondensed DNA (Figures 1C and 4D). These cells
resembled the stem cells found in the distal region of
the germline, with one important difference. Whereas
distal germ cells exist in a syncytium connected to a
central core (rachis), cells in the puf-8 tumors could
easily be separated from one another (Figures 1 and 4).
This difference is consistent with puf-8 tumors arising
from cells that have completed meiotic prophase, since
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Figure 1. puf-8 1° Spermatocytes Undergo Aberrant Meiotic Divisions

(A) DAPI-stained 1° spermatocytes in metaphase of meiosis | from wild-type males, puf-8(ok302) males grown at 20°C, and puf-8(RNAi) males
grown at 25°C. puf-8 1° spermatocytes are indistinguishable from wild-type.
(B) DAPI-stained division intermediates. In wild-type, four spermatids with condensed DNA surround residual bodies. In puf-8 mutants, aberrant

intermediates are seen.

(C) DAPI-stained division products. Wild-type sperm have one highly condensed mass of DNA. Sperm in puf-8 males grown at 20°C have
extra DNA masses, a single partially decondensed DNA mass, or lack DNA altogether. puf-8 males grown at 25°C give rise to individualized,

round cells with decondensed DNA.

primary spermatocytes are known to bud off the rachis
just before the meiotic divisions [16].

To determine whether cells in the tumor had under-
gone a reductional division (meiosis l), we hybridized
them to a probe specific for the X chromosome (which
in male germ cells segregates asymmetrically during
meiosis I). We found that all cells in the puf-8 tumors
hybridized to the X-specific probe (n = 50; Figure 3C).
Although we cannot exclude that cells lacking an X chro-
mosome may have been underrepresented in the tumor,
our results are most consistent with puf-8 tumors being
derived from primary spermatocytes that have not com-
pleted a reductional division. We conclude that, at ele-
vated temperatures, puf-8 is required both to complete
meiotic divisions and to prevent primary spermatocytes
(and/or their division products) from returning to the
mitotic cycle.

Discussion

We reported previously that a subset of PUF proteins
(FBF-1/2, PUF-5/6, PUF-8) function together to regulate
primordial germ cell development in embryos [4]. FBF-1
and FBF-2 also function redundantly in adults to pro-
mote the sperm-to-oocyte switch [17] and to maintain

the self-renewing potential of germline stem cells [18].
We report here that PUF-8 performs yet another function
in meiotic germ cells. In the absence of PUF-8, primary
spermatocytes exit meiosis and return to the mitotic
cycle. Together, these data demonstrate that PUF pro-
teins regulate several transitions during germ cell devel-
opment and can affect the development of both premei-
otic and meiotic germ cells. What target RNAs are
involved, and are some targets involved in more than
one transition? Two direct targets have been identified
so far for FBF: gld-1, which promotes entry into meiosis
[18-20] (see below), and fem-3, which promotes entry
into spermatogenesis [17, 21]. Neither are known to
function during meiotic divisions, suggesting that PUF-8
regulates yet another target(s) in spermatocytes.

This complexity is unlikely to be specific to nematode
PUFs, as the single Drosophila PUF, Pumilio, also has
been implicated in several aspects of germline develop-
ment. During embryogenesis and larval stages, Pumilio
is required for primordial germ cell migration and growth
[22-24]. Later in the adult, Pumilio is required in germline
stem cells for self-renewal and to promote oogenesis
[24-26]. Pumilio also has functions outside of the germ-
line, in the embryo [27, 28], the somatic gonad [24],
and the nervous system [29]. Thus, Pumilio, like the C.
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Figure 2. puf-8 Males Raised at 25°C Form Tumors that Grow into Adulthood

Dissected germlines stained with DAPI; the distal end of the germlines is oriented toward the left, and the proximal end is oriented toward
the right. Wild-type germlines accumulate sperm at the proximal end, whereas puf-8(RNAi) germlines develop proximal tumors that grow into
adulthood. L4: last larval stage before the adult stage.

Figure 3. Cells in puf-8 Tumors Are Mitoti-
cally Cycling Germ Cells that Have Not
Undergone a Reductional Division

(A) Dissected puf-8(RNAI) tumorous germline
stained with DAPI (blue) and with anti-PGL-1
(pink), a germ cell-specific marker. PGL-1 is
presentin granules in distal mitotic germ cells
and in germ cells progressing through early
meiotic prophase (pachytene). PGL-1 gran-
ules are absent from primary spermatocytes
that have progressed past the pachytene
stage (as is true in wild-type, [34]), but they
return in the tumor, confirming that cells in
the tumor are germ cells. Tumor cells also
stained with two other germ cell markers,
GLH-1 and GLP-1 (data not shown).

(B) Close-up of a puf-8(RNAI) tumor stained
with DAPI (blue) and anti-phospho-H3
(green).

. (C) puf-8(RNAI) tumor dissected from an XO
Proximal animal, stained with DAPI (blue), and hybrid-
ized to DNA probes specific for the X chromo-
some (green) and chromosome | (red, ribo-
somal DNA locus). All nuclei stain with both
probes, suggesting that all cells in the tumor
retain an X chromosome.
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Figure 4. Meiotic Prophase and the Onset of Spermatogenesis Proceed Normally in puf-8 Tumorous Germlines
(A and B) (A) Wild-type and (B) puf-8(RNAI) tumorous germlines costained with DAPI (blue) and with anti-HIM-3 (red).

(C and D) (C) Wild-type and (D) puf-8(RNAi) primary spermatocytes in metaphase of meiosis | (top); division intermediates (middle) and division
products (bottom) costained with DAPI (blue) and with anti-HIM-3 (red).

(E and F) (E) Wild-type and (F) puf-8(RNAi) tumorous germlines costained with DAPI (blue) and the spermatogenesis marker MSP (green).
(G and H) (G) Wild-type and (H) puf-8(RNAi) primary spermatocytes in metaphase of meiosis | (top); division intermediates (middle) and division
products (bottom) costained with DAPI (blue) and anti-tubulin (green).

In wild-type, primary spermatocytes undergo two divisions in quick succession to give rise to four spermatids with highly condensed DNA
surrounding a residual body (or cystoblast) where spindle remnants are discarded (Figure 4G, bottom). puf-8 primary spermatocytes set up
a spindle (top) and, at least occasionally, appear to successfully separate the DNA into two masses (middle), but they fail to form a residual

body (bottom).

elegans PUFs, is likely to regulate many different RNAs.
The redundancy of the C. elegans PUFs during em-
bryogenesis suggests that they regulate common tar-
gets in primordial germ cells and have acquired unique
targets in later stages. The recurring requirement for
PUFs in the germline likely reflects a high dependency
for this tissue on posttranscriptional regulation [30, 31].

In puf-8 mutants, 1° spermatocytes dedifferentiate
into mitotically cycling germ cells, as evidenced by the
loss of spermatogenesis markers (MO and MSP), the
return of early germ cell markers (P granules and GLP-1),
and reentry into mitosis and tumor formation. We do
not yet know how 1° spermatocytes transition from
metaphase of meiosis | to mitosis, but one possibility
is that sister chromatid cohesion fails, causing at least
some cells to undergo a division that is more akin to
an equational division (meiosis Il) than a reductional
division (meiosis ). This possibility is supported by the
high frequency of aneuploidy in puf-8 mutants grown at
20°C, and by the equational segregation of the X in XO
tumors. A return to mitosis by cells that initiate but fail to
complete the meiotic program has also been observed in
gld-1 mutants. GLD-1 is an RNA binding protein required
for progression through meiotic prophase [19]. In the
absence of gld-1, germ cells exit meiosis during pachy-
tene (prophase of meiosis I) and return to mitosis, re-
sulting in a tumorous germline. Unlike puf-8 mutants,
gld-1 germ cells never complete meiotic prophase and

do not initiate gametogenesis. Furthermore, whereas
puf-8 affects only cells undergoing spermatogenesis,
gld-1 affects only cells destined to become oocytes.
These differences notwithstanding, in both the g/d-7 and
puf-8 mutants, failure to complete meiosis is linked to
tumor formation. In humans, germline tumors are most
commonly thought to be derived from premeiotic germ
cells. An exception, however, may exist in the male
germline. Spermatocytic seminomas are testicular tu-
mors derived from germ cells that have initiated sperma-
togenesis and may also have initiated meiosis, although
this last point is still under debate [32, 33]. Our findings
demonstrate that cells that have progressed past mei-
otic prophase can give rise to tumors, and they raise
the possibility that PUF proteins could function as tumor
suppressors in the germlines of other organisms.

Supplementary Material

Supplementary Material including Experimental Procedures and
information regarding the puf-8 locus is available at http://images.
cellpress.com/supmat/supmatin.htm.

Acknowledgments

We thank Steve L’Hernault, Diane Shakes, and Monica Zetka for
antibodies, Abbey Dernberg for advice on DNA in situs, Gary Molder
and the Knockout Consortium for ok302, and Tim Schedl| for many
helpful discussions. This work was supported by grants from the
Steve and Michelle Kirsch Foundation and the National Institutes
of Health (RO1HD37407).



Brief Communication
139

Received: August 20, 2002
Revised: October 31, 2002
Accepted: November 5, 2002
Published: January 21, 2003

References

10.

11.

12

13.

14.

15.

16.

17.

18.

. Wickens, M., Bernstein, D.S., Kimble, J., and Parker, R. (2002).

A PUF family portrait: 3'UTR regulation as a way of life. Trends
Genet. 18, 150-157.

. Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E.,

and Mello, C.C. (1998). Potent and specific genetic interference
by double-stranded RNA in Caenorhabditis elegans. Nature 391,
806-811.

. Hodgkin, J.A., and Brenner, S. (1977). Mutations causing trans-

formation of sexual phenotype in the nematode Caenorhabditis
elegans. Genetics 86, 275-287.

. Subramaniam, K., and Seydoux, G. (1999). nos-1 and nos-2,

two genes related to Drosophila nanos, regulate primordial germ
cell development and survival in Caenorhabditis elegans. Devel-
opment 126, 4861-4871.

. Kawasaki, I., Shim, Y.H., Kirchner, J., Kaminker, J., Wood, W.B.,

and Strome, S. (1998). PGL-1, a predicted RNA-binding compo-
nent of germ granules, is essential for fertility in C. elegans. Cell
94, 635-645.

. Gruidl, M.E., Smith, P.A., Kuznicki, K.A., McCrone, J.S., Kirch-

ner, J., Roussell, D.L., Strome, S., and Bennett, K.L. (1996).
Multiple potential germ-line helicases are components of the
germ-line-specific P granules of Caenorhabditis elegans. Proc.
Natl. Acad. Sci. USA 93, 13837-13842.

. Crittenden, S.L., Troemel, E.R., Evans, T.C., and Kimble, J.

(1994). GLP-1 is localized to the mitotic region of the C. elegans
germ line. Development 720, 2901-2911.

. Hendzel, M.J., Wei, Y., Mancini, M.A., Van Hooser, A., Ranalli,

T., Brinkley, B.R., Bazett-Jones, D.P., and Allis, C.D. (1997).
Mitosis-specific phosphorylation of histone H3 initiates primar-
ily within pericentromeric heterochromatin during G2 and
spreads in an ordered fashion coincident with mitotic chromo-
some condensation. Chromosoma 706, 348-360.

. Kimble, J., Edgar, L., and Hirsh, D. (1984). Specification of male

development in Caenorhabditis elegans: the fem genes. Dev.
Biol. 105, 234-239.

Goodwin, E.B., Okkema, P.G., Evans, T.C., and Kimble, J. (1993).
Translational regulation of tra-2 by its 3’ untranslated region
controls sexual identity in C. elegans. Cell 75, 329-339.
Church, D.L., Guan, K.L., and Lambie, E.J. (1995). Three genes
of the MAP kinase cascade, mek-2, mpk-1/sur-1 and let-60 ras,
are required for meiotic cell cycle progression in Caenorhabditis
elegans. Development 121, 2525-2535.

Varkey, J.P., Jansma, P.L., Minniti, A.N., and Ward, S. (1993).
The Caenorhabditis elegans spe-6 gene is required for major
sperm protein assembly and shows second site non-comple-
mentation with an unlinked deficiency. Genetics 133, 79-86.
Zetka, M.C., Kawasaki, I., Strome, S., and Muller, F. (1999).
Synapsis and chiasma formation in Caenorhabditis elegans re-
quire HIM-3, a meiotic chromosome core component that func-
tions in chromosome segregation. Genes Dev. 13, 2258-2270.
Ward, S., Roberts, T.M., Strome, S., Pavalko, F.M., and Hogan,
E. (1986). Monoclonal antibodies that recognize a polypeptide
antigenic determinant shared by multiple Caenorhabditis ele-
gans sperm-specific proteins. J. Cell Biol. 102, 1778-1786.
Okamoto, H., and Thomson, J.N. (1985). Monoclonal antibodies
which distinguish certain classes of neuronal and supporting
cells in the nervous tissue of the nematode Caenorhabditis ele-
gans. J. Neurosci. 5, 643-653.

Ward, S., Argon, Y., and Nelson, G.A. (1981). Sperm morphogen-
esis in wild-type and fertilization-defective mutants of Caeno-
rhabditis elegans. J. Cell Biol. 91, 26-44.

Zhang, B., Gallegos, M., Puoti, A., Durkin, E., Fields, S., Kimble,
J., and Wickens, M.P. (1997). A conserved RNA-binding protein
that regulates sexual fates in the C. elegans hermaphrodite
germ line. Nature 390, 477-484.

Crittenden, S.L., Bernstein, D.S., Bachorik, J.L., Thompson,

19.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

B.E., Gallegos, M., Petcherski, A.G., Moulder, G., Barstead, R.,
Wickens, M., and Kimble, J. (2002). A conserved RNA-binding
protein controls germline stem cells in Caenorhabditis elegans.
Nature 417, 660-663.

Francis, R., Barton, M.K., Kimble, J., and Schedl, T. (1995). gld-1,
a tumor suppressor gene required for oocyte development in
Caenorhabditis elegans. Genetics 139, 579-606.

. Jan, E., Motzny, C.K., Graves, L.E., and Goodwin, E.B. (1999).

The STAR protein, GLD-1, is a translational regulator of sexual
identity in Caenorhabditis elegans. EMBO J. 18, 258-269.
Barton, M.K., Schedl, T.B., and Kimble, J. (1987). Gain-of-func-
tion mutations of fem-3, a sex-determination gene in Caeno-
rhabditis elegans. Genetics 115, 107-119.

Sano, H., Mukai, M., and Kobayashi, S. (2001). Maternal Nanos
and Pumilio regulate zygotic vasa expression autonomously in
the germ-line progenitors of Drosophila melanogaster embryos.
Dev. Growth Differ. 43, 545-552.

Asaoka-Taguchi, M., Yamada, M., Nakamura, A., Hanyu, K., and
Kobayashi, S. (1999). Maternal Pumilio acts together with Nanos
in germline development in Drosophila embryos. Nat. Cell Biol.
1, 431-437.

Parisi, M., and Lin, H. (1999). The Drosophila pumilio gene en-
codes two functional protein isoforms that play multiple roles
in germline development, gonadogenesis, oogenesis and em-
bryogenesis. Genetics 153, 235-250.

Lin, H., and Spradling, A.C. (1997). A novel group of pumilio
mutations affects the asymmetric division of germline stem cells
in the Drosophila ovary. Development 124, 2463-2476.
Forbes, A., and Lehmann, R. (1998). Nanos and Pumilio have
critical roles in the development and function of Drosophila
germline stem cells. Development 125, 679-690.
Nusslein-Volhard, C., Frohnhofer, H.G., and Lehmann, R. (1987).
Determination of anteroposterior polarity in Drosophila. Science
238, 1675-1681.

Gamberi, C., Peterson, D.S., He, L., and Gottlieb, E. (2002).
An anterior function for the Drosophila posterior determinant
Pumilio. Development 129, 2699-2710.

Schweers, B.A., Walters, K.J., and Stern, M. (2002). The Dro-
sophila melanogaster translational repressor pumilio regulates
neuronal excitability. Genetics 167, 1177-1185.

Houston, D.W., and King, M.L. (2000). Germ plasm and molecu-
lar determinants of germ cell fate. Curr. Top. Dev. Biol. 50,
155-181.

Kuwabara, P.E., and Perry, M.D. (2001). It ain’t over till it’s ova:
germline sex determination in C. elegans. Bioessays 23,
596-604.

Stoop, H., van Gurp, R., de Krijger, R., Geurts van Kessel, A.,
Koberle, B., Oosterhuis, W., and Looijenga, L. (2001). Reactivity
of germ cell maturation stage-specific markers in spermatocytic
seminoma: diagnostic and etiological implications. Lab. Invest.
81, 919-928.

Zeeman, A.M., Stoop, H., Boter, M., Gillis, A.J., Castrillon, D.H.,
Oosterhuis, J.W., and Looijenga, L.H. (2002). VASA is a specific
marker for both normal and malignant human germ cells. Lab.
Invest. 82, 159-166.

Amiri, A., Keiper, B.D., Kawasaki, I., Fan, Y., Kohara, Y., Rhoads,
R.E., and Strome, S. (2001). An isoform of elF4E is a component
of germ granules and is required for spermatogenesis in C.
elegans. Development 7128, 3899-3912.



