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The actin filament system is fundamental to cellular functions including regulation of shape, motility, cytokinesis,
intracellular trafficking and tissue organization. Tropomyosins (Tm) are highly conserved components of actin filaments
which differentially regulate filament stability and function. The mammalian Tm family consists of four genes; aTm, 3Tm,
yTm and 8Tm. Multiple Tm isoforms (>40) are generated by alternative splicing and expression of these isoforms is highly
regulated during development. In order to further identify the role of Tm isoforms during development, we tested the
specificity of function of products from the yTm gene family in mice using a series of gene knockouts. Ablation of all yTm
gene cytoskeletal products results in embryonic lethality. Elimination of just two cytoskeletal products from the yTm
gene (NM1,2) resulted in a 50% reduction in embryo viability. It was also not possible to generate homozygous knockout
ES cells for the targets which eliminated or reduced embryo viability in mice. In contrast, homozygous knockout ES
cells were generated for a different set of isoforms (NM3,5,6,8,9,11) which were not required for embryogenesis. We
also observed that males hemizygous for the knockout of all cytoskeletal products from the yTm gene preferentially
transmitted the minus allele with 80-100% transmission. Since all four Tm genes are expressed in early embryos, ES cells
and sperm, we conclude that isoforms of the yTm gene are functionally unique in their role in embryogenesis, ES cell

Abbreviations: Tm, tropomyosin; ES, embryonic stem; WT, wild type; KO, knockout; TK, thymidine kinase; NEO, neomycin;
CMYV, cytomegalovirus; PCR, polymerase chain reaction; kb, kilobase; bp, base pair; N, generation; PMEF, primary mouse

viability and sperm function.

Introduction

Tropomyosin (Tm), an actin-associated protein, forms a head-
to-tail continuous polymer positioned along the major groove of
the actin filament providing stability and flexibility to the fila-
ments."* The mammalian Tm gene family consists of four genes,
o, B, v and 8Tm (Zpmi-4). Over 40 Tm isoforms are generated
by alternative splicing. They can be classified as high molecu-
lar weight (HMW, 284 amino acids) or low molecular weight
(LMW, 248 amino acids) and the majority are referred to as cyto-
skeletal isoforms, due to their prevalence in non-muscle cells.?
Tm isoforms are known to associate with actin filaments
with different affinities and allow or inhibit the interaction of
various actin binding proteins with the filaments.®”' In addi-
tion, distinct Tm isoforms show specific subcellular localizations
in several cell types both in vitro and in vivo where they can
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directly impact on the pool of filamentous actin.”'® Together the
above findings strongly implicate Tm isoforms in the regulation
of actin filament dynamics and the spatial specialization of these
filaments.>'* Recent studies in yeast have demonstrated that this
is an evolutionary ancient strategy to specialize actin filament
function.”?

Tm isoform expression is tissue specific and the repertoire
of isoforms expressed is altered throughout development and
with differentiation,” strongly suggesting that each individual
or group of isoforms is required to perform a specific biological
function. Indeed, knockout (KO) mouse models of any of the «,
B or YITm genes are embryonic lethal indicating that gene prod-
ucts from each of these genes are essential for embryonic survival
and cannot be compensated by products from alternative Tm
genes.?? Initial studies profiling the expression of Tm isoforms
in undifferentiated embryonic stem (ES) cells, differentiated
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Figure 1. Schematic representation of the yTm gene and targeted deletions
of both amino- and carboxy-terminal exons. (A) The entire yTm gene showing
alternatively spliced variants.>? All cytoskeletal products contain the exon 1b
promoter, with choice of either exon 6a or 6b, and variations of the carboxy-
terminal exon 9. Open boxes represent UTRs, lines represent introns and A
represents poly A tail. (B) The yTm gene structure showing targeted deletions
of exons 1b, 9a + 9b, 9c and 9d summarized as Alb, A9ab, A9c and A9d. Arrow-
heads (in red) represent the LoxP sites remaining following exon deletions.

We now extend our previous studies and evaluate the
functional specificity of subsets of yI'm isoforms in mice.
Knockout constructs of the carboxy-terminal exons, 9a/b,
9cand 9d from the YI'm gene were used to assess the viability
of ES cells and mice. While ablation of all yTm gene cyto-
skeletal products by deletion of the amino-terminal cod-
ing exon 1b results in non-viable mice, elimination of exon
9c-containing isoforms (Tm5NM4,7) showed no impact on
embryo viability whereas deletion of exon 9d (Tm5NM1,2)
results in partial lethality. The viability of ES cells in vitro
was also found to be comprised such that neither exon 1b
nor 9d homozygous KO ES cells were generated. However,
we were able to obtain homozygous KO ES cells for exon
9a/b (Tm5NM3,5,6,8,9,11). Since all four Tm family genes
are expressed in early embryos, ES cells and sperm, we con-
clude that isoforms of the YITm gene perform specific func-
tions in ES cell viability and embryogenesis that cannot be
compensated by the other Tm genes. Furthermore, our data
indicate that sperm lacking cytoskeletal Tm products of the
¥I'm gene have a selective advantage.

Results

Knockout of yI'm gene exon 1b is embryonic lethal. As
outlined above, all cytoskeletal isoforms encoded by the
YIm gene incorporate exon 1b as the first coding exon
(Fig. 1A). In order to study the effects on mouse function
of deleting amino-terminal exon 1b, the yYIm gene exon 1b

Table 1. The A1b” genotype is embryonic lethal

Background KO line +/+ +/- -/-
129/Sv) Alb line#1 (n = 230) 50 180 0
129/Sv) Alb line#2 (n = 104) 6 98 0

C57BL/6 A1b line#2 (n = 152) 50 102 0

Results of crossing A1b +/- mice on two genetic backgrounds, 129Sv/J
and C57BL/6. Expected Mendelian ratios of 1:2:1 for +/+:+/-:-/- were not
observed.

embryo bodies (EBs) together with developing mouse embryos
demonstrate that the isoforms expressed early in mouse develop-
ment are primarily LMW Tm products derived from the 8 and
¥I'm genes although ES cells cultured in vitro also express HMW
Tms derived from the o and BTm genes.?>*#»

The yTm gene, one of the most highly alternatively spliced
genes, produces at least 11 distinct cytoskeletal isoforms by the
use of two alternative internal exons, 6a and 6b, and three alter-
native carboxy-terminal exons, 9a, 9c and 9d.** We have previ-
ously demonstrated that although deletion of all cytoskeletal
products from the yI'm gene is lethal for embryonic develop-
ment,? deletion of exon 9c-containing isoforms (Tm5NM4 and
NM?7) or exon 9d-containing isoforms (Tm5NM1 and NM2)
leads to viable animals.?”?

The importance of Tm gene products from the yI'm gene
during mammalian development has not been fully explored.
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was targeted in 129/Sv] ES cells according to Hook et al.*?
(Fig. 1B). Mice carrying the exon 1b deletion (A1b*") were
generated from two 129/Sv] ES cell lines (line#1 = 129
- Tpm3m1APeuny (line#2 = 129 - Tpm3™*A10IPeun) Tnitial obser-
vations demonstrated that the KO of yTm exon 1b was embry-
onic lethal for both 129/Sv] lines. A summary of the breeding
data obtained from mice hemizygous for the targeted deletion
(A1b*") derived from ES cell lines A1b lines#1 and #2 is shown in
Table 1. The observed numbers of wildtype (+/+), hemizy-
gous (+/-) and homozygous (-/-) offspring do not fit expected
Mendelian ratios for both of the 129/Sv]-derived Alb mouse
lines. A preference for the transmission of the KO allele compared
to the WT allele is observed in both 129/Sv] lines but most pro-
nounced in the Alb line#2. No Alb™" offspring were detected in
either Alb lines#1 and #2 on the 129/Sv] background. The Alb
line#2 mice on the 129/Sv] background were backcrossed onto a
C57BL/6 background for five generations using a speed congenic
breeding strategy. N5 generation Alb*" mice (BG-7pm3m241
Peur) were bred in order to determine whether null pups could
be generated on the C57BL/6 background. In a similar result to
the Alb lines#1 and #2 on the 129/Sv] background, no homo-
zygous offspring could be detected in the C57BL/6 background
(Table 1). This result confirms that homozygous loss of exon
1b on two different mouse backgrounds is lethal. However, we
have observed that the ratio for +/+ and A1b*" on the C57BL/6
background now meets expected Mendelian ratios being 1:2 for
+/+ to +/- (Table 1). There appears to be no transmission ratio

distortion on the C57BL/6 background.
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Deletion of YI'm gene exon 1b is favored on the 129/Sv]
background. Our observation of the high number of Alb*"
line#1 and #2 mice on the 129/Sv] background (Table 1)
indicates a possible transmission ratio distortion. In order to
determine whether this can be attributed to altered production
of gametes during female oogenesis or male spermatogenesis, the
A1lb line#2 on the 129/Sv] background was further assessed by
breeding either A1b*"~ males or Alb*" females with 129/Sv] WT
mice (Table 2). These data indicate a significant (p < 0.05) skew-
ing of 85% transmission of the Alb ‘- allele’ from the A1b*"" male
mice. The A1b*" female mice transmitted the Alb ‘- allele’ at a
significant (p < 0.05) higher (61.5%) frequency than the expected
50% (Table 2). We conclude that the transmission ratio distor-
tion is common to both male and female hemizygous mice on the
129/Sv] background, but the effect is more pronounced in the
males. Based on the 15% “+ allele’ and 85% - allele’ transmission
observed for sperm, we can predict that outcomes for +/+ and
+/- would show a similar trend toward a higher skewing of +/-
offspring as reported in Table 1.

Tropomyosin products from the four Tm genes (o, 3,y and d)
are expressed in mouse sperm. Next we addressed the ques-
tion of whether the male transmission ratio distortion that was
observed on the 129/Sv] background, but not on the C57BL/6
background, was due to a difference between the Tm gene prod-
ucts expressed in mouse sperm from these two strains. Western
blot analysis of proteins extracted from +/+ adult male mouse
sperm tissue was performed on both 129/Sv] and C57BL/6 back-
grounds. Using antibodies specific to detect products from each
of the four Tm gene families («Tm, BTm, yTm and 8Tm), blots
were exposed to antibodies y/9d, a/9d and 8/9d. The results
in Figure 2A-C show that high and low molecular weight
Tm gene products are expressed in mouse sperm on both 129/
Sv] and C57BL/6 mouse backgrounds and that all four genes
express products in mouse sperm (Tm2, Tm6-oTm, Tm1-fTm,
Tm5NM1/2-yTm and Tm4-8Tm gene).

Knockout of YIm gene exon 9d causes partial embryonic
lethality on both 129/Sv] and C57BL/6 backgrounds. Unlike
our finding for the lethality caused by removing the yI'm gene
amino-terminal exon 1b, we have previously reported that
removal of the carboxy-terminal exon 9c (129-Tpm 3! (neoid9)Peun)
and exon 9d (129-Tpm3 ! (neoit9dPsun  BG_Tppy 3m>M9d)Peun) resules
in viable animals.?”*® Subsequent breeding analysis of the A9d
line is shown in Table 3. The expected Mendelian ratios were
not achieved, with significantly fewer (p < 0.05) than expected
A9d" mice generated. This phenomenon occurs in both 129/
Sv] and C57BL/6 backgrounds. However, this result is not seen
in the YITm gene A9c”" on a 129/Sv] background (Table 3) where
the expected and observed percentages of +/+, +/- and -/- mice
are not significantly different.

YI'm gene exon 9d homozygous deletions are not viable in
vitro. We have previously reported that elimination of both cop-
ies of the 1b-exon of the yIm gene in ES cells is not possible.??
Because of the partial lethality of the A9d”" genotype, we evalu-
ated whether it was possible to eliminate both copies of the 9d
exon in vitro. In order to generate A9d™" cells for in vitro analysis
we attempted to re-target the WT allele in our A9d*" ES cells by

www.landesbioscience.com

Table 2. Preferential transmission of the Alb negative allele

Mouse line i S
0y 0 -
129/SvJ background Total (% + ?"e.le (% a'IIe'I ©
transmission) transmission)

Alb +/- 3 X 92 14 78

wt +/+ @* (15%) (85%)
Alb +/- @ X 78 30 48

wt +/+ 3* (38.5%) (61.5%)
Expected % 50 50

*p < 0.05 by x* test when compared with 1:1 distribution. Male or female
mice with the A1b +/- genotype were crossed with wild type mice and
the resulting genotype of the progeny determined. The expected
Mendelian ratios of 1:1 for +/+:+/- were not observed.

A MEFs 129 C57
: Tm6
—Tm1
=S ==,
30kDa— Tm3
- —Tm5NM1/2

30kDa— "™ S o —T4

D

Figure 2. Western blot analysis of mouse sperm. Total mouse sperm
protein (10 ng) from WT 129/SvJ and C57BL/6 mouse lines and primary
mouse embryonic fibroblasts (MEF) control protein (10 g for Part A;

1 g for Parts B-D) were analyzed with antibodies for the presence of
high and low molecular weight Tm gene products. Blots were probed
with (A) a/9d, (B) v/9d and (C) 8/9d which recognize products from o, 3,
v and & Tm genes. (D) B actin control blot.

Table 3. The A9d” genotype is partially embryonic lethal

Mouse line +/+ +/- =/=
A9d (n =153)"

129/SvJ) background 43 87 23

Observed % 28.1 56.9 15
A9d (n =176)"

C57BL/6 background 52 105 19
Observed % 29.5 59.7 10.8
A9c (n=132)

129/SvJ) background 37 63 32
Observed % 28 47.8 24.2
Expected % 25 50 25

*p < 0.05 by x* test when compared with 1:2:1 distribution. Results
of crossing A9d +/- mice on two genetic backgrounds, 129Sv/J and
C57BL/6.
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reintroducing the A9d targeting construct. There are three pos-
sible outcomes from the re-targeting: (1) random integration of
the targeting vector leaving one WT allele and one KO allele, (2)
re-targeting of the originally targeted locus resulting in one WT
allele and one 9d KO neo allele or (3) targeting of the WT allele
to yield one 9d KO neo allele and one 9d KO allele (Fig. 3).

Firstly, a A9d*" parental ES cell clone (Fig. 3A) was subjected
to Cre-mediated recombination to remove the Neomycin cassette
(Fig. 3B). A total of 96 clones were picked and analyzed for the
absence of the Neomycin cassette. The three primers used to con-
firm the absence of the Neomycin cassette were F and R1 which
detected a 724 bp band corresponding to the WT allele and F and
R2 detected the 900 bp KO allele band minus the Neomycin cas-
sette (Fig. 3B and C upper part). A secondary confirmation for
the absence of the Neomycin cassette was also performed using
primers designed to the Neomycin cassette (neoF and neoR,
Fig. 3A). One ES clone (#18) was found to contain the 900 bp
exon 9d KO allele and was also lacking the Neomycin cassette
(Fig. 3C lower part).

The A9d*" ES clone (#18) was re-electroporated with the A9d
targeting construct. The possible outcomes from this re-targeting
are no change (due to random integration), re-targeting back to
the original 9d KO locus and targeting of the alternative allele
(Fig. 3D). Following selection, a total of 330 clones were picked
and analyzed for the complete absence of exon 9d using primer
set 9dF1 and 9dR1 (Fig. 3D). All ES cell clones analyzed con-
tained the 527 bp band corresponding to the presence of exon
9d (Fig. 3E depicting some of the clones). As no A9d"" ES cells
could be found, the 330 A9d*" ES cell clones were also analyzed
by PCR using the F and R2 primers (Fig. 3D) in order to iden-
tify random integration and re-targeting of the original locus.
Figure 3F (upper part) depicts 3 of the clones where re-targeting
has occurred back into the original locus as determined by the
absence of 2 900 bp exon 9d KO band. The presence of the 900 bp
exon 9d KO band in 1 clone is representative of the random inte-
gration seen for most of the clones analyzed. The presence of an
exon 9d WT allele fragment of 527 bp (Fig. 3F lower part) was
also used as a control in the PCR to check integrity of the DNA
for each of the clones assayed. The data summarized in Table 4
shows that 324 clones were found to be random recombinants
with 6 re-targeted back into the originally targeted locus. In a
similar finding, Table 4 also shows a summary of the analysis
performed in order to generate Alb”" ES cells with 57 clones
having re-targeted the construct back into the original locus and
the remaining found to be random recombinants with no Alb-
"~ES cells generated.?> We conclude that both exon 1b (common
to products Tm5NM1-11) and exon 9d (common to products
Tm5NM1,2) are essential for ES cell viability in vitro.

YI'm gene exons 9a + 9b homozygous deletions are viable in
vitro. The remaining carboxy-terminal exon that had not previ-
ously been targeted is exon 9a. This exon is used by both cytoskel-
etal and muscle products from the yI'm gene. Although skeletal
muscle products are expressed at later stages of embryo develop-
ment,” we addressed the question of whether the removal of exons
9a and 9b could be achieved in vitro. We first targeted C57BL/6
ES cells to yield a A9ab*" ES cell line (Tpm3 ™! @®Feun) (Fig, 4).
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Next we were able to generate A9ab”" ES cells using successive
rounds of electroporation (Table 4). The exon 9ab targeting con-
struct (Fig. 4A) was introduced into C57BL/6 ES cells and EcoRV
digestion was used to determine homologously recombined
alleles. Southern blot analysis of ES cell DNA following EcoRV
digestion shows the expected 5.5 kb band for the WT allele and a
3.1 kb band for the recombined allele (Fig. 4B). A homologously
recombined A9ab clone was subjected to CMV-Cre recombinase
followed by selection in ganciclovir to eliminate clones contain-
ing the Thymidine Kinase-Neomycin cassette. The resulting out-
comes from this Cre-mediated recombination are an unchanged
WT allele plus either a floxed (Hanked by LoxP sites) exon 9a +
9b (A9abFlox) allele or complete deletion of all sequences between
the most distant LoxP sites (A9ab*") (Fig. 4C). Oligonucleotide
primer sets common to the WT and both altered alleles were used
in PCR analysis to show either the floxed or complete deletion of
exon 9a + 9b (Fig. 4D). Using the primer set 9723F and 9b3'R, a
WT allele of 315 bp and a floxed allele of 405 bp is shown in the
Flox sample (Fig. 4D and upper part). Note that the fully deleted
exon 9a + 9b clone only has the 315 bp band. Further confirma-
tion of the absence of exon 9a + 9b was carried out using primer
set 9724F and 9b3’R (Fig. 4E) which yielded a 400 bp fragment
(Fig. 4D and lower part). A fragment of 2.6 kb for the WT allele
was not determined in this PCR assay and is shown below in a
subsequent long range PCR assay.

An ES cell clone containing the complete deletion of exon
9a + 9b allele (A9ab*") was re-targeted with the A9ab construct
in order to generate a double KO. The possible outcomes fol-
lowing this re-targeting are a homologously recombined allele
and 9ab KO allele (Fig. 4E). Using primer sets as described in
Figure 4C, one clone out of 48 was found by PCR analysis to
be targeted with the 9ab construct on the alternative allele (Fig.
4F). Clone#7 contains the 400 bp fragment corresponding to
the 9ab KO allele and lacks the 315 bp fragment that would have
been amplified if an intact WT allele was present. In contrast,
clone#16 represents a recombination back into the original locus
due to the absence of the 9ab KO allele (400 bp) and presence
of the 315 bp WT allele (Fig. 4F and Table 4). The doubly tar-
geted clone#7 was again subjected to Cre recombinase to yield
the fully 9ab KO alleles (Fig. 4G). A resulting viable A9ab”" ES
cell clone was genotyped by long range PCR, the expected 2.6 kb
fragment for the WT allele and a 400 bp fragment for the deleted
exons 9a and 9b is shown (Fig. 4H). An oligonucleotide primer
set designed to amplify exon 9a was also used to confirm that
exons 9a and 9b had been successfully deleted (data not shown).
From these results we can conclude that exons 9a + 9b (com-
mon to products Tm5NM3,5,6,8,9,11) are not essential for ES
cell viability.

Discussion

Critical cellular functions such as cellular trafficking, cell divi-
sion and motility are directly regulated by the actin cytoskeleton.
To control the stability and dynamics of actin filaments during
these processes the communication and interaction of a large
number of actin-associated proteins with the actin filaments are
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Figure 3. Design and screening of A9d ES cells. (A) The A9d*- homologously recombined (parental) allele containing the Neomycin cassette. An oligo-
nucleotide primer set designed to the Neomycin cassette is also shown. (B) Following Cre-mediated recombination to remove the Neomycin cassette
the expected A9d KO allele is shown with oligonucleotide primer sets common to both WT and A9d KO alleles. (C) Genomic DNA isolated from ES cell
clones screened by PCR analysis. PCR analysis of outcomes from the three primer set F, R1 and R2 is shown in the upper part, with outcomes from the
Neomycin primer set shown in the lower part. -ve, no template control; +/+, WT C57BL/6 ES cell DNA; -/-, genomic DNA from A9d deleted mouse line;
Parental, homologously recombined A9d*" clone containing the NEO cassette; Clone#1, clone containing the NEO cassette; Clone#18, clone with NEO
cassette removed. (D) Following re-targeting of the A9d*~ ES clone (#18) with the A9d targeting construct, the possible outcomes from this re-target-
ing are WT (due to random integration), re-targeting back to the original 9d KO locus and targeting of the alternative allele. Oligonucleotide primer
sets designed to detect the presence of exon 9d are shown. (E) Genomic DNA isolated from ES cell clones screened by PCR analysis using 9dF1 and
9dR1 primers. -ve, no template control; WT, C57BL/6 ES cell DNA; #1-#5 sample of the 330 clones. The predicted 527 bp fragment for exon 9d is shown.
(F) The 330 ES cell clones were also analyzed by PCR for random and original locus re-targeting using F and R2 primers (upper part) and 9dF1 and 9dR1
primers (bottom part). -ve, no template control; WT, C57BL/6 ES cell DNA, A9d*- ES Clone#18; re-target, clone where A9d targeting construct has re-

inserted into the original targeted locus; random, clone where A9d targeting construct has re-inserted randomly. The 900 bp fragment for knockout of
exon 9d and the 527 bp fragment for presence of exon 9d is shown.
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the deleted exons 9a and 9b is shown.

Figure 4 (See opposite page). Design and screening of A9ab ES cells. (A) The yTm gene showing the subcloned 6.7 kb Spel fragment containing exons
9a and 9b with flanking intron sequence. The targeting construct with a LoxP sequence and a cassette containing LoxP—pGK Thymidine Kinase—pGK
Neomycin®—LoxP. A 1.2 kb probe located outside the construct region is shown. (B) Southern blot analysis of C57BL/6 ES cell DNA following EcoRV
digestion shows the expected 5.5 kb band for the WT allele and a 3.1 kb band for the recombined allele (Recomb) following probing with the 1.2 kb
probe. (C) Following Cre recombinase and Gancyclovir selection the resulting alleles expected are WT, a floxed exon 9a + 9b or a full 9ab KO allele. Oli-
gonucleotide primer sets common to the WT and both altered alleles are shown. (D) Genomic DNA isolated from ES cell clones was screened by PCR
analysis. WT: +/+, Parental: homologously recombined clone containing exons 9a + b and the TKNEO cassette, A9ab*": clone lacking exons 9a + 9b and
A9abFlox: clone containing a floxed exon 9a + 9b allele. PCR analysis outcomes from the primer set 9723F and 9b3'R is shown in the upper part and
primer set 9724F and 9b3'R lower part. (E) Following re-targeting of the A9ab*" clone with the A9ab construct the expected outcomes are a 9ab KO
and homologously recombined alleles. (F) Genomic DNA isolated from ES cell clones was screened by PCR analysis using primer sets 9724F and 9b3'R
to yield a 400 bp band and 9723F and 9b3'R to yield a 315 bp band. (G) Following the second round of Cre recombination and selection the expected
outcome will be two A9ab™ alleles. An oligonucleotide primer set common to both WT allele and the fully deleted exon 9a + 9b allele was used in
order to confirm any A9ab” ES cell clones. (H) Genomic DNA isolated from ES cell clones were screened by PCR analysis. A single A9ab™ ES cell clone
was determined by long range PCR against both WT** and A9ab*- controls. The expected 2.6 kb fragment for the WT allele and a 400 bp fragment for

required. Our recent studies have shown that members of the Tm
protein family are central regulators of actin filament dynamics
and structure and can define distinct actin filament populations
(reviewed in ref. 5). The results presented in this study using a
range of different Tm KO mouse models shows that Tm gene
products from different Tm genes are not functionally redun-
dant supporting the idea of unique cellular functions of Tm iso-
forms from different genes. Furthermore, we demonstrate that
Tms play a role in sperm function prior to or during fertilization,
skewing transmission with a selection advantage for alleles lack-
ing all cytoskeletal YTm gene products.

Transmission ratio distortion by deletion of YI'm gene prod-
ucts. Breeding data from the Al1b*"- matings and A1b*" cross with
WT animals are indicative of a distorted transmission ratio based
on impairment of both sperm and oocyte function. Our results
also show a minor but significant distortion of transmission ratio
through the female germ line. The involvement of female gamete
production in transmission ratio distortion has previously been
shown in a KO mouse model with a deletion of the Src homology
2 domain-containing adapter protein SHB.*® The large skew-
ing of the transmission ratio in the offspring of the A1b*"~ males
mated with Alb** females however is suggestive of a more promi-
nent impairment of sperm function which provides a selection
advantage for sperm lacking any cyoskeletal yI'm gene products.
The subsequent analysis of breeding data using the A9d”" and
A9c” yTm gene mice demonstrates that this selection advantage
is not due to isoforms containing either of these two exons. It is
possible that products containing exons 9a/b may be responsible
for the strong phenotype observed in the Alb”" yTm gene mice
which will be the subject for further studies using the A9a/b™"
¥I'm gene mouse line. Alternatively, the phenotype may reflect a
failure to be able to produce any cytoskeletal products from the
yIm gene.

Interestingly, we saw the transmission ratio distortion only
on the 129/Sv] mouse background but not after congenic back-
crossing onto the C57BL/6 mouse strain. This observation is in
agreement with a number of studies that show strain differences
in fertilization ability for different mammalian species including
mice, rats and hamsters.?% In particular a poor fertilizing ability
in vitro has been reported for various substrains of C57BL/6 mice
when compared to other inbred and outbred strains,* an effect
that has also been observed after artificial insemination,® ruling
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Table 4. Neither A1b” nor A9d™ ES cells are viable

Etine  # Samples N s insertions  Kknockouts
Alb 397 51 346 0
A9d 330 6 324 0
A9ab 48 1 46 1

Note, A1b data has been previously reported in Hook.?

out these observations to be in vitro artefacts. The selection
advantage that we observe in the 129/Sv] strain may therefore be
masked by the poor fertilizing ability of C57BL/6 mice. Tm gene
products have been detected in a previous study in bovine sper-
matozoa.’® However the expression profile of individual Tm gene
products in mouse sperm has not been studied so far. Our data
demonstrates that Tm products from all Tm genes are expressed
in mouse sperm and that there appears to be no differences in
the expression of the products between 129/Sv] and C57BL/6
mouse lines.

To our knowledge this is the first indication for mouse sperm
gaining a selection advantage due to the manipulation of the
actin cytoskeleton.

Tropomyosin as a potential actin filament regulator in sperm
function. While microtubules are the major cytoskeletal compo-
nent driving sperm motility via the motile force generation of
the sperm flagellum, the actin cytoskeleton has been shown to be
equally critical for sperm motility.”?® Both actin filament desta-
bilizing drugs and changes in the expression of endogenous actin
associated proteins impairs sperm motility. Although some of the
results from these studies are contradictory, possibly due to spe-
cies differences or differences in experimental conditions—the
actin filament destabilizing drug cytochalasin D inhibits sperm
motility in macaque sperm,® but not in guinea pig sperm,”—the
results provide strong evidence for the involvement of actin fila-
ment stability and dynamics in sperm motility. The actin cyto-
skeleton furthermore controls sperm maturation, also known as
capacitation and the formation of the acrosome complex prior to
fertilization.”*" Throughout these processes the actin cytoskel-
eton undergoes a complex re-organization with an initial increase
in F-actin in the sperm head during capacitation followed by a
fast disappearance of F-actin at the start of the zona pellucida-
induced acrosome reaction.”” Interference with actin function
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using a monoclonal anti-actin antibody has been shown to
inhibit the acrosome reaction.* To mediate this re-organization a
range of actin-associated proteins are involved such as the F-actin
severing protein gelsolin and the actin motor protein myosi-
nlL.*% The activities of gelsolin and myosin II have previously
been shown to be regulated by Tms."** The subcellular com-
partmentalization of distinct actin filament populations in sperm
may therefore be instrumental in regulating sperm motility and
fertilization. A change in the Tm composition such as the absence
of YI'm gene products may facilitate the acrosome reaction and
thereby lead to a positive selection of the YTm exon 1b KO allele
in the 129/Sv] mouse background. Such a profound impact on
sperm would be expected to result in a systematic elimination of
the yIm gene. The fact that -/- individuals are not viable clearly
prevents this outcome.

Functional redundancy does not occur between tropomyosin
genes. Tm gene isoforms do not appear to be redundant through-
out evolutionary development. The elimination of various Tm
genes in yeast and worms results in lethality indicating that Tm
isoforms perform essential functions.*® The elimination of cyto-
skeletal Tm genes in Drosophila does lead to compensating muta-
tions that result in substitution of an alternative Tm isoform. -4
The observed embryonic lethality of Alb” yITm gene mice and
reduction of viable A9d”- yI'm gene mice show that while the
lack of a subset of Tm isoforms can be either fully or partially
2728 the total
depletion of products from this gene cannot be compensated.

compensated by other products from the same gene,

Together with previous studies that show the requirement of
products from the a, § and yI'm gene for survival,?"* our present
data strongly support the idea that products from different Tm
genes are not functionally redundant. The absence of lethality in
the A9¢”" yITm gene mouse line in combination with the genera-
tion of A9ab”" yIm gene ES cells demonstrate that these gene
products have some intragenetic functional redundancy. While
mice lacking products from the «Tm and BTm gene show lethal-
ity due to impaired development of the heart, our screening for
¥Im KO ES cells are suggestive of a more severe defect of cellular
function due to the lack of cytoskeletal yIm gene products since
neither A9d”" nor Alb” yTm gene ES cells could be generated.
These findings stress the unique functional role of specific Tm
products being generated from different Tm genes.

The ability to spatially and temporally regulate the expression
of particular combinations of Tm isoforms through the use of
different Tm genes and alternative splicing equips mammalian
cells with a highly efficient tool to generate functional diversity of
dynamic cytoskeletal structures. Our work provides strong evi-
dence for the direct control of vital actin-cytoskeleton dependent
cellular functions via the expression of individual sets of Tm pro-
teins early in development.

Materials and Methods

Targeting constructs. A summary of the yI'm gene with targeted
deletions for exons 1b, 9ab, 9¢ and 9d is shown in Figure 1B.
The exon 1b targeted deletion (7pm3™!@PFesun) i described in
Hook et al.?? Briefly, the 132 bp coding sequence of exon 1b as
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well as 64 bp of intronic sequence 3' to exon 1b was deleted using
a cassette containing LoxP—pGK Thymidine Kinase—pGK
Neomycin®—LoxP (obtained from Allan Bradley) which was
subsequently removed by Cre-mediated recombination. The exon
9c targeted deletion (7pm3 ™! (neoid99Peun) i5 described in Vrhovski
et al.”” Briefly, the 100 bp coding sequence and 3' UTR were
replaced with a cassette containing LoxP—Neomycin®—LoxP.
The exon 9d targeted deletion (7pm3im!neoi®dPeun) hag been pre-
viously described and shown in Figure 3A.* Briefly, the 100 bp
coding sequence and 100 bp of 3" UTR were replaced with a
cassette containing LoxP—pGK Neomycin®—LoxP which was
later removed in vivo using Cre-mediated recombination.

The exon 9ab targeted deletion (7pm3™!@)Psun) hag not
been previously described. A genomic clone from the mouse
YI'm (TPM3) gene was isolated by screening a 129 strain mouse
genomic library (N DASH 1I Vector, Stratagene) with oligonu-
cleotide probes directed towards yTm exon 9c as described in
Vrhovski et al.”” A 6.7 kb Spel fragment containing exons 9a
and 9b with flanking intron sequence (Fig. 4A) was isolated and
cloned into pBlueScript SK* (Stratagene). In order to generate
the floxed targeting construct, a 5.2 kb BszXI-Spel fragment con-
taining all exons from 6b-9b was subcloned out of the 6.7 kb
fragment and cloned into pBlueScript SK*. Two oligos (64 bp)
containing the LoxP sequence and restriction sites were annealed
and inserted into the Ncol sites 5' to exon 9a. A cassette contain-
ing LoxP—pGK Thymidine Kinase—pGK Neomycin®—LoxP
was inserted in the Nsil site 3' to exon 9b (Fig. 4A).

Generation of targeted ES cells. The targeting of ES cells
for exons 1b, 9¢ and 9d has been previously described in refer-
ence 22, 27 and 28. Briefly, 40 g of linearized construct was
transfected into mouse R1 129/Sv] embryonic stem (ES) cells by
electroporation (0.24 kV, 500 wF, Time Constant = 10.0-12.0
ms). The 9d targeting construct was also transfected into mouse
Bruce 4 C57BL/6 ES cells using the same conditions.

The A9ab targeting construct was generated using a subcloned
5.2 kb Bs#XI-Spel fragment containing all exons from 6b-9b.
A 64 bp fragment containing the LoxP sequence and restriction
sites was inserted into the Ncol sites 5' to exon 9a. A cassette con-
taining LoxP—pGK Thymidine Kinase—pGK Neomycin®—
LoxP wasinserted in the N5z site 3' to exon 9b. The A9ab targeting
construct (40 pg) (Fig. 4A) was electroporated into Bruce 4 ES
cells using the conditions above. ES cells were cultured for
10 days in KNOCKOUT™ DMEM/F-12 (Invitrogen, 10829-
018) containing 10% FBS, 2 mM glutamine, non-essential
amino acids (NEAA) (Invitrogen, 11140), 100 wM B-ME, 1,000
units/mL of ESGRO® (Millipore Corporation, ESG1107), with
selection using 300 pg/mL G418 (Invitrogen, 10131). A total of
132 clones were picked and grown to confluence in 24-well tissue
culture plates prior to harvesting cell pellets for DNA analysis.
Genomic DNA was isolated and 10 pg was digested with EcoRV.
Digested genomic DNA was subjected to Southern blot analysis
using a 1.2 kb external probe 3' to the region of homologous
recombination (Fig. 4A). Homologous recombinant clones for
exon 9ab were expanded and re-electroporated with 20 pug CMV-
Cre recombinase (Stratagene, 10347-011), followed by selection
in 1 wM Ganciclovir (Roche Products, R10047) to eliminate
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recombined clones containing the Thymidine Kinase-Neomycin
cassette. Surviving ES cell clones were isolated, expanded and
screened by PCR analysis for either floxed or complete dele-
tion of exon 9a + 9b (Fig. 4C). PCR screening for products up
to 1 kb were routinely performed using either EconoTaq Plus
Green EconoTaq Plus Green (Lucigen, 30033-1) or Tag DNA
polymerase (New England BioLabs, M0267L). A total of 35
cycles with annealing between 55-60°C were used to generate
the products shown in Figure 4D (upper and lower parts). The
primer set to determine the floxed allele is (9723F: 5-CAT TTC
TCG CTC ACT CGA GG-3') and (9b3'R: 5-TGT GCC ACA
TTC ATA GCC CTG G-3") and for the absence of exon 9a and
9b the primer set used was (9724F: 5-CTG GAA TCT GCC
ATC CAT CC-3') and 9b3’R. PCR products were analyzed by
agarose gel electrophoresis in Tris-acetate-EDTA. The primer set
designed to amplify exon 9a is (9aF1: 5-GAG CTC TAT GCC
CAG AAA C-3') and (9aR1: 5-AGA GGT CAT GTC ATT
GAG G-3)).

Generation and screening for double knockout A9d ES clones.
A A9d*" ES cell clone containing the Neomycin cassette was elec-
troporated with 20 pg CMV-Cre recombinase using the method
above in order to remove the Neomycin cassette in vitro. The 96
clones picked were analyzed by a PCR assay previously described
in reference 28, using three primers (F: 5'-GAG ATT TAG TGC
GGA ACT-3"), (R1: 5'-GTG GGT CTC TGG CTT GCC TA-3")
and (R2: 5'-CCA ACA GGG TCC GTA AAC C-3) for a total of
35 cycles with annealing at 50°C to determine a A9d*" ES cell clone
lacking the Neomycin cassette. As a secondary confirmation for the
absence of the Neomycin cassette, a primer set (neoF: 5'-GCT ATT
CGG CTA TGA CTA GGG-3') and (neoR: 5'-GAA GGC GAT
AGA AGG CGA TG-3") was also used with the above PCR con-
ditions. The resulting A9d*" ES cell clone (Clone#18) (Fig. 3C)
lacking the Neomycin cassette was re-electroporated with the exon
9d targeting construct described by Fath et al.”® followed by growth
and selection in G418 as described above. A total of 330 clones
were picked and analyzed for the complete absence of both copies
of exon 9d. These ES clones were screened using the primer set
(9dF1: 5'-CTG AAG TGC ACC AAA GAG G-3') and (9dR1:
5'-GTC TCC CACAGT GGA GCC T-3') designed to the coding
region of exon 9d. The 330 clones were further analyzed using the
F and R2 primers (above) to determine whether the construct had
been integrated either randomly or back into the originally targeted
locus.

Generation and screening for double knockout A9ab ES
clones. A A9ab*" ES cell clone containing the complete absence of
exon 9a + 9b allele was re-electroporated with 40 g of linearized
construct as described above. One ES cell clone out of 48 was found
by PCR analysis (using primers 9723F; 9724F and 9b3’R above) to
be targeted with the 9ab targeting construct on the alternative allele.
The doubly targeted clone was again subjected to Cre recombinase
to remove the coding regions of exons 9a and 9b as well as the
Thymidine Kinase-Neomycin cassette. Following the second round
of Cre-recombination and selection, the 9724F and 9b3’R oligonu-
cleotide primer set common to both WT allele and the fully deleted
exon 9a + 9b allele was used in order to confirm the presence of any
A9ab™ ES cell clones. A single A9ab™ ES cell clone was determined
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by long range PCR against both WT** and A9ab*" controls. PCR
screening for products over 2 kb were performed using LongAmp
Taq DNA polymerase (New England BioLabs, M0323S). A total
of 35 cycles with annealing between 55-60°C were used to generate
PCR products. The expected WT fragment of 2.6 kb and a deleted
exons 9a and 9b fragment of 400 bp is shown (Fig. 4H). An oligo-
nucleotide primer set designed to amplify exon 9a (9aF1: 5'-GAG
CTC TAT GCC CAG AAA C-3') and (9aR1: 5'-AGA GGT CAT
GTC ATT GAG G-3") were also used to confirm the absence of
exon 9a coding region (data not shown).

Generation and screening of knockout mice. All animal experi-
mentation was performed in accordance with institutional guide-
lines and guidelines of the National Health and Medical Research
Council, Canberra, Australia. Chimeric mice were generated for the
targeted yYT'm exons 1b, 9c and 9d as previously described in refer-
ence 22, 27 and 28. A9ab” ES cells have so far been used for in
vitro analysis in this study. Chimeric mice for exons 1b, 9c and 9d
were bred against either 129/Sv] or C57BL/6 mice lines. Genomic
DNA was isolated from either ear clip or tail tip mouse tissues and
genotyped by PCR for the presence of both WT and KO alleles.

A1b*" mice from the 129/Sv] background were also inter-
crossed onto the C57BL/6 background via speed congenic breeding
(Transgenic Animal Services Qld, Australia) for five generations.
N5 generation Alb”" mice were bred in order to generate null
pups. Progeny were genotyped by PCR as previously described
in reference 22. Briefly, oligonucleotide primers common to both
alleles:- (9341: 5'-GGC TAC AAC GCC GAG CGG AG-3")
and (9342: 5'-CGG GGC TCG ATT CTT TCC AG-3') were
designed to regions either side of the exon 1b deletion to gener-
ate a WT fragment of 405 bp and a deleted exon fragment of
355 bp. The PCR products were analyzed on a 2% agarose gel in
1x Tris-acetate-EDTA.

Western blot analysis. Mouse sperm collected from the vas
deferens and caudal epididymus of adult male mice. The sperm
were washed twice in PBS and pelleted to remove seminiferous
proteins. Mouse sperm protein was prepared by adding a 200
L volume of RIPA buffer (10 mM Tris-HCI, pH 7.6; 2% SDS;
2 mM DTT) to each sperm pellet followed by sonication.
A protein assay was performed using Precision Red (Cytoskeleton
Inc., ADV02) to determine protein concentration. Total protein
(10 pg) from mouse sperm and a control protein (either 1 pg or
10 pg) sample from primary mouse embryonic fibroblast (PMEF)
line were denatured and reduced in sample buffer containing
B-Mercaptoethanol. Proteins were analyzed by sodium dodecyl
sulfate 12.5% polyacrylamide gel electrophoresis (SDS-PAGE)
using 29:1 acrylamide:bis-acrylamide (3.3%C) (Bio-Rad Labs,
161-0156). Gels were transferred to PDVF membrane (Millipore
Corporation, IPVH00010) via electroblotting techniques. The
PVDF membranes were blocked in 5% skim milk powder in Tris
buffered saline (TBS) pH 7.5 for 1 h at room temperature and
washed in TBS with 0.1% Tween-20 (TBST) for 3 x 5 min.

The primary antibodies used for western analysis were:- mouse
monoclonal y9d, mouse monoclonal a/9d and rabbit antiserum
WS4/9d. The y9d antibody recognizes products from the yITm
gene that contain the 9d exon.”” The «/9d mouse monoclonal rec-
ognizes products from both the a and BTm gene that contain the
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9d exon (Tms 1, 2, 3, 5a, 5b and 6).° The 8/9d rabbit polyclonal
antiserum recognizes a single exon 9d-containing product from the
8Tm gene.’! Primary antibodies were diluted in TBS and were

incubated with the PVDF membranes at room temperature for

2 h. The membranes were washed in TBST (as above) prior to

adding secondary antibody at 1:5,000 (goat anti-mouse Ig or
goat anti-rabbit Ig conjugated to horseradish peroxidase, Jackson
ImmunoResearch, 115-035-003; 111-035-003) for 1 h at room
temperature. The membranes were washed in TBST (as above)
and protein bands were detected using a western Lightning kit
(Perkin Elmer Life Sciences, NEL101001EA) followed by expo-
sure to Fuji Super RX X-ray film (Fuji Film, 100NIF).
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allele for determining transmission ratio distortion were analyzed
using a X*. The null hypothesis was rejected at p < 0.05.
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