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Abstract

Vertebrate Tob/BTG proteins inhibit cell proliferation when overexpressed in tissue culture cells, 

and they can function as tumor suppressors in mice. The single Caenorhabditis elegans Tob/BTG 

ortholog, FOG-3, by contrast, was identified from its loss-of-function phenotype as a regulator of 

sperm fate specification. Here we report that FOG-3 also regulates proliferation in the germline 

tissue. We first demonstrate that FOG-3 is a positive regulator of germline proliferation. Thus, 

fog-3 null mutants possess fewer germ cells than normal, a modest but reproducible decrease 

observed for each of two distinct fog-3 null alleles. A similar decrease also occurred in fog-3/+ 

heterozygotes, again for both fog-3 alleles, revealing a haplo-insufficient effect on proliferation. 

Therefore, FOG-3 normally promotes proliferation, and two copies of the fog-3 gene are required 

for this function. We next overexpressed FOG-3 by removal of FBF, the collective term for FBF-1 

and FBF-2, two nearly identical PUF RNA-binding proteins. We find that overexpressed FOG-3 

blocks proliferation in fbf-1 fbf-2 mutants: whereas germ cells stop dividing and instead 

differentiate in fbf-1 fbf-2 double mutants, they continue to proliferate in fog-3; fbf-1 fbf-2 triple 

mutants. Therefore, like its vertebrate Tob/BTG cousins, overexpressed FOG-3 is 

“antiproliferative”. Indeed, some fog-3; fbf-1 fbf-2 mutants possess small tumors, suggesting that 

FOG-3 can act as a tumor suppressor. Finally, we show that FOG-3 and FBF work together to 

promote tumor formation in animals carrying oncogenic Notch mutations. A similar effect was not 

observed when germline tumors were induced by manipulation of other regulators; therefore this 

FOG-3 tumor-promoting effect is context-dependent. We conclude that FOG-3 can either promote 

or inhibit proliferation in a manner that is sensitive to both genetic context and gene dosage. The 
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discovery of these FOG-3 effects on proliferation has implications for our understanding of 

vertebrate Tob/BTG proteins and their influence on normal development and tumorigenesis.

Keywords

FOG-3; Tob/BTG; proliferation; tumor formation; germ cells; C. elegans

Introduction

Vertebrate Tob/BTG (for transducer of ERBB2/B-cell translocation gene) proteins share two 

defining features — an N-terminal Tob/BTG domain and “antiproliferative activity” when 

overexpressed in tissue-culture cells (1–3). Tob/BTG proteins can also be tumor suppressors 

(reviewed by 3). For example, murine mutants lacking either Tob1 or BTG3 have an 

increased frequency of spontaneous tumors (4, 5), and ectopically expressed Tob1 or BTG2 

can inhibit tumor formation in mouse models (6, 7). Consistent with that tumor suppressor 

activity, Tob/BTG abundance is dramatically lowered in several cancers (4, 5, 8–14). 

Tob/BTG proteins are therefore emerging as important proliferation regulators and tumor 

suppressors.

Analysis of Tob/BTG proteins in vertebrate organisms has been constrained by the 

complexity of vertebrate tissues and the existence of multiple homologs (e.g. Tob1, Tob2, 

BTG1, BTG2, BTG3 and BTG4 in humans). Here we take advantage of the genetic power 

and relative simplicity of the nematode Caenorhabditis elegans to investigate the role of its 

single Tob/BTG ortholog in the regulation of proliferation. This ortholog (Figure 1a) was 

identified originally for its role in sperm fate specification and named FOG-3 for its null 

mutant phenotype (feminization of the germline) (15, 16). The only defect observed in fog-3 

mutants was sexual transformation of the germline; in the absence of FOG-3, germ cells that 

normally differentiate as sperm instead become oocytes. Most importantly, no conspicuous 

defect in proliferation was observed in fog-3 mutants.

Given the designation of the Tob/BTG family as “antiproliferative”, we expected FOG-3 

might inhibit proliferation. However, our first experiments showed that FOG-3 is normally a 

positive regulator of proliferation: fog-3 homozygotes and fog-3/+ heterozygotes both have 

fewer germ cells than normal. This decrease was modest but reproducible and observed for 

two separate fog-3 alleles. Therefore, FOG-3 promotes proliferation in a dose-sensitive 

manner. Subsequent experiments revealed that FOG-3 can also inhibit proliferation or 

promote tumor formation, depending on context. Overexpressed FOG-3 inhibits 

proliferation and suppresses tumor formation, and in oncogenic Notch strains, FOG-3 

promotes tumor formation. We conclude that FOG-3 can either promote or inhibit 

proliferation and discuss the implications of these findings for vertebrate Tob/BTG proteins.

Results

FOG-3 appears to promote robust germline proliferation

To investigate fog-3 effects on proliferation, we focused on the hermaphrodite germline 

tissue for two reasons: FOG-3 acts in this tissue (Supplementary Figure 1) (16; this work) 
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and most studies of germline proliferation have been conducted in the hermaphrodite sex 

(17).

Prior work failed to find any effect on germline proliferation in fog-3 mutants (15). To 

investigate the possibility of a subtle effect, we counted germ cell number at the mid-L4 

stage, when germline proliferation is extensive but gametes are not yet made. Two deletion 

mutants, both likely null alleles, were used: fog-3(q520) is a small 4-bp deletion in the 

Tob/BTG domain that shifts the reading frame (16), and fog-3(tm4376) is a 364 bp deletion 

that removes the N-terminal half of the Tob domain and also shifts the reading frame (this 

work; see Methods).

Based on the established antiproliferative activity of vertebrate Tob/BTG proteins (see 

Introduction), we predicted that germlines in fog-3 null mutants might have more germ cells 

than normal. However, germ cell number in fog-3 mutants was lower than normal: whereas 

wild type had 311 germ cells per gonadal arm on average at the mid-L4 stage, the fog-3 

mutants had either 268 (fog-3(q520)) or 252 (fog-3(tm4376)) germ cells per gonadal arm on 

average. The decrease was modest but statistically significant (p=0.004) in both mutants 

(Figure 1b, lines 1–3).

The simplest explanation of this reduction in germ cell number is that FOG-3 normally 

functions to promote robust proliferation. One alternate explanation is that germ cells 

lacking FOG-3 activity begin dividing later than normal. To test this idea, we examined 

timing of the first germ cell division relative to somatic neighbors. In wild-type L1 larvae, 

germ cells initiate divisions before somatic gonadal cells. Similarly in 7/7 fog-3(q520) L1s 

found at the diagnostic developmental stage, germ cells divided before somatic gonadal 

cells, indicating that the onset of proliferation was not delayed. Moreover, germ cell size and 

number appeared normal throughout the L1 stage. A second alternate explanation is that 

germline sex affects proliferation: wild-type L4 germlines are spermatogenic but fog-3 

mutant L4 germlines are oogenic. We were unable to address this possibility in 

homozygotes, because no condition has yet been found that allows fog-3 null mutants to be 

spermatogenic (15, 16; Kimble lab, unpublished). However, we were able do exclude this 

explanation in heterozygotes (see below).

A single fog-3 gene copy is not sufficient for normal germline proliferation

We next found that fog-3/+ mid-L4 animals also generate fewer germ cells than wild-type: 

fog-3(q520)/+ had 221 and fog-3(tm4376)/+ had 250 germ cells per gonadal arm on 

average, numbers significantly lower than the 310 germ cells in controls scored in parallel 

(Figure 1b, lines 4–6). Indeed the proliferation defect in fog-3/+ heterozygotes was 

remarkably similar to that observed in fog-3 homozygotes (compare Figure 1b, lines 2,3 to 

lines 5,6). We also examined when germ cells start dividing in fog-3(q520)/+ heterozygotes 

to ask whether their reduced numbers in L4s might be explained by a delayed start in germ 

cell divisions. As in wild-type, the fog-3(q520)/+ germ cell progenitor cells always divided 

before the somatic gonadal progenitor cells (n=7), and germ cell number and size appeared 

normal throughout the L1 stage. Therefore, the reduced proliferation observed in L4s is 

unlikely to result from a delay in the start of germ cell divisions.
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We also note that this experiment with fog-3/+ heterozygotes does not suffer from the 

germline-sex caveat raised above for fog-3 homozygotes. The fog-3/+ hermaphrodites not 

only make sperm, but their brood sizes do not differ significantly from wild type, indicating 

that they make the same number of sperm as wild-type hermaphrodites (Supplementary 

Table 1) (15). Therefore germline sex determination is equivalent in wild-type and fog-3/+ 

hermaphrodites. We conclude that the wild-type fog-3 gene promotes proliferation and that 

its wild-type gene dosage is crucial for that control.

Undetectable FOG-3 in the mitotic zone depends on FBF

We next overexpressed FOG-3 to analyze its effect on proliferation. Attempts to generate 

animals that harbored transgenes designed to overexpress FOG-3 were not successful. As an 

alternative method, we tested the idea that removal of the FBF repressor might result in 

overexpressed FOG-3. FBF is the collective term for FBF-1 and FBF-2, two nearly identical 

PUF RNA-binding proteins that are largely redundant (18). Three lines of evidence had 

previously suggested that FBF might repress fog-3: an FBF binding element was found in 

the fog-3 3′UTR (19); fog-3 mRNA immunoprecipitates with FBF-1 (20); and the FBF and 

FOG-3 proteins reside in largely non-overlapping regions of the germline (21–23). Yet no 

assay had been performed to show that FBF removal would lead to overexpressed FOG-3, 

because no reagent had been available to examine FOG-3 protein.

We visualized FOG-3 using an epitope-tagged transgenic FOG-3::FLAG protein that 

rescues fog-3 null mutants to fertility (23). This FOG-3::FLAG protein was assayed in a 

strain that is null for endogenous FOG-3 to ensure that FOG-3::FLAG maintains its rescuing 

activity. To ask if FBF affects fog-3 expression in the mitotic zone, we compared the 

FOG-3::FLAG expression pattern in a strain wild-type for FBF (fog-3; 

qIs159[FOG-3::FLAG]) to the expression pattern in a strain without FBF (fbf-1 fbf-2; fog-3; 

qIs159[FOG-3::FLAG]). This comparison was made in early L4 larvae, when both strains 

possessed actively proliferating germ cells in their distal gonad and spermatogenic germ 

cells in their proximal gonad.

Normally FBF is most abundant in mitotically-dividing germ cells at the distal end of the 

gonad (21, 24), and FOG-3::FLAG is most abundant more proximally in germ cells that 

have left the mitotic zone and entered meiotic prophase (23). We therefore focused on the 

mitotic zone, the region of actively dividing germ cells, to ask if FBF affects FOG-3::FLAG 

expression. Confirming previous results (23), FOG-3::FLAG was not detected in the mitotic 

zone of a germline harboring wild-type FBF (Figures 2a and b). By contrast, in an fbf-1 fbf-2 

double mutant germline with no FBF, FOG-3::FLAG became easily detectable in the 

proximal mitotic zone (Figures 2c and d). Quantitation with ImageJ confirmed this 

FOG-3::FLAG increase (Figures 2e and f). We do not know if this FBF effect is direct or 

indirect. Nonetheless, FBF clearly affects FOG-3::FLAG expression in the mitotic zone.

One interpretation of this experiment might have been that the overexpressed FOG-3::FLAG 

was the result of a difference in germline sex. Although both germlines were spermatogenic 

at the early L4 stage when the staining was performed, the germline with wild-type FBF was 

destined to make oocytes during adulthood, while the germline lacking FBF was destined to 

cease proliferation and never make oocytes. One might postulate that the germline with 
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wild-type FBF had a feminized mitotic zone in preparation for its later switch into 

oogenesis. To control for this possibility, we compared FOG-3::FLAG levels in the early L4 

mitotic zones of two strains that both express wild-type FBF but that differ in the type of 

gamete generated in adults. The first strain, fog-3; FOG-3::FLAG, is spermatogenic at the 

L4 stage and oogenic in adulthood. The second strain, fem-3(gf); fog-3; FOG-3::FLAG, is 

spermatogenic during both the L4 stage and adulthood and never makes oocytes. The 

abundance of FOG-3::FLAG was equivalent in the early L4 mitotic zones of these two 

strains (Supplementary Figure 2). Therefore, the FOG-3::FLAG overexpression in fbf-1 

fbf-2 mitotic zones results from loss of FBF, not from loss of the switch to oogenesis. We 

conclude that FBF is required to lower fog-3 expression in the mitotic zone.

FOG-3 inhibits proliferation when overexpressed in fbf-1 fbf-2 mutants

To assess the effect of overexpressed FOG-3 on germline proliferation, we compared fbf-1 

fbf-2 null mutant germlines with and without FOG-3. For these studies, we focused on 

adults, 24 hours past the L4 stage, and first asked whether germ cells were undifferentiated 

or differentiated in the distal gonad (Figure 3a, Distal undiff). Prior work showed that the 

distal gonads of wild-type animals and fog-3 null mutants maintain undifferentiated germ 

cells throughout adulthood (15, 25, 26), but that the distal gonads of late L4 fbf-1 fbf-2 

larvae contain no undifferentiated germ cells because all their germ cells differentiate into 

sperm (21). We first confirmed these conclusions for the distal germlines of wild-type, fog-3 

and fbf-1 fbf-2 late L4 larvae (Figure 3a, lines 1–3). We then examined the effect of 

removing FOG-3 in fbf-1 fbf-2 mutants. In fog-3; fbf-1 fbf-2 triple mutant adults, the distal 

germ cells all appeared undifferentiated (Figure 3a, line 4; Figures 3b and c). A similar 

effect was seen when FOG-3 was depleted using RNAi (Figure 3a, line 6) or reduced by one 

gene copy (Figure 3a, line 7). To ask if these distal undifferentiated cells in fog-3; fbf-1 fbf-2 

germlines were cycling, we treated animals with the thymidine analog EdU, an S-phase 

marker, and found that nuclei among the undifferentiated germ cells were labeled (Figures 

3d and e). Therefore, these undifferentiated nuclei are progressing through the cell cycle.

We next examined the proximal germline. Whereas all fog-3; fbf-1 fbf-2 germlines had 

undifferentiated cells distally (Figure 3a, line 4), their proximal regions were variable 

(Figure 3a; Proximal germline). In most, the proximal germ cells had left the mitotic cell 

cycle, which in this system signals differentiation. Some made oocytes (Fog), while others 

were disorganized and difficult to classify (collectively termed “other sterile”); none made 

any sperm. More strikingly, 20% appeared tumorous (Tum). We use the term “tumorous” in 

this context to mean a tissue abnormally transformed to a state that is composed entirely of 

dividing undifferentiated cells, a classic hallmark of tumors. These Tum germlines did not 

possess differentiated gametes or disorganized germ cells in their proximal region, but 

instead all their germ cells appeared proliferative. All their nuclei had a chromosomal 

morphology typical of the mitotic cell cycle, and none had a morphology typical of entry 

into the meiotic cell cycle, as assayed using Hoechst or DAPI staining (Figure 3f). 

Moreover, cells positive for phosphorylated histone H3 were scattered from distal to 

proximal (Figures 3f and g), and they incorporated EdU randomly from distal to proximal, 

indicating that their cells were progressing through the cell cycle. These fog-3; fbf-1 fbf-2 

Snow et al. Page 5

Oncogene. Author manuscript; available in PMC 2013 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tum germlines were relatively small, however, and therefore not typical of aggressive 

tumors.

To confirm that germ cells were continuing to proliferate into adulthood in fog-3; fbf-1 fbf-2 

animals, we compared germ cell number between L4 larvae and adults. In adults, we 

focused on Fog and Tum germlines, because germ cells in the “other sterile” class were 

often nebulous and difficult to count. Germ cell number per gonadal arm increased from an 

average of 86 in fog-3; fbf-1 fbf-2 L4s (range, 45–144; n=7) to an average of 130 in fog-3; 

fbf-1 fbf-2 Fog adults (n=5; range, 65–195) and to an average of 590 in fog-3; fbf-1 fbf-2 

Tum adults (n=6; range, 310–823). We conclude that FOG-3 removal relieves the block to 

proliferation typical of fbf-1 fbf-2 mutants, although proliferation is not restored to a normal 

level. We also conclude that FOG-3 removal can lead to formation of small non-aggressive 

tumors in at least one genetic context.

We note that an earlier study reported that fog-3; fbf-1 fbf-2 mutants made fewer germ cells 

than fbf-1 fbf-2 mutants (19). Our more rigorous analysis of the same triple mutant strain 

suggests that the previous report was not correct. It is likely that an incorrectly marked 

fog-1; fbf-1 fbf-2 strain was analyzed in the earlier study, not the reported fog-3; fbf-1 fbf-2 

strain. No other discrepancies were found between the two analyses. For example, we 

confirmed that fog-1; fbf-1 fbf-2 generates only a few germ cells that all differentiate as 

oocyte-like cells (Supplementary Table 2). Therefore, FOG-1 and FOG-3 have opposite 

effects on proliferation in an fbf-1 fbf-2 background, the first indication that these two 

proteins do not control germ cells identically.

FOG-3 can promote tumor formation

We explored the idea that FOG-3 might influence tumor formation in mutants that normally 

generate very large germline tumors. We first used animals that harbor an oncogenic gain-

of-function (gf) mutation in the gene encoding the GLP-1 Notch receptor (27). All glp-1(gf) 

homozygotes make germline tumors and are sterile, but they can be propagated from 

glp-1(gf)/+ heterozygotes, which are often fertile as young adults (27). We used RNAi to 

deplete fog-3 in glp-1(gf)/+ L4 larvae and examined their glp-1(gf) homozygous progeny in 

the next generation. The fog-3(RNAi); glp-1(gf) animals formed large germline tumors, 

similar to those in glp-1(gf) controls (Figures 4a-c, white asterisks). However, unlike 

glp-1(gf) germlines, the fog-3(RNAi); glp-1(gf) germline tumors sometimes made one or a 

few oocytes, confirming RNAi efficacy (Figure 4c, arrowheads). Therefore, FOG-3 

depletion had no major effect on glp-1(gf) tumor formation. We then removed both FOG-3 

and FBF with a much more dramatic result. Whereas RNAi knockdown of fbf-1 and fbf-2 

had no effect (Figure 4a), as previously shown (19), the simultaneous depletion of both 

FOG-3 and FBF could abolish germline tumors: essentially no germ cells remained in ~50% 

of the fog-3(RNAi); fbf-1(RNAi); fbf-2(RNAi); glp-1(gf) homozygotes (Figure 4a, 4d). This 

~50% penetrance likely reflects the well-known character of RNAi to reduce rather than 

eliminate gene expression. The loss of glp-1(gf) tumor formation might result from either a 

decrease in proliferation or increase in cell death. Regardless, FBF and FOG-3 work 

together to promote glp-1(gf) tumor formation—an activity consistent with a role in 

proliferation, but that may involve other developmental mechanisms.
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We next assayed tumor formation in double mutants lacking gld-1 and gld-2, two genes that 

act downstream of GLP-1/Notch to promote differentiation (28). For these experiments, we 

used mutants rather than RNAi to remove FOG-3 and FBF. All gld-1 gld-2 double mutants 

made germline tumors (Supplementary Table 2, line 1), as expected (28), and all gld-1 gld-2 

fog-3 triple mutants and gld-1 gld-2 fog-3; fbf-1 fbf-2 quintuple mutants also made germline 

tumors (Supplementary Table 2, lines 2 and 3). Moreover, germline tumors also formed 

when fog-3; fbf-1 fbf-2 triple mutants were depleted for gld-1 and gld-2 using RNAi 

(Supplementary Table 2, lines 4 and 5). We conclude that FOG-3 and FBF are not required 

to promote formation of all germline tumors.

Discussion

This work demonstrates that FOG-3, the single C. elegans Tob/BTG ortholog, can either 

promote or block germline proliferation, and that this effect is exquisitely sensitive to both 

gene dosage and genetic context. We also provide evidence that FOG-3 can suppress, 

enhance or have no effect on germline tumor formation, again depending on genetic context. 

Previous work showed that FOG-3 is an essential regulator of sperm cell fate specification, 

including both initiation and maintenance of that fate (15, 23). Together these FOG-3 studies 

provide a model for how a Tob/BTG protein may normally function within a developing 

tissue (Figure 5). Our discussion focuses on these antagonistic FOG-3 roles and their 

implications for function of vertebrate Tob/BTG proteins in development and cancer.

The C. elegans Tob/BTG protein FOG-3 can promote proliferation

We have found that FOG-3 is a positive regulator of germline proliferation in normal cells 

and a tumor-promoter in one genetic context. Thus, FOG-3 promotes robust proliferation 

during normal development, and FOG-3 and FBF together promote tumor formation in the 

context of oncogenic GLP-1/Notch signaling. The mechanism used by FOG-3 to promote 

proliferation and tumor formation is not understood. Vertebrate Tob/BTG proteins shuttle 

between the nucleus and cytoplasm and have been implicated in both transcriptional and 

translational regulation (1–3, 29, 30), but FOG-3 has not yet been subjected to similar 

analyses. One clue is that FOG-3 is cytoplasmic, consistent with a post-transcriptional role 

(23). Based on its positive effect on germline proliferation, a simple prediction is that the 

FOG-3 protein should be expressed in proliferating germ cells. However, abundant FOG-3 

protein is only found in germ cells that have begun to differentiate (23; this work). Two 

distinct models could explain this paradox. One possibility is that FOG-3 promotes 

proliferation when expressed at a level that is not easily detectable. Consistent with this idea, 

very faint FOG-3::FLAG protein was observed in mitotically-dividing germ cells just prior 

to their entry into the meiotic cell cycle (23), and its role in promoting proliferation is dose-

dependent (this work). An alternative idea is that FOG-3 controls proliferation from a 

distance (e.g. by generating a mitogenic factor). To our knowledge, no experimental 

evidence yet supports this latter model, but our understanding of FOG-3 and its downstream 

effecters remains in its infancy. Regardless of the mechanism, the finding that FOG-3 

promotes proliferation in a dose-dependent manner was unexpected and has heuristic value 

for thinking about the action of Tob/BTG proteins in mammals.
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Overexpressed FOG-3 can inhibit proliferation in fbf-1 fbf-2 mutants

We also found that overexpressed FOG-3 can block germline proliferation. Although we 

could not find a way to overexpress FOG-3 in the proliferating germ cells of a wild-type 

animal, when the FBF RNA-binding protein was removed in fbf-1 fbf-2 mutants, FOG-3 

became overexpressed in the germline mitotic zone. These fbf-1 fbf-2 mutants typically stop 

germ cell divisions at the L4 stage, but when FOG-3 was removed, the fbf-1 fbf-2 germ cells 

continued proliferation into adulthood. Indeed, small germline tumors were sometimes seen 

in fog-3; fbf-1 fbf-2 triple mutants. Therefore, FOG-3 protein is critical for blocking 

proliferation in the fbf-1 fbf-2 mutant context.

FOG-3 overexpression in fbf-1 fbf-2 mutants is likely accompanied by overexpression of 

many other FBF targets (20, 31). Nonetheless, removal of a different well-established FBF 

target, FOG-1, did not have the same effect as FOG-3 removal: fog-1; fbf-1 fbf-2 germlines 

did not continue to proliferate and did not form tumors (19; this work). FOG-1 is appropriate 

for this comparison, because it has the same biological function as FOG-3 with respect to 

sperm fate specification, but belongs to a different protein family (17). Therefore, the 

proliferation block is specific to FOG-3.

The idea that FOG-3 can have opposite effects on proliferation, depending on context, is 

underscored by results with fog-3/+ heterozygotes: fog-3/+ animals have fewer germ cells 

than wild type controls (Figure 1), but fog-3/+; fbf-1 fbf-2 animals have more germ cells 

than fbf-1 fbf-2 controls (Supplementary Table 2). The FOG-3 dose-dependence is therefore 

context dependent. We do not understand the difference but suggest one simple possibility 

based on the idea that low FOG-3 promotes proliferation. In a wild-type background, 

halving the FOG-3 dose may drive its already undetectable level in the mitotic zone too low 

for proliferation; in the fbf-1 fbf-2 background, halving its dose may reduce its 

overexpressed level in the mitotic zone to a lower level that is appropriate for proliferation.

The discovery that FOG-3 can have opposite effects on proliferation — promoting 

proliferation in one context and inhibiting it in another — was not predicted from studies of 

Tob/BTG proteins in other organisms. We do not understand how FOG-3 exerts its dual 

effects but suggest that FOG-3 likely acts within multiple complexes. Since FOG-3 dosage 

is critical, one can imagine formation of one complex when FOG-3 abundance is low 

(perhaps nucleated by a high-affinity binder), but formation of a different complex when 

FOG-3 abundance is high (perhaps dependent on a low-affinity binder). Testing this idea 

will depend on the identification of FOG-3 complexes and their functions within the 

proliferating germline.

Implications for vertebrate Tob/BTG proteins

The effects of nematode FOG-3 on proliferation have intriguing implications for vertebrate 

Tob/BTG proteins. In particular, FOG-3 can have either positive or negative effects on 

proliferation, and its effects are dose-sensitive and context dependent. Expression of Tob1, 

BTG2 and BTG3 mRNA is reduced in several human cancers (4, 5, 8, 11–13), and a 

decrease in BTG4 expression has been found in colon cancer (14). By analogy with FOG-3, 

we surmise that lowered Tob/BTG expression in cancers may in some cases be able to 
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promote proliferation and stimulate tumor formation — an idea with potentially important 

consequences for therapeutic manipulation of human Tob/BTG proteins. Moreover, 

Tob/BTG haplo-insufficiency may have little effect on its own, but depending on context, 

may enhance or suppress tumor formation when other genes have gone awry.

The defining function of vertebrate Tob/BTG proteins is their “antiproliferative” activity 

when overexpressed in tissue culture cells (1). We have found that FOG-3 can also be 

“antiproliferative” when assayed in a genetic context that leads to its overexpression in cells 

that normally would be proliferative. A clear understanding of how Tob/BTG proteins exert 

antiproliferative activity remains elusive. FOG-3 has a major role in initiation and 

maintenance of sperm fate specification (15, 23). Similarly, some vertebrate Tob/BTG 

members drive differentiation (32–34). A simple and unifying explanation is that 

overexpression of a Tob/BTG protein releases its pro-differentiation activity.

Materials and Methods

Nematode strains and methods

We used wild-type strain N2 and the following mutations: LGI: fog-3(q520 or tm4376) (15; 

this work), LGII: fbf-1(ok91) fbf-2(q704) (21), LGIII: unc-32(e189) glp-1(oz112 gf) (27), 

LGIV: fem-3(q20 ts, gf) (35). FOG-3::FLAG was carried on the qIs159 transgene (23). 

Strains were maintained at 20 C as described (36), unless noted. Animals of genotype 

fog-3(q520); fbf-1 fbf-2 and fog-3(q520)/+; fbf-1 fbf-2 were distinguished from each other 

with marked balancers and a restriction site difference between fog-3(+) and fog-3(q520) 

(details available upon request).

The fog-3(tm4376) mutant has a fully penetrant Fog phenotype; its molecular lesion is a two 

base pair insertion and 364 base pair deletion, starting before exon 1 and ending in exon 3 

(positions 10,016,746 to 10,017,107). Brood sizes for fog-3(q520)/+ and fog-3(tm4376)/+ 

heterozygotes were determined by standard methods (e.g. 15).

Germ Cell Counts

Germ cell counts in Figure 1b and Supplementary Table 2 were done at mid-L4 when vulvas 

displayed a “Christmas tree” shape (37). Extruded gonads were stained with Hoechst or 

DAPI to visualize nuclei; germ cells were counted on all focal planes by marking individual 

nuclei with the point measurement tool in Openlab 5.5.2 software (PerkinElmer). For fog-3; 

fbf-1 fbf-2 and fog-3/+; fbf-1 fbf-2 comparisons, germ cells were counted and subsequently 

genotyped for fog-3 by PCR of DNA prepared from the individual scored animal followed 

by Sac I digestion. Confidence intervals and p-values from a two-tailed t-test were generated 

in Numbers ’09 (Apple). In addition, p-values were generated from a Mann-Whitney test 

with VassarStats (http://faculty.vassar.edu/lowry/VassarStats.html).

Real-Time Quantitative PCR

Real-time qPCR was performed as previously described (23, 25).

Snow et al. Page 9

Oncogene. Author manuscript; available in PMC 2013 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://faculty.vassar.edu/lowry/VassarStats.html


Microscopy

Nomarski and widefield images were obtained on a Zeiss Axioskop with a Hamamatsu Orca 

camera using Openlab 5.5.2 software (PerkinElmer). Confocal images were acquired on a 

Zeiss LSM510 confocal microscope. For FOG-3::FLAG quantitation, samples were 

processed concurrently using the same reagents, and images were taken with the same 

settings. Gain was set for little or no saturation. Pixel intensity was measured in a 6x6 

micron square centered within each of three germline regions, as depicted in the diagrams 

accompanying the images. All three regions, the distal mitotic zone (MZ), the proximal MZ 

and the distal pachytene region, were quantified in the same germlines. ImageJ was used for 

quantitation, and the data were copied into Numbers ’09 (Apple) and averaged. Publication 

images were processed in Adobe Photoshop. (Images used for comparisons were processed 

identically.) Immunohistochemistry and EdU labeling were done as previously described 

(23, 25).

Mosaic analysis

Genetic mosaics were scored in a fog-3 null mutant strain carrying an extrachromosomal 

array that harbored wild-type fog-3 and an ubiquitously expressed GFP marker (38). Loss of 

the array from the germline progenitor was confirmed by crossing mosaic females with 

wild-type males and observing that no cross progeny carried the array.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
FOG-3 promotes robust germline proliferation. (a) FOG-3 is a member of the Tob/BTG 

protein family. The family signature is the BTG domain (blue), which contains two highly 

conserved regions, Box A and Box B (39). The C-terminal amino acid sequence is not 

conserved except for the PAM2 motif among vertebrate Tob proteins (40) and the TF motif 

among vertebrate and C. elegans proteins (16). (b) Average number of germ cells per 

gonadal arm in mid-L4 larvae of genotypes as designated. Bal, balancer chromosome used 

to maintain heterozygotes. The p-values are given for comparisons of germ cell counts 

marked by brackets; these p-values were generated using a Mann-Whitney test; similar 

numbers were also obtained using a two-tailed t-test. CI, confidence interval in number of 

germ cells from average. n, number of gonadal arms counted for each genotype.
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Figure 2. 
The undetectable level of FOG-3::FLAG in the mitotic zone is dependent upon FBF. (a–d) 

Dissected gonads from early L4 hermaphrodites harboring a FLAG-tagged FOG-3 transgene 

to rescue their lack of endogenous fog-3; (e) schematic of gonad in (a,b); (f) schematic of 

gonad in (c,d). Gonads are outlined and germline regions marked: mitotic zone (MZ), 

transition zone (TZ) and pachytene region (PR). Most MZ germ cells are in the mitotic cell 

cycle; all TZ and PR germ cells have entered the meiotic cell cycle with TZ cells in early 

meiotic prophase and PR germ cells progressing through the pachytene stage of meiotic 

prophase. See Kimble and Crittenden (17) for details. Asterisk indicates gonadal distal end. 

(a,c) Staining with anti-FLAG antibody to visualize transgenic FOG-3::FLAG rescuing 

protein; (b,d) DAPI staining to visualize all nuclei and visualize boundaries of germline 

regions. Widefield images were taken at same magnification with the same settings; scale 

bar in (a) represents 50 μM and serves for all images. (a,b) FOG-3::FLAG is not detectable 

in the mitotic zone (MZ) in a genetic strain with wild-type FBF. (c,d) FOG-3::FLAG 

becomes easily detectable in the proximal part of the MZ in a genetic strain lacking FBF. 

The images shown are representative for this dramatic strain difference in the MZ. We note 

that this image also shows a staining difference in the proximal part of the pachytene region, 

which was not quantitated and is beyond the scope of this study. (e,f) Positions at which 

FOG-3::FLAG staining was quantitated using ImageJ: black square, distal MZ; grey square, 

proximal MZ; and open square, distal PR; (g) ImageJ quantitation of FOG-3::FLAG 

staining, including both average pixel intensity and range.
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Figure 3. 
Overexpressed FOG-3 blocks proliferation in fbf-1 fbf-2 mutants. (a) Germlines were scored 

for presence of undifferentiated cells in the distal gonad (Distal undiff) and for gamete 

formation in adults (Proximal germline); Mog (masculinization of germline), sperm only; 

Fog, oocytes only; Tum, undifferentiated throughout germline; other sterile. (b–g) Adult 

fog-3; fbf-1 fbf-2 gonads, all 1 day past mid-L4. Scale bars represent 50 μM. Gonads are 

outlined. Empty arrowhead marks distal end. (b) Nomarski micrograph of Fog germline 

with oocytes marked by solid arrowheads, shown in intact animal. The distal germline has 

many undifferentiated cells. Germlines of this appearance could be fertile and make viable 

progeny when crossed to wild-type males, showing that FBF is not required for oogenesis or 

embryogenesis. (c) Hoechst-stained germline from the “other sterile” group. The germline 

has distal undifferentiated germ cells and proximal germ cells that had deteriorated (outlined 

by solid line). (d,e) Distal region of same Fog gonad contains undifferentiated cells with 

nuclear morphology characteristic of mitotic cell cycle. (d) DAPI-stained. (e) EdU 

incorporation highlights actively cycling cells. (f,g) Same gonad with a tumorous germline. 
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(f) DAPI-stained. (g) Stained with anti-phosphorylated histone H3 to mark nuclei of cells in 

late G2 and M-phase (41).
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Figure 4. 
FOG-3 and FBF can promote tumor formation. (a) Effects of fog-3, fbf-1 and fbf-2 depletion 

on tumor formation in animals homozygous for an oncogenic Notch mutation, glp-1(gf). 

Tum, tumorous; *, some fog-3(RNAi) tumorous germlines made a few oocytes; n, number of 

germlines scored; a Berry et al. (27). (b–d) Young adult gonads in intact animals, 1 day past 

L4. Dotted line, outline of gonadal tissue. Scale bar, 50 μM. Empty arrowheads, distal end. 

(b) Tumorous germline with no apparent differentiation. (c) Tumorous germline with 

oocytes (solid arrowheads) after fog-3 depletion. (d) Germline tumor abolished after fog-3 

and fbf depletion.
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Figure 5. 
Models for FOG-3 controls of proliferation. (a) Low FOG-3 promotes proliferation (left) but 

high FOG-3 promotes differentiation (right). (b) Diagram of C. elegans distal gonad to show 

spatial control of FOG-3 abundance. Somatic distal tip cell (DTC) provides stem cell niche 

(red); germline region containing stem cells and transit-amplifying cells (yellow); region 

with cells in meiotic cell cycle and differentiating (blue). GLP-1/Notch signaling from the 

DTC promotes FBF expression and FBF represses fog-3 expression; FOG-3 protein is first 

expressed at a low level when germ cell differentiation begins and accumulates to a high 

level as differentiation continues.
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