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Transmission ratio distortion (TRD), the preferential in-
heritance of the t haplotype from t/+ males, is caused by
the cooperative effect of four t-complex distorters
(Tcd1-4) and the single t-complex responder (Tcr) on
sperm motility. Here we show that Fgd2, encoding a Rho
guanine nucleotide exchange factor, maps to the Tcd2
region. The t allele of Fgd2 is overexpressed in testis
compared with wild type. A loss-of-function allele of
Fgd?2 generated by gene targeting reduces the transmis-
sion ratio of the t haplotype t24°, directly demonstrating
the role of Fgd2 as Distorter. Fgd2 identifies a second
Rho G protein signaling pathway promoting TRD.
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The t haplotype is a variant form of the proximal third of
mouse chromosome 17, which was isolated from wild
mouse populations (Schimenti 2000; Lyon 2003). Hetero-
zygous t/+ males preferentially (up to 99 %) transmit the
t chromosome to their offspring. Meiotic recombination
between t-haplotype and wild-type chromosomes is
strongly suppressed due to four large inversions, ensur-
ing cotransmission of all factors involved in transmis-
sion ratio distortion (TRD) (Fig. 1A; Lyon 2003). How-
ever, rare recombinants have been isolated and utilized
to identify and map four Distorter loci (t-complex dis-
torters 1-4, Tcd1-4) and the single Responder (t-complex
responder, Tcr) to chromosomal subregions of several
megabases (Lyon 1984; Silver and Remis 1987). Genetic
data demonstrated that Tcd loci act additively in en-
hancing the transmission rate of Tcr. It was suggested
that Distorter genes have a harmful effect on sperm func-
tion, brought about by an action on the Responder, and
that the wild-type allele of the Responder is more sen-
sitive than the ¢ form (Lyon 1986). Motility tests showed
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that part of the sperm derived from t/+ males displays
altered beat frequency and impaired forward movement,
while sperm from males carrying two t haplotypes be-
comes immotile quickly (Katz et al. 1979; Olds-Clarke
and Johnson 1993). These and other data have led to the
conclusion that Tcds compromise the motility of all
sperm, while Tcr specifically rescues sperm carrying this
gene, giving t sperm an advantage in reaching the oo-
cytes.

A molecular dissection of the TRD phenomenon be-
came possible through cloning of the Responder gene
Smok1™*" (Herrmann et al. 1999), which encodes a domi-
nant-negative form of the protein kinase Smokl. The
biochemical function of Ter suggested that Tcd genes
encode signaling molecules acting upstream of Smokl.
In accordance with this model, we demonstrated that
Tcdla encodes the GTPase-activating protein Tagapl, a
control factor of Rho G proteins (Bauer et al. 2005). This
result prompted us to search the distal t-haplotype re-
gion for Distorter candidates, using the following crite-
ria: The gene must (1) be located in the genomic interval
comprising Tcd2, (2) encode a protein involved in signal-
ing, (3) be expressed in testis, and (4) show alterations in
the t haplotype as compared with the wild-type allele.

Results and Discussion

We identified several genes encoding signaling mol-
ecules in the distal t-haplotype region. One of them,
Fgd2, fulfilled all criteria for a Distorter candidate. Fgd2
encodes a guanine nucleotide exchange factor (GEF) for
Rho small G proteins (Pasteris and Gorski 1999; Ross-
man et al. 2005). GEFs promote the active state of small
G proteins by catalyzing the exchange of GDP for GTP
(Schmidt and Hall 2002). According to its map position
in the ENSEMBL genome database, Fgd2 should be lo-
cated within the fourth inversion of the t complex,
which contains Tcd2. We confirmed that Fgd? is located
in the Tcd?2 region by mapping it to partial ¢ haplotypes,
previously used to define the location of Tcd2 (Fig. 1A,B;
Lyon 1984).

Fgd2 contains an N-terminal GEF domain followed by
a Pleckstrin homology (PH) domain, a FYVE domain, and
an additional C-terminal PH domain (Fig. 2A). The t
form of the deduced Fgd2 protein differs from the wild-
type sequence in a single amino acid residue. Ser 234 in
the GEF domain was replaced in the t form by a glycine
residue (S234G). Fgd?2 is expressed in testis (Fig. 2B-E)
and in a number of tissues and organs (Pasteris and Gor-
ski 1999). Northern and RT-PCR analyses showed that,
in testis, Fgd2 is already transcribed at 7 d post-partum,
which corresponds to early meiotic stages of the first
cycle of spermatogenesis (Fig. 2B). In situ hybridization
analysis of testis sections confirmed this result and fur-
thermore showed that Fgd2 transcription is down-regu-
lated during spermiogenesis, the haploid phase of sper-
matogenesis (Fig. 2C). Expression in the diploid phase of
spermatogenesis may facilitate the distribution of gene
products from both alleles to all haploid sperm cells, a
prerequisite for a Distorter (Willison and Ashworth
1987). Early expression during spermatogenesis was pre-
viously also shown for the Distorter Tagap17°91 (Bauer
et al. 2005).
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Figure 1. Fgd2 maps to the Tcd2 region. (A) Structure of a complete
(t**®) and various partial (t¥) t haplotypes used for mapping Fgd2. The
Tcd2 region is defined as the segment of ¢t chromatin that is present
in t"'% and exchanged for wild-type chromatin in t*?%. The centro-
mere is shown as a filled circle at the left, wild-type chromatin is
symbolized by filled bars, t chromatin is indicated by open bars, and
inversions (Inl-In4) are indicated by arrows. Markers and ¢ haplo-
types have been described (Lyon 1984); only three Distorters are
indicated. (wt) Wild type. (B) Southern blot analysis of genomic
DNA digested with Pstl, using a full-length Fgd2 cDNA clone as
probe, reveals a t-specific band of 4.5 kb that occurs in t haplotypes
carrying Tcd2—but not in "8 or t?*—thus mapping Fgd2 to the
Tcd?2 region; only polymorphic fragments are shown.

Fgd2 also expresses a shorter transcript, which is of
variable size (2.0-2.3 kb) in wild-type strains, from a pro-
moter located within the gene (Fig. 2D). The shorter
transcript encodes a truncated protein lacking the N-
terminal half of its GEF domain (Fig. 2A). The GEF do-
main of this protein most likely is not functional, since
a splicing variant of the related human protein FGD1
lacking 36 amino acid residues from the N-terminal part
of its GEF domain (FGD1A) has been shown to lack GEF
activity (Olson et al. 1996). However, the truncated Fgd2
variant may form nonproductive interactions with its
target Rho protein and function as dominant inhibitory
protein, as has been suggested for FGD1A (Whitehead et
al. 1998).

Northern blot analysis of testis RNA derived from
wild-type and t°/t"® compound heterozygous mice
showed that t¢-haplotype mice express significantly
higher levels of the long Fgd2 mRNA than various wild-
type strains. This observation was confirmed by quanti-
tative RT-PCR (Fig. 2D,E). Tagapl also shows various
levels of RNA expression in different wild-type strains
(Bauer et al. 2005). These findings are in line with the
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observation of different penetrance of the TRD pheno-
type on various wild-type backgrounds (Gummere et al.
1986).

We found that, in testis, t°/t"® males express threefold
higher levels of Fgd2 mRNA than BTBR/TF, the strain
we used for testing Distorter candidates for TRD. A simi-
lar result was obtained in the analysis of the Distorter
Tagap1™©?!%, which was shown to represent a hyper-
morph. The high levels of Tagap17°?'“ transcripts were
shown to be caused at least in part by amplification of
the Tagapl locus (Bauer et al. 2005). We excluded this
mechanism for Fgd2 (data not shown). Instead, it seems
that in t°/t"* testis the level of the large Fgd2 transcript
is highly increased at the expense of the smaller tran-
script, which is strongly reduced compared with wild
type. If the truncated Fgd2 form acted as dominant nega-
tive, as discussed above, and was coexpressed with the
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Figure 2. Fgd?2 expression from the t-haplotype allele is strongly
enhanced as compared with wild-type alleles. (A) Domain structure
of Fgd2 proteins encoded by the long and short transcript variants
derived from this gene. (GEF) Catalytical domain of guanosine
nucleotide exchange factors; (PH) Pleckstrin homology domain;
(FYVE) FYVE domain. (B) Temporal expression profile of the long
Fgd2 transcript in postnatal testes representing the first cycle of
spermatogenesis. (Top panels) Northern blot. (Bottom panels) RT-
PCR analysis. (p.p.) Post-partum, after birth. (C) In situ hybridiza-
tion of Fgd2 antisense (left) or sense (right) control transcripts to
testis cryosections showing expression of Fgd2 in early stages of
spermatogenesis. (Middle) Schematic view of a transversal section
through a seminiferous tubule. (se) Sertoli cell; (sg) spermatogonia;
(sc) spermatocytes; (rs) round spermatid; (sz) spermatozoa. Bar, 20
pm. (D) Northern blot analysis of Fgd2 expression in testis derived
from wild-type (+/+) and t°/t"® males demonstrates strongly en-
hanced expression of the long (L)—and simultaneous strongly re-
duced expression of the short (S)—Fgd2 transcript in ¢ haplotypes.
(Gapdh) Gapdh loading control. (E) Quantitative RT-PCR analysis of
the long Fgd?2 testis transcript in various strains and t haplotypes,
demonstrating up to sixfold higher expression of Fgd?2 in t haplo-
types compared with wild-type strains, which show considerable
differences. (+) Wild-type strain BTBR/TF.
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Figure 3. Gene targeting of Fgd2 by homologous recombination.
(A) Scheme of gene targeting. A neo selection cassette was intro-
duced into the Fgd2 locus replacing exons 3-6 and part of exon 7.
Probe locations and predicted diagnostic restriction fragments are
indicated. (B) Southern blot analysis of DNA derived from targeted
and control embryonic stem (ES) cells (left) and of mice (right) car-
rying the mutant allele (-}, with the 5’ and 3’ probes. (C) Northern
blot analysis of testis RNA derived from wild-type and mutant ani-
mals. The long Fgd2 transcript is not detected in homozygous mu-
tant animals. (Gapdh) Gapdh loading control; (ko) band derived from
targeted allele; (wt) wild-type fragment; (+) wild type; (-) mutant.

full-length protein, coupled up-regulation of the func-
tional GEF and down-regulation of the dominant inhibi-
tory form in t/+ spermatocytes would even further in-
crease Fgd2 GEF activity in sperm derived from t/+ males
as compared with +/+ sperm. The mechanism of possibly
coupled up- and down-regulation of the two transcripts
remains elusive.

The enhanced expression of Fgd2 in t haplo?fpes sug-
gested that the t allele of Fgd2, like Tagap1™°??, repre-
sents a gain-of-function allele. Distorters act in a dosage-
dependent manner (Lyon 1992; Bauer et al. 2005). If a
gain of Fgd2 function promotes t-haplotype transmis-
sion, one would expect that a reduction in Fgd2 activity
would decrease the transmission ratio of a ¢ haplotype.
Therefore, in order to test Fgd2 for Distorter activity
directly we generated a loss-of-function allele by gene
targeting of the wild-type locus (Fig. 3A). A selection
cassette was inserted into the genomic Fgd2 locus, re-
placing exons 3-6 and part of exon 7 (which code for
most of the GEF domain) and causing premature termi-
nation of Fgd2 transcription. The targeted allele,
Fgd2t™4Bsh was introduced into the germline and tested
for transcriptional activity (Fig. 3B,C). Northern blot
analysis showed that mice homozygous for the targeted
allele lack the large Fgd2 transcript, suggesting that the
mutant represents a null allele. To determine the effect
of the mutant allele on TRD, females heterozygous for

Fgd2 is a t-complex distorter

Fgd2t™4Bgh were crossed to males homozygous for the
partial t haplotype t"*” (see Fig. 1A). Littermates carrying
t2° and either the wild-type Fgd2 allele or Fgd2"2#5sh on
the homologous chromosome were tested for the trans-
mission rate of t2#° using Southern blot analysis of em-
bryos derived from matings with outbred females (see
Materials and Methods). While the former (t"%°/+; +/+)
transmitted t%%° at the expected rate of 47% to their
offspring, the latter (t"?°/+; +/Fgd2™*Bsh) transmitted
the ¢ haplotype to only 35% of their offspring. Thus, the
reduction of the Fgd2 gene dosage by one-half changed
the transmission ratio of "*° to wild-type offspring from
almost equal (1:1.1) to a 1.8-fold excess of wild-type off-
spring (1:1.8; p < 0.01; Table 1). These data directly dem-
onstrate that Fgd2 acts as Distorter and strongly suggest
that the t allele of Fgd2 represents Tcd2. Therefore, this
locus is designated Fgd27ed2,

The identification of Fgd2 as Distorter allows us to
refine our model of the molecular basis of TRD (Fig. 4;
Bauer et al. 2005). Previously we have shown that over-
expression of Tagapl, an inhibitor of Rho small G pro-
teins, increases the transmission rate of the t haplotype,
while a loss-of-function allele has the opposite effect.
Here we showed that Fgd2, a GEF and activator of Rho
GTPases, acts in a similar manner. Thus, both Distorters
act in parallel, while having opposing effects on their
respective target Rho proteins. From these data we con-
clude that Fgd2 and Tagapl must regulate different Rho
targets. Therefore, there are two signaling cascades ex-
erting opposing effects on Smokl. One pathway, re-
vealed by Tagapl, inhibits Smokl; the other, identified
by Fgd2, activates Smok1. The hypermorph Tagap17¢d!4
reduces inhibition of Smok1, while Fgd27°#? most likely
enhances activation of Smok1. In this manner both Dis-
torter signaling cascades additively hyperactivate
Smokl1, followed by impairment of motility parameters
in all sperm. Tcr is able to rescue this harmful effect of
the Distorters, thus restoring normal flagellar function.
Since the effect of Ter is restricted to t sperm, the latter
are able to out-compete the impaired wild-type sperm in
the race for oocytes.

Rho signaling has been implicated previously in sperm
motility control, though direct functional evidence is
still missing (Hinsch et al. 1993). The localization of
Ropporin (a binding factor for Rho) to the inner surface of
the fibrous sheath (a cytoskeletal structure believed to
modulate bending of the flagellum and to influence the
shape of the flagellar beat), and the localization of
Rhophilin (a binding partner for Ropporin and presumed
adaptor protein for Rho to the outer surface of the outer
dense fibers that are directly associated with the axone-
mal microtubule doublets and that face the fibrous
sheath) provide additional hints for an important role of

Table 1. The transmission rate of t"*° depends on the gene
dosage of Fgd2

Offspring
Genotype  Number Wild %
of male of males t"*° type Total t"* > P
Fgd2 +/+;
th40 /4 7 150 169 319 47 8.44 0.01
ngztm4ng/+;
th4/y 7 105 191 296 35
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Figure 4. Model of TRD: The ¢ haplotype encodes several Distort-
ers (only two are shown), which are expressed in all sperm cells
derived from a t/+ male and act on two opposing Rho signaling
pathways regulating Smokl. Smokl1 is thought to be involved in
sperm motility control. Tagap17¢'® and Fgd27¢?? represent hyper-
morphic alleles expressing strongly elevated gene activity as com-
pared with the wild type. Enhanced down-regulation of the inhibi-
tory pathway by Tagapl and stronger up-regulation of the activating
pathway by Fgd2 additively induce hyperactivation of Smok1 in all
sperm, resulting in abnormal flagellar function and low fertilization
probability. This harmful effect of the Distorters is rescued by the
dominant-negative action of Tcr, which is restricted to t sperm,
giving the latter an advantage in fertilizing the egg cells. Neither the
Rho switch molecules nor their target effector proteins (X, Y) are
known. Arrows symbolize activation, bars represent inhibition,
green arrow indicates normal signaling, and purple arrow indicates
impaired signaling.

Rho signaling in sperm motility, although genetic data
are still missing (Eddy et al. 2003). Localization of the
Rho modifiers Tagapl and Fgd2 in the flagellum and bio-
chemical studies might interlink these factors and will
further elucidate the role of Rho signaling in the control
of sperm motility.

Materials and methods
Mice and genetics

We mapped Fgd2 by Southern blot analysis of Pstl-digested genomic
DNA derived from various complete and partial t haplotypes obtained by
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rare recombination between wild-type and t-haplotype chromosomes
(see Fig. 1A; Lyon 1984), using a cDNA of Fgd?2 as probe (position 170-
2576 in accession no. AF017368). We derived an embryonic stem (ES) cell
line from the strain BTBR/TF—+tf/+tf and generated the targeted allele,
Fgdotm¥Psh by standard procedures (Ramirez-Solis et al. 1993). A hetero-
zygous Fgd2#Bsh/, female was mated to a t"#°/t"*° male to generate
male littermates of the genotypes +/+; t"*?/+ and +/Fgd2t™4Bsh, 149/, 1o
test the effect of the targeted allele on the transmission ratio of the ¢
haplotype (Table 1). We genotyped embryos derived from matings with
outbred females (NMRI) for t"*° by Southern blot analysis of KpnI-di-
gested (or, alternatively, BamHI-digested) genomic DNA using the 3’
fragment of Tagapl as probe as described (Bauer et al. 2005).

Transcript analysis

We constructed a plasmid cDNA library from testis RNA derived from a
t°/t"> male using the SuperScript plasmid cDNA cloning system (Life
Technologies) and screened it by colony filter hybridization using Fgd2-
derived cDNAs as probes. We also obtained cDNAs encompassing the
full coding sequence from t haplotypes and wild type by RT-PCR. We
sequenced clones from both sources and analyzed the results using the
Lasergene DNA Star package. We isolated total RNA using Trizol (Invit-
rogen). For quantitative real-time PCR we used an ABI PRISM 7900 HT
SDS (Applied Biosystems). As a reference gene, we analyzed Gapdh ex-
pression with the mouse GAPDH assay (Applied Biosystems). We iso-
lated poly(A)+ RNA using the Fast Track system (Invitrogen) and per-
formed Northern blot analysis using the Ambion GlyMAX Northern kit.
In situ hybridization on 10-pm cryostat sections was essentially per-
formed as described (Brent et al. 2003). We produced riboprobes comple-
mentary to both, the large and the small Fgd2 transcripts by in vitro
transcription from the TOPO pCRII vector containing a Fgd2 cDNA
fragment obtained by PCR amplification. Digoxygenin-labeled probes
were detected by phosphatase reaction of the substrate NBT/BCIP
(Sigma).

Gene targeting
We isolated the left (3.9 kb) and right (2.6 kb) homology regions by PCR
amplification of genomic DNA derived from the strain BTBR/TF-+tf/+tf.
Using restriction sites included in the oligonucleotides we ligated the
homology regions to either side of a PGK-promoter/neo resistance gene/
triple-pA cassette inserted in a pBluescript vector containing the diph-
theria toxin-A chain gene (kindly provided by Achim Gossler), which
thereby flanked the left homology region. An EcoRV restriction site cre-
ating a restriction fragment length polymorphism (RFLP) for genotyping
of the targeted allele was introduced by ligation of the right homology
region to the selection cassette. We linearized the resulting targeting
vector with Sall. We established a BTBR/TF ES cell line, electroporated
the targeting construct, selected and isolated ES cell clones, prepared
DNA in 96-well plates, and performed Southern blot analysis according
to standard procedures, using 5’ and 3’ probes obtained by PCR amplifi-
cation of genomic DNA. The targeting event replaced exons 3-6 and part
of exon 7 by the neo selection cassette, which also removed a genomic
Ndel site, creating another RFLP for genotyping. We verified correct tar-
geting of the locus and genotyped mice using EcoRV-digested DNA hy-
bridized with the 3’ probe, which detects an 11-kb fragment derived from
the wild-type allele and a 4.4-kb fragment derived from the targeted Fgd2
allele. The 5’ probe detects a 7.5-kb fragment in Ndel-digested DNA
derived from the wild-type allele and a 14-kb fragment derived from the
mutant Fgd2 allele. Out of 132 clones analyzed, one displayed the ex-
pected mutant fragments with both probes, demonstrating successful
targeting of the Fgd2 locus by homologous recombination.
Oligonucleotides and PCR conditions are listed in Supplementary
Table 1.
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