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A Novel Function for the Sm Proteins
in Germ Granule Localization
during C. elegans Embryogenesis

in the cytoplasm of many cell types, consistent with the
localization of snRNPs in other organisms (Figures 2C
and 2E; our unpublished data). Strikingly, Sm antibodies
also stained cytoplasmic particles that colocalized with
the P granule component PGL-1 within germ cells and
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4200 East Ninth Avenue their embryonic precursors (Figures 2A–2F). Sm staining

was observed in nucleus-associated (perinuclear) PDenver, Colorado 80262
granules of adult germ cells and older embryos (Figures
2A and 2E), as well as in cytoplasmic P granules of
oocytes and early embryos (Figure 2C; our unpublishedSummary
data). P granules were stained by several monoclonal
and polyclonal antibodies that recognize different epi-General mRNA processing factors are traditionally
topes on Sm proteins [6–8] (see Supplementary Materialthought to function only in the control of global gene
available with this article online). Furthermore, the stain-expression. Here we show that the Sm proteins, core
ing of P granules by anti-Sm antibodies was greatlycomponents of the splicesome, also regulate germ
reduced after RNAi of Sm proteins but not after RNAigranules during early C. elegans development. Germ
of RNA polymerase II (compare Figure 2E with 2G; Sup-granules are large cytoplasmic particles that localize
plementary Material; our unpublished data). In addition,to germ cells and their precursors during embryogene-
antibodies to U2AF65, another splicing factor, stainedsis of diverse organisms [1]. In C. elegans, germ gran-
nuclei but did not stain P granules (our unpublishedules, called P granules, are segregated to the germline
data). Therefore, these results show that at least someprecursor cells during embryogenesis by asymmetric
Sm proteins are specific and constitutive componentscell division, and they remain in germ cells at all stages
of P granules.of development [2]. We found that at least some Sm

To test the functional significance of Sm protein asso-proteins are components of P granules. Moreover, dis-
ciation with P granules, we inhibited Sm activity by RNAiruption of Sm activity caused defects in P granule
and stained the gonads and embryo progeny of injectedlocalization to the germ cell precursors during early
worms for PGL-1. In normal embryos, P granules localizeembryogenesis. In contrast, loss of other splicing fac-
to the germ cell precursors (P1-P4) at each of severaltor activities had no effect on germ granule control in
asymmetric cell divisions (Figure 3A; [2]). After RNAi ofthe embryo. These observations suggest that the Sm
one or more Sm proteins, P granules were detected inproteins control germ granule integrity and localiza-
multiple cells in many embryos between the 8- and 36-tion in the early C. elegans embryo and that this role
cell stages, in contrast to embryos from control animalsis independent of pre-mRNA splicing. Thus, a highly
(Table 1; Figures 3B–3E; see also Figure 2H). Sm deple-conserved splicing factor may have been adapted to
tion also caused embryonic arrest at the 50- to 100-cellcontrol both snRNP biogenesis and the localization of
stage, with defects in morphogenesis and differentiationcomponents important for germ cell function.
(Table 1; Supplementary Material). The effects of Sm
depletion on P granule distribution was largely limited

Results and Discussion to embryos older than the eight-cell stage; most two-
and four-cell embryos localized their P granules nor-

To identify genes that control embryonic asymmetry, mally after Sm depletion (Supplementary Material).
a C. elegans embryonic cDNA library was functionally These results suggest that loss of Sm activity causes a
screened by RNA interference (RNAi). From this screen, defect in the localization of P granules after the four- to
we identified the C. elegans ortholog of human SmE as eight-cell stages, during the division of P2 or P3. Be-
a regulator of P granule localization (see below). SmE cause only PGL-1 was examined, it is not known if Sm
is one of seven conserved Sm proteins that form a hep- activity affects the entire P granule structure or if it is
tameric complex required for the biogenesis and func- restricted to only some components. In addition, be-
tion of the snRNPs that catalyze mRNA splicing (Figure cause the maternal pool of Sm proteins is reduced but
1; [3, 4]). Orthologs to each of the Sm proteins are found not eliminated in these RNAi experiments (Supplemen-
in C. elegans, and each shows high amino acid identity tary Material), the observed phenotypes probably result
throughout its length with its vertebrate counterparts from a partial loss of function. Longer incubations of
(Figure 1). In addition, the Sm proteins in C. elegans SmE(RNAi) animals caused increased penetrance of
associate with known snRNAs, suggesting that they these P granule defects, but they also caused sterility
function in both cis- and trans-splicing in worms [5]. and cell division defects in the embryo (Table 2; Supple-

To determine the localization of Sm proteins in em- mentary Material).
bryos and germ cells, we stained embryos and adult The subcellular distribution and size of P granules
gonads with several different Sm antibodies. With most within germ cell precursors was also altered by Sm
of these antibodies, staining was detected in nuclei and depletion. Beginning at the four-cell stage of normal

germ cell precursors, P granules become associated
with the nuclear envelope during interphase of the cell3 Correspondence: tom.evans@uchsc.edu
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Figure 1. Model of the Sm Complex that Binds the snRNAs

This model is based on structural analysis of mammalian and yeast
Sm proteins [4]. The C. elegans Sm protein designations and the
percent amino acid identity between C. elegans and human Sm
proteins are indicated. Sm proteins can also form subcomplexes in
cells (BD3, D1D2, and FEG), as indicated by lines connecting the
interacting subunits [4]. For simplicity, the C. elegans SNR proteins
are referred to by their common Sm names.

cycle ([2, 9]; Figure 3A). This perinuclear localization is
most pronounced after the birth of P4 at the16-cell stage
(see Figure 3D). After Sm depletion, P granule associa-
tion with nuclei was disrupted in 16- to 40-cell-stage
embryos (Table 1; compare Figure 3B with 3C and 3D
with 3E). In some SmE(RNAi) embryos, P granules re-
mained large but were primarily cytoplasmic (Figure 3C).
In other embryos, PGL-1-containing particles were small
or very diffuse within the cytoplasm (Figure 3E). This
range of effects on P granules suggests that the Sm
proteins may be required both for the perinuclear attach-
ment of PGL-1-containing particles and for the integrity
of the P granule structure or its PGL-1 component.

To separately perturb the three known Sm subcom-
plexes (see Figure 1), we used RNAi to disrupt different

Figure 2. The C. elegans Sm Proteins Localize to P Granulescombinations of Sm proteins. Each combination of dou-
(A and B) Meiotic pachytene germ cells of the adult germline stainedble-stranded RNAs (dsRNAs) produced similar pheno-
with the anti-Sm Y12 monoclonal antibody (A) and PGL-1 (B). DAPItypes (Table 1). These results suggest that several Sm’s,
staining of nuclei is also shown.

if not the entire heptamer, are required for P granule (C and D) Four-cell and eight-cell embryos stained with Sm human
control. However, because not all Sm proteins have sera (C) and PGL-1 (D). Merged images show that PGL-1 and Sm
been depleted individually, some may not be involved. staining are coincident within P granules (data not shown). The Sm

monoclonals KSm4 and 7.13, as well as an SmG polyclonal, alsoRNAi of several of the C. elegans “Sm-like” proteins
stained P granules (Supplementary Material).(the Lsm’s) had no effect on P granule regulation (our
(E–H) Embryos of approximately 50 cells were stained with Sm hu-unpublished data). The Lsm proteins also function in
man sera (E, G) or PGL-1 (F, H). The embryo in (G) and (H) was from

splicing and other processes in eukaryotes [10] and are an SmE,D1,D3 (RNAi) animal, while those in (E) and (F) are from a
the most similar to the Sm proteins in C. elegans. There- noninjected control animal. The exposures in (E) and (G) are equiva-
fore, the observed Sm(RNAi) phenotypes are not likely lent. Quantitation of the reduction of Sm staining by Sm depletion

with several Sm antibodies is presented in the Supplementary Mate-to be caused by RNAi of homologous mRNAs or inacti-
rial (Table S2). PGL-1 particles are detected in four cells in (H).vation of linked genes cotranscribed with the Sm genes.
The scale bars are 2.5 �m (A, B), 10 �m (C, D), and 5 �m (E–H).The effects of Sm depletion on P granule distribution

could be due to a defect in mRNA splicing or to a splic-
ing-independent role of Sm proteins in P granule regula- strong disruption of gene expression in the embryo [17].

However, RNAi of these other splicing factors, eithertion. To examine this issue, we disrupted the expression
of the core splicing factors, U2AF, U170K, and Sap49, alone or in combination, had no effect on the localization

of P granules to the germ precursor cells in embryos orand of the large subunit of RNA polymerase II by RNAi.
Each of these splicing factors plays central roles in on their perinuclear association (Table 1; our unpub-

lished data). When animals were incubated for longermRNA splicing in many species, including C. elegans
[11–16]. RNAi of these factors caused developmental times after splicing-factor RNAi, many injected animals

died or became sterile, and some of the few embryosarrest of embryos at the 50- to 100-cell stage, with cell
differentiation and morphogenesis defects similar to produced arrested prior to the 50-cell stage, consistent

with further depletion of both maternal and zygoticthose caused by Sm depletion (Table 1), consistent with



Current Biology
1504

mRNAs (our unpublished data). However, no defects in
P granule localization or subcellular distribution were
detected in the recovered embryos (Table 1). A small
percentage of Pol II (RNAi) embryos did show P granule
defects, although all of these embryos had abnormal
nuclear morphologies and were likely to have arrested
development (Table 1; our unpublished data). In con-
trast, even partial loss of Sm activity caused significant
defects in P granule control in the embryo (Tables 1
and 2). Sm depletion caused highly penetrant P granule
effects in embryos under conditions in which GLP-1 and
PGL-1, both made from maternal mRNAs [18, 19], were
not obviously reduced (Figures 2 and 3; our unpublished
data) and in which injected animals were still making
functional oocytes and embryos that developed to at
least the 50-cell stage (Table 2). These observations
suggest that Sm depletion disrupted P granule regula-
tion under conditions in which severe reduction in gen-
eral maternal mRNAs had not occurred, whereas deple-
tion of other splicing factors did not affect P granule
control even when both maternal and zygotic activities
were reduced (see also below).

Surprisingly, P granule regulation in the embryo is
Figure 3. Loss of SmE Activity Disrupts P Granule Localization and distinct from its control in adult germ cells. Inhibition of
Subcellular Distribution in the Embryo

transcription or mRNA export in the adult gonad rapidly
(A) The localization of P granules during early embryogenesis. P

disrupts the integrity of perinuclear P granules (J. Pittgranules (black dots) are delivered to the embryo from the oocyte.
and J. Priess, personal communication). We have ob-In the first two cell divisions, P granules are localized to the germ
served similar effects in adult germ cells after RNAi ofcell precursors (P1 and P2) by cytoplasmic flow [9]. After this stage,

most P granules reattach to the nuclear envelope during interphase U2AF, Sap49, or the Sm genes (our unpublished data).
and are then localized to P3 and P4. Together these results suggest that P granule (or PGL-1)
(B–E) RNAi of Sm proteins causes defects in P granule localization accumulation on nuclei of adult germ cells requires ac-
during later germ cell divisions. Panel (B) is a 12-cell embryo from

tive mRNA transcription and processing. However, thisa noninjected control; only P3 contains P granules (in red), most of
requirement is not related to the function of the Smwhich are associated with its nucleus (in blue). Panel (C) is a 12-
proteins in early embryos. First, partial depletion of SmEcell embryo after RNAi of SmE; large P granules are seen in two

cells (P3 and sister cell C); not all nuclei are seen in this focal plane. caused significant defects in P granule control in the
Panels (D) and (E) are 36- to 50-cell embryos from a noninjected early embryo when P granule integrity in adult germ
control (D) or an SmE(RNAi) animal (E). PGL-1 particles are tightly cells was unaffected (Table 2). Second, no P granule
associated with the nucleus of P4 but are small and diffuse in four

localization defects were seen in embryos after U2AFcells of the SmE(RNAi) embryo. The scale bar is 10 �m.
and U170K RNAi under conditions in which adult germ
cell P granules were severely disrupted. Forty-eight

Table 1. The Effects of Sm and Other Splicing Factor Activities on P Granule Regulation in Embryos

PGL-1 Nuclear
Percentage of Embryos PGL-1 Localization Defectb Association Defectc

RNAia Time after Inject Arrestedd (Percentage of Embryos) (Percentage of embryos)

none – 0% 0% 0%
Sm B � D3 24 hr 77% � 23% 65% � 2% 64% � 16%
Sm F � E � G 24 hr 87% � 7% 57% � 5% 62% � 6%
Sm D1 � D2 24 hr 100% 62% � 22% 79% � 1%
U170K � Sap49 24 hr 98% � 2% 0% 0%
U2AF65 � U2AF35 24 hr 100% 0% 0%
U2AF65 � U170K 29 hr 100% 0% 0%
U2AF65 � U170K 48 hr 100% 0% 0%
Pol II 24 hr 100% 0% 0%
Pol II 48 hr 100% 9% � 2% 0%

a The indicated dsRNAs were injected into adult animals, which were incubated for the times indicated at 20�C.
b Only 16- to 40-cell embryos were scored for P granule localization (after birth of P4 and prior to its division). Embryos in which two or more
cells had PGL-1 staining of near equal intensity were scored as localization defective.
c Sixteen- to fourty-cell embryos in which most or all PGL-1-stained granules were cytoplasmic and not in a ring around any nucleus were
scored as nuclear-association defective. Numbers are averages of two experiments � the variance, n � 10–36 embryos for each experiment.
d The percent of embryos collected 1 hr prior to fixation that failed to hatch is shown (n � 20–150 for each experiment).
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Table 2. Effects of SmE RNAi on Embryo and Germline P Granules over Time

Time of SmE dsRNA Feeding 24 hr 36 hr 48 hr 60 hr

Percentage of embryos with PGL-1 localization defecta 0% 45% 65% 91%
Percentage of embryos with PGL-1 nuclear association defecta 9% 68% 79% 100%
Percentage of gonads with PGL-1 nuclear association defectb 0% 0% 0% 53%
Percentage of embryo arrestc 31% 100% 100% n.d.
Percentage of embryos with early nuclear defectsd 0% 0% 0% 22%

Wild-type L4 larvae were placed on plates with bacteria expressing SmE dsRNA for the indicated times.
a Determined as in Table 1. n � 23–49 for each time point.
b Gonad distal arms with cytoplasmic PGL-1 staining and loss of perinuclear PGL-1 from more than 20% of germ nuclei were scored as
nuclear-association defective. n � 15–20 gonads for each time point.
c Through 48 hr, all embryos arrested with �50 cells (data not shown). At 60 hr, some embryos may have arrested earlier.
d Embryos with �20 cells and enlarged, fragmented, and disorganized DAPI foci.

hours after RNAi of U170K and U2AF65, PGL-1 staining different maternal mRNAs associate with P granules, P
granules could play important roles in mRNP assemblywas displaced from germ cell nuclei in the distal arms

of 87% of gonads (n � 8), but all of the 16–40 cell or activity in germ cells [26, 27]. In addition to being a
core UsnRNP component, the Sm complex is also aembryos (n � 10) had normally localized P granules.

These results strongly suggest that regulation of P gran- component of telomerase in budding yeast [28]. The
related Lsm proteins also have other molecular func-ules in adult germ cells is distinct from their control in

the early embryo, which depends specifically on Sm tions in addition to splicing [10]. Thus, the Sm proteins
could have diverse functions in eukaryotic cells.activity.

The results of this study suggest that at least some Germ granules also exist in other organisms, and they
share some of their components and properties with theSm proteins, core components of the splicesome, are

also constitutive components of C. elegans P granules P granules of C. elegans [1]. In mouse spermatocytes,
Sm antibodies stain large perinuclear granules that, likethat control granule integrity and localization during

early embryogenesis. P granule regulation is very sensi- nematode P granules, also contain a homolog of fly
VASA [29, 30]. These observations hint at conservedtive to Sm depletion but is not affected by depletion of

other splicing factors. These observations are consis- structures with conserved functions in germ cells of
diverse species. Novel roles of Sm proteins raise thetent with a unique function of Sm proteins for early

embryonic regulation of P granules; this function is sep- possibility that other general factors could also have
alternative and specific roles in development. Consis-arate from their role in mRNA splicing. This novel func-

tion of Sm proteins in P granule control could be direct tent with this view, factors that control general splicing,
translation, and mRNA export have also been implicatedor indirect. For example, the Sm proteins could control

P granules indirectly by regulating the fate of the germ in specific developmental functions [31–34]. These stud-
ies suggest that the adaptation of general functions tocell precursor. Alternatively, the presence of Sm proteins

in P granules may indicate that the Sm complex controls specific developmental pathways may be widespread.
P granule localization or integrity by some direct cyto-
plasmic mechanism. Supplementary Material

Analysis and discussion of Sm antibody specificity, Sm(RNAi) phe-Several molecular functions for the Sm proteins in P
notypes, and the Experimental Procedures are available at http://granule regulation can be envisioned. One simple idea
images.cellpress.com/supmat/supmatin.htm.is that the Sm complex promotes the attachment of

some or all P granule components to the germ precursor
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