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Environmental agents and genetic variants can induce heritable
epigenetic changes that affect phenotypic variation and disease
risk in many species. These transgenerational effects challenge
conventional understanding about the modes and mechanisms of
inheritance, but their molecular basis is poorly understood. The
Deadend1 (Dnd7) gene enhances susceptibility to testicular germ
cell tumors (TGCTs) in mice, in part by interacting epigenetically
with other TGCT modifier genes in previous generations. Sequence
homology to A7cf, the RNA-binding subunit of the ApoB editing
complex, raises the possibility that the function of Dnd1 is related
to Apobec1 activity as a cytidine deaminase. We conducted a series
of experiments with a genetically engineered deficiency of Apo-
bec? on the TGCT-susceptible 129/Sv inbred background to deter-
mine whether dosage of Apobec? modifies susceptibility, either
alone or in combination with Dnd1, and either in a conventional or
a transgenerational manner. In the paternal germ-lineage, Apo-
bec1 deficiency significantly increased susceptibility among het-
erozygous but not wild-type male offspring, without subsequent
transgenerational effects, showing that increased TGCT risk result-
ing from partial loss of Apobec? function is inherited in a conven-
tional manner. By contrast, partial deficiency in the maternal
germ-lineage led to suppression of TGCTs in both partially and
fully deficient males and significantly reduced TGCT risk in a trans-
generational manner among wild-type offspring. These heritable
epigenetic changes persisted for multiple generations and were
fully reversed after consecutive crosses through the alternative
germ-lineage. These results suggest that Apobec? plays a central
role in controlling TGCT susceptibility in both a conventional and
a transgenerational manner.
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Establishing the genetic basis and mode of inheritance for
most traits and diseases has proven to be remarkably elusive
(1). Susceptibility to testicular germ cell tumors (TGCTs) is il-
lustrative (2). Testicular cancer is the most common malignancy
affecting young men (3), more than 90% of testicular cancers
result from TGCTs (4), TGCTs rank third in heritability among all
cancers (5), and family history is the strongest known risk factor
with a two- to sixfold increase among sons and a 5- to 19-fold
increase among brothers of affected individuals (6-9). Despite the
strong evidence for heritability, the only TGCT susceptibility
factors identified in genome-wide association studies are the gr/gr
deletion on the Y chromosome and autosomal variants in KITLG,
SPRY4, BAK1, and DMRT1, which together account for less than
10% of risk (10-14). The substantial difference in prevalence
between sons and brothers of cases and the epidemiological evi-
dence for maternal estrogens, birth order, birth weight, and other
factors (15-17) together raise the possibility that maternal con-
ditions, epigenetic effects, and perhaps unconventional modes of
inheritance also contribute to TGCT risk (18).

Only strains in the 129 inbred family of mice develop spon-
taneous TGCTs at an appreciable rate, with ~7% of males
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presenting at least one TGCT by 4 wk of age (19, 20). These
TGCTs are teratomas and teratocarcinomas that most closely
resemble pediatric TGCTs in humans (21). In mice and humans,
TGCTs arise from primordial germ cells (PGCs), which are the
embryonic precursors of gametes in adults (21, 22). PGC trans-
formation occurs during embryonic days 13.5-16.5 (E13.5-E16.5)
when several critical events occur, including gonad determination,
epigenetic reprogramming to replace most parent-of-origin mo-
lecular marks with those reflecting fetal sex, and meiotic arrest of
PGCs in females and mitotic arrest in males (23-26).

Genetic variants that modify TGCT susceptibility provide
insights into both the development of the PGC lineage and the
regulation of TGCT pathogenesis (27, 28). Studies of interactions
between these modifier genes in mice reveal remarkable evidence
for transgenerational genetic effects on TGCT risk (29). In these
cases, genetic variants in ancestral generations induce heritable
epigenetic changes that lead to phenotypic variation in subsequent
generations (18). These epigenetic changes can affect a remark-
able variety of traits including behaviors, blood chemistry, pig-
mentation, heart development, embryonic viability, feeding habits,
and susceptibility to diet-induced obesity (30-35). These epige-
netic effects can be as strong and as common as those that are
inherited in a conventional manner (30-35) and can persist for
generations after exposure to the original genetic variant (30, 35).
Evidence for transgenerational genetic effects on TGCTs involves
wild-type sons of Kirl-deletion heterozygotes that are tumor-free
instead of showing the 7% risk expected based on their genotype
(31). Other evidence includes interactions across generations
between TGCT modifiers such as Tip53, Kitlg, and the Eif2s2
translation initiation factor in the parental generation with the 7er
mutation in the Deadendl (Dndl) gene in the offspring genera-
tion to increase the number of TGCT-affected males and the
number of bilateral cases (29).

A major unresolved question is the nature of the molecular
mechanism that mediates these transgenerational effects. Dndl
shares sequence similarity with Apobecl complementation factor
(Alcf) (36), the RNA-binding component of the ApoB RNA-
editing complex (37, 38). This similarity raises the possibility that
DND1, like A1CF, functions in RNA editing and in turn that
RNA-editing mutants affect TGCT susceptibility. Apobecl enc-
odes a cytidine deaminase, which is the catalytic component of
the ApoB RNA-editing complex (37, 38). Recent evidence
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suggests that several deaminases in the Apobecl family also
have DNA demethylase activity (39-41). Targeted deletion of
Apobecl (abbreviated ko hereafter) results both in homozygous
mice that are healthy and fertile and in knockout heterozygotes
that show tissue-specific abnormalities in ApoB RNA editing
(42). The present study focused on tests to determine whether
Apobecl deficiency affects TGCT susceptibility in a conven-
tional or transgenerational manner, either alone or in combi-
nation with Dnd1™.

Results

Effects of Complete and Partial Apobec? Deficiency on TGCTs. The
first task was to test the impact of complete and partial APO-
BECI deficiency on TGCT susceptibility with respect to both
conventional inheritance and transgenerational effects. We be-
gan with a test for effects of ko homozygosity on ko/ko male
offspring in a pure-breeding strain (test 1). Then we tested the
effects of parental ko/+ heterozygosity on ko/+ and +/+ male
offspring (test 2), parental homozygosity versus heterozygosity
on genetically identical ko/+ heterozygous sons (test 3), ances-
tral genotype and switching the parent of origin (test 4), and fi-
nally long-term epigenetic effects of parental APOBECI deficiency
on wild-type progeny (test 5).

Test 1: Parental and offspring kolko homozygosity. To test whether
complete deficiency of Apobecl affects TGCT susceptibility, we
surveyed homozygous ko/ko males that were derived from at
least two generations of ko/ko intercrosses (Fig. 1). Results were
compared with both the concurrent wild-type 129 control
[(+/+)c] and published reports for wild-type [(+/+),] mice. For
these two control populations, the proportion of affected (+/+).
and (+/+), males did not differ significantly (Table 1, cross 4),
suggesting that current results reflect the long-term average
TGCT prevalence in 129 males (19-22, 36, 43-46). Interestingly,
affected Apobec-deficient males occurred at a frequency (4.1%)
that represents an ~43% reduction (P < 0.05) compared with
that for the (+/+). and (+/+), control populations [Table 1,
cross 1 and (+/+),]. The finding of reduced testicular cancer risk
is reminiscent of the effects of Apobecl deficiency on small in-
testinal adenoma formation in Apc™™/* mice (47). Moreover, the
magnitude of the reduction is similar to that reported for males
that are partially deficient for the Eif2s2 translation initiation
factor, which is an established TGCT suppressor (48).

Test 2: Parental ko/+ heterozygosity. Because partial Apobecl de-
ficiency can lead to tissue-specific dysfunction (42, 47), we asked
whether parental ko/+ heterozygosity affected TGCT suscepti-
bility (cross 2). For this test, we measured the frequency of af-
fected ko/+ (test) wild type and (+/+),, (control) male offspring
from reciprocal crosses between ko/+ heterozygotes and strain
129 wild-type (+/+). homozygotes. The direction of ko in-

ko/ko < x ko/ko 3

l

ko/ko 2 x ko/ko 3

l

ko/ko 3: 4.1% *
N=338

Fig. 1. Effects of Apobec? deficiency on TGCTs. Parental and offspring
Apobec1¥°*® homozygosity (test 1). *P < 0.05.
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heritance was maintained independently through the female and
male lineages for at least three generations before the test
crosses, and results were analyzed separately (Fig. 24). Surpris-
ingly, with maternal heterozygosity, TGCTs were absent in ko/+
male offspring, a highly significant reduction relative to (+/+),
(Table 1, cross 2a). Interestingly, the 1.6% prevalence in (+/+)w
male offspring also was significantly reduced relative to wild-type
controls (Table 1, cross 2a), even though these wild-type (+/+)y
males were genetically identical to strain 129 (+/+). and (+/+),
control males. By contrast, with paternal heterozygosity, 14% of
heterozygous ko/+ male offspring were affected, which repre-
sents a twofold increase relative to (+/+), controls (Table 1,
cross 2b), an increase that was similar to published values for
established heterozygous TGCT enhancers including Dnd1™
(17%), Kitlg®” (14%), and Tip53™™ ™7 (15%) (27, 31, 36, 4346,
49, 50). In contrast, (+/+),, male offspring resulting from pa-
ternal heterozygosity showed the baseline prevalence typical of
strain 129 males (Table 1, cross 2b). Thus, maternal partial de-
ficiency reduced risk in a parent-of-origin manner among both
heterozygous and wild-type sons, whereas paternal partial de-
ficiency enhanced tumorigenesis only in ko/+ sons in a manner
that showed conventional inheritance.

Test 3: Parental homozygosity versus heterozygosity effects on ko/+
offspring. Next we tested whether TGCT prevalence among ko/+
male offspring depended on parental homozygosity (ko/ko) versus
heterozygosity (ko/+) (Fig. 2B). Occurrence of TGCT-affected
males among genetically identical heterozygous (ko/+) progeny
derived from reciprocal ko/ko X (+/+),. intercrosses (cross 3) was
compared with those described above for ko/+ x (+/+). back-
crosses (Table 1, crosses 2 and 3, respectively). To control for
lineage-specific effects, parents were obtained from lineages in
which the parental germ-lineage had been maintained consis-
tently for at least three prior generations.

When the ko mutation was inherited through the female germ-
lineage, heterozygous ko/+ sons of ko/ko females were fully
protected (0% affected) from TGCTs (Table 1, crosses 2a and
3a). By contrast, when the ko mutation was inherited through the
male germ-lineage, the prevalence of affected males (7.9%) did
not differ significantly from the (+/+), baseline (Table 1, cross
3b) but was significantly less than the 14% prevalence found in
genetically identical ko/+ offspring of ko/+ heterozygous males
(X2 = 5.8, P < 0.02; Table 1, cross 2b). Thus, TGCT prevalence
differed dramatically among genetically ko/+ identical male
offspring depending on parental sex and genotype, with complete
protection among sons of ko/+ heterozygous and ko/ko homo-
zygous females and with increased risk in ko/+ heterozygous
sons of ko/+ heterozygous but not ko/ko homozygous males.
Test 4: Ancestral genotype and switching parent of origin. The next test
involved determining whether the special physiological relation-
ship between mother and fetus during the critical developmental
period for PGC transformation to TGCTs contributed to the
transgenerational genetic effects observed in cross 2a (Table 1). In
the first cross, ko/+ male offspring that inherited the ko deletion
through the female germ-lineage for at least two previous gen-
erations were mated to wild-type females, thereby switching the
ancestral-female mode of inheritance to transmission through
males (Fig. 34). Heterozygous ko/+ sons that inherited this
ancestral-female allele from their father instead of their mother
were screened for TGCTs, and the prevalence was compared
with that observed for ko/+ males that inherited the deficiency
through the female germ-lineage. Surprisingly, none of the ko/+
males from this switched mating were affected with TGCTs,
and this prevalence was significantly reduced relative to both
the increased TGCT prevalence (14%) observed in ko/+ males
inheriting the ancestral-male ko allele through the male germ-
lineage and to the baseline rates in (+/+). and (+/+), controls
(Fig. 34). In the reciprocal cross, we tested the effect
of transmitting the ancestral-male ko allele through females
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Table 1.

Effects of complete and partial Apobec? deficiency on occurrence of TGCT-affected males

Cross  Parental cross  Offspring genotype N No. affected  Percent affected x> P value Conclusion
1 ko/ko x kolko ko/ko 338 14 41 43 <0.05 Complete deficiency
reduces susceptibility
2a ko/+ x +/+ ko/+ 186 0 0 14.0 <0.0002  Maternal heterozygosity
provides complete protection
(+/+)w 191 3 1.6 8.7 <0.004 Maternal heterozygosity
reduces susceptibility
2b +/+ x kol+ ko/+ 132 19 14.0 10.2 <0.001 Paternal heterozygosity
increases susceptibility
(+/+)w 125 9 7.2 <0.1 Ns Paternal heterozygosity does
not affect susceptibility
3a ko/ko x +/+ kol/+ 179 0 0 13.9 <0.0002  Maternal homozygosity provides
complete protection
3b +/+ x kolko kol+ 189 15 7.9 <0.1 Ns Paternal homozygosity does not
affect susceptibility
4 ++ X +/+ (+/+)w 208 15 7.2 0.01 Ns Contemporaneous control

was not different from
published results for (+/+),

x? Goodness-of-fit tests were used to compare the prevalence of TGCT-affected test and concurrent wild-type (+/+). control males. N is the number of males
examined; no. affected is the number of males with at least one TGCT; significance was determined as P < 0.05; and Ns indicates results that did not pass the
threshold of statistical significance. Because (+/+),, and (+/+). were not different, and both were consistent with long-term rates in the 129 family of inbred
strains, the 7% prevalence in (+/+), was used as expectation for comparisons with +/+ and ko/+ male offspring.

(Fig. 3B). In this case, the 13% TGCT prevalence was not
significantly different from direct inheritance through the male
lineage but was significantly increased over the expected rate
based on direct maternal effects. Together these reciprocal
crosses showed that ancestral rather than parental genotype
underlies the lineage-dependent effects of partial Apobecl de-
ficiency on TGCT prevalence.

We then asked whether maintaining the new direction of in-
heritance of the ko allele for another generation was sufficient to
reverse lineage-specific effects to reflect the grandparental di-
rection of inheritance. In the first cross, the ancestral-female
allele was inherited for a second generation through the male
germ-lineage (Fig. 34), and in the reciprocal cross, the ancestral-
male allele was inherited for a second generation through the
female germ-lineage (Fig. 3B). In contrast to results for the an-
cestral-female allele in the previous generation, we found that
the prevalence of affected ko/+ males now was switched in the
second generation, showing a significant increase over the ab-
sence of affected males in the previous generation and a non-
significant difference from the expected prevalence of 7% based
on their genotype and the direction of the cross (Fig. 34).
Similarly, the occurrence of affected ko/+ males with the an-
cestral-male allele also was switched in the second generation,
with a significant decrease from the previous generation and
a nonsignificant difference from the rate expected with maternal
inheritance (Fig. 3B). Thus, lineage-specific factors that control
the TGCT phenotype were reset after transmission for two
consecutive generations through the alternative germ-lineage
and corresponded with the grandparental rather than the pa-
rental direction of inheritance.

Test 5: Persistence of transgenerational effects in wild-type (+/+),, males.
Finally, we asked whether the transgenerational effects of Apo-
becl on wild-type progeny persisted to subsequent generations,
independently of maternal ko/+ heterozygosity. If the observed
effect among wild-type (N1) sons resulted from in utero expo-
sure to the consequences of partial deficiency of maternal
APOBECI, reduced prevalence would be found among sons
(N1) and perhaps grandsons (N2), but not among great-grand-
sons (N3), where prevalence should return to baseline values.
Alternatively, if TGCT prevalence found among N1 males
resulted from heritable epigenetic changes in NO females,
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a similarly reduced prevalence might be expected among N1, N2,
and N3 male offspring.

For this test, we backcrossed wild-type (+/+),, N1 offspring
from reciprocal ko/+ X (+/+). NO crosses (Table 1, with cross 2a
as the test and cross 2b as the control) to 129 (+/+). mice (Fig.
4). We then surveyed (+/+),, N2 males and, after an additional
backcross, (+/+)y N3 males for TGCTs. In these tests, the ko
allele was present only in the NO parents and N1 littermates. The
N2 and N3 males that were surveyed for TGCTs did not inherit
the ko/+ allele and were genetically, but perhaps not epigenet-
ically, identical to the 129 (+/+). and (+/+), controls.

Remarkably, maternal Apobecl deficiency significantly re-
duced TGCT prevalence, not only among N1 males but also
among N2 and N3 (+/+),, males relative to (+/+), controls
(Fig. 44). Inheritance of this suppressive effect from the ances-
tral female lineage was independent of parental direction in
subsequent generations and did not require the ko allele to
maintain the phenotype, suggesting that the observed TGCT
suppression in sons of Apobecl-deficient females results from
a stable, inherited epigenetic factor rather than direct exposure
to the maternal deficiency in utero. For partial Apobecl de-
ficiency in males, TGCT prevalence in N1 (+/+),, sons did not
differ from the expected baseline prevalence in wild-type sons
(Fig. 4B). As expected, with continued backcrossing, TGCTs
were observed in wild-type sons at the baseline rate regardless of
whether the ancestral-male allele was transmitted through
a male or female wild-type parent in subsequent generations.

Transgenerational Interactions Between Apobec?* and Dnd1™"
Previous studies revealed transgenerational genetic interactions
that led to both an increased prevalence of affected DndI™®
(Ter) males and an increased proportion of bilateral cases in Ter/+
males when any of six TGCT modifier genes were present in the
parental generation, compared with results for Ter/+ and these
modifiers in separate single-gene control crosses (29). We
therefore sought to test whether ko interacts with Ter in a similar
manner. For this study, we focused on three specific ko and Ter
interaction effects. We also asked whether ko and Ter have ad-
ditive effects in double-heterozygous males. The study design of
Lam et al. (29) was used for these tests (Fig. S1), with the
expected frequency of affected males based on results from
corresponding single-modifier tests (Table S1).
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Fig. 2. Effects of partial deficiency of Apobec? on TGCTs. (A) Parental
ApobecT1*°™* heterozygosity (test 2). (B) Parental Apobec“°*® homozygosity
and offspring Apobec?*®* heterozygosity (test 3). *P < 0.05.

Test 1: Dnd1™ sons. To determine whether partial deficiency
of Apobecl in the parental generation affected TGCT risk in
Ter/+ +/+ sons, we compared the TGCT prevalence in Ter/+
+/+ males obtained from the interaction test cross with the
prevalence in Ter/+ control males (31.5%) from a separate
Ter-only colony. Male offspring were affected with TGCTs at
a rate of 21.0%, which represents a significant 40% reduction
relative to the prevalence observed in Ter/+ controls (Table 2).
These results with ko differed from those with all six previously
tested modifiers in that the parental modifier, in this case
Apobecl®, reduced rather than increased prevalence in Ter/+
+/4 sons (cf ref. 29).

Because partial Apobecl deficiency acted as a TGCT suppressor
in the female germ-lineage and as an enhancer in the male germ-
lineage (Table 1, crosses 2a and 2b), we tested whether the sex of
the Apobecl-deficient parent in the interaction test-cross affected
TGCT prevalence in Ter/+ sons by comparing the prevalence in
sons of Apobecl-deficient mothers versus sons of Apobecl-
deficient fathers. However, the prevalence in Ter/+ +/+ sons of
partially deficient mothers (22.0%) and partially deficient fathers
(19.1%) was not significantly different (not shown), indicating
that, although parental Apobec! deficiency acted in a sex-specific
manner in independent crosses, deficiency in either parent inter-
acted with Ter in sons to reduce TGCT risk.

Test 2: Apobec1*® sons. We compared the TGCT prevalence in
ko/+ +/+ sons from the interaction test cross with the expected
prevalence based on a separate ko-only colony. Because Apobecl
deficiency had lineage-specific effects on the frequency of
TGCT-affected males in separate crosses (Table 1), sons inher-
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iting the ko allele through the maternal versus paternal germ-
lineage were analyzed separately. The expected values for this
analysis took into account the parent of origin and the Apobecl
genotype of the parents. Although Apobecl deficiency had di-
vergent effects in the maternal and paternal lineage (Table 1),
TGCT prevalence in ko/+ +/+ males from the interaction test
cross did not vary significantly with the direction of inheritance
(Table 2, test 2). Interestingly, although maternal Apobecl de-
ficiency was protective in ko-only crosses (Table 1, crosses 2a and

A

@) Switch to

( - Switch to
+ germ-lineage +1 generation

+2 generations

ko/+ © x +/+ ko/+ - x +/+ ko/+ . x +/+
ko/+ © x +/+ ko/+ = x +/+ ko/+ © x +/+
l Switch Switch
v v
ko/+ 7: 0% * +/+ x ko/+ +/+ xko/+ *
N=186 l l
ko/+ 7: 0% * +/+ x ko/+
N=88 l
ko/+ : 9%
N=49
Switch to : Switch to ' :

6\ germ-lineage

+1 generation

+2 generations

+/+ ;ko/+ 7 +/+ ;ko/+ ' +/+ ;ko/+
+/+ xkof+ +/+ x kof+ 7 +/+ x ko/+
l Switch Switch
¥ v
ko/+ 7: 14%* ko/+ - x +/+ kof+ © x +/+
N=132 l l
ko/+ ':13% * ko/+© x +/+
N=53 l
ko/+ 7: 0%
N=31

Fig. 3. Effects of switching parent of origin on TGCTs. x* contingency tests
were used to determine whether the two groups were derived from pop-
ulations with similar properties, whereas y?> goodness-of-fit tests were used
to determine whether a given result was consistent with the baseline
prevalence of 7%. (A) Ancestral genotype and switched transmission from
ancestral females to males (test 4). Details for comparisons: 0% before switch
versus 0% one generation after switch: not significant; 0% one generation
after switch versus 9% two generations after switch: XZ =6.6, P < 0.02; 0%
one generation after switch versus 7% baseline expectation: x* = 6.4, P <
0.02; 9% two generations after switch versus 7% baseline expectation: y? =
0.8, not significant. (B) Ancestral genotype and switched transmission from
ancestral males to females (test 4). Details for comparisons: 14% before
switch versus 13% one generation after switch: not significant; 13% one
generation after switch versus 0% two generations after switch: y>=3.3, P <
0.07; 13% one generation after switch versus 7% baseline expectation: y* =
5.7, P < 0.02; 0% two generations after switch versus 7% baseline expec-
tation: ¥ = 0.1, not significant. * indicates a significant difference relative to
the baseline TGCT prevalence in 129 (+/+), control males.
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Fig. 4. Ancestral Apobec! genotype controls TGCT susceptibility across multiple generations. (A) Female germ-lineage transmission of Apobec? deficiency
before switching the direction of the cross. (B) Male germ-lineage transmission of Apobec? deficiency before switching the direction of the cross. Red text
indicates crosses where the ko allele was maternally transmitted, and blue text indicates crosses where the ko allele was paternally transmitted. *P < 0.05.
‘+/+' indicates a genotypically wild-type mouse that had at least one ancestor that was ko; this designation is used to distinguish these mice from geno-

typically similar mice from a conventional wild-type (+/+) strain.

3a), an appreciable number of affected males was observed
among those that inherited the ko allele maternally when Ter
also was present in the parental generation [Table 2, test 2, +/+
ko/+ (m)]. In the reciprocal cross, in contrast, the prevalence of
affected ko/+ males did not differ significantly from wild-type
strain 129 controls [Table 2, test 2, +/+ ko/+ (p)], suggesting
that presence of Ter in the parental generation negated the
protective parent-of-origin effect of Apobecl deficiency in the
female lineage.

Test 3: Wild-type sons. Although wild-type offspring from Apobeci-
deficient females showed a significant reduction in TGCT prev-
alence in separate crosses (Table 1, cross 2a), wild-type males in
the interaction test crosses were affected at the expected baseline
rate (6.6%) (Table 2), suggesting that the increased prevalence
in Ter/+ sons and the reversal of the protective effect of ma-
ternal Apobecl deficiency in ko/+ sons result from specific
interactions between the parental and inherited mutations rather
than being attributable solely to premeiotic effects of the pa-

rental mutations that would manifest in all offspring regardless
of their genotype.

Test 4: Apobec1*® and Dnd1™" sons. To test for traditional genetic
interactions between Apobecl and Dndl, double-mutant male
offspring (ko/+, Ter/+) were surveyed for TGCTs with the
expected prevalence (29.9%) based on an additive model of gene
interaction and calculated using the observed frequencies for
single-mutant and wild-type littermate controls (29). The ob-
served TGCT prevalence in double-mutants (27.5%) did not
differ significantly from the predicted prevalence and therefore
fits an additive model of gene interaction. Apobec1*® therefore is
the only genetic variant that does not interact with Ter to mod-
ulate TGCT susceptibility.

Lineage-specific ko-Ter interactions and embryonic viability. In the ko-
Ter interaction test, we noted that segregation ratios for single-
and double-mutant males did not appear to be normal (Table 2).
We therefore examined this question directly (Table 3). In fact,
these ratios deviated dramatically from expectations, depending
on parental and progeny genotypes. When ko was inherited

Table 2. Occurrence of TGCT-affected males in transgenerational interaction tests between Apobec?*® and Dnd 17"

Offspring No. No. Percent Percent
Purpose Test genotype N affected  expected affected expected e P
Test for transgenerational 1 Terl+ +/+ 124 26 39.0 21.0 31.5 6.3 <0.02
effects 2 +/+ ko/+ (m) 163 14 0 8.6 0 12.6  <0.0004
+/+ kol+ (f) 159 17 15.1 10.7 9.5 0.3 Ns
Internal wild-type 3 ++ ++ 213 14 15.4 6.6 7.2 0.1 Ns
(w) control
Test for epistasis 4 Terl+ +/+ 189 52 56.6 27.5 29.0 0.5 Ns

Mice in the contrast group were obtained from contemporaneous crosses in which only the designated genetic variant was segre-
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gating. The expected effects for the additive model were obtained by summing the independent effects for ko/+ and Ter/+. (m) and (p)
refer to maternal and paternal ko/+ heterozygosity, respectively. Several considerations are relevant: We found a TGCT prevalence of
31.5% in Ter/+ control males on the 12951/SvimJ background, which represents a significant increase (P < 107°) compared with the
published values (30, 38, 39). However, the previous studies were performed with a different 129 substrain (129T1/Sv). Therefore,
throughout the present study, we used the control values observed in the concurrent surveys because these mice were bred on the
same 129 background, screening was performed concurrently with test males, and mice used in the interaction test and in control crosses
were on the same inbred genetic background.
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through the paternal germ-lineage, segregation ratios at 3—4 wk
of age did not differ significantly from Mendelian expectations
(x* = 1.0, not significant). However, when ko was inherited
through the maternal germ-lineage, these ratios showed a highly
significant deviation ()~ = 58.5, P < 0.0001). If we accept that the
observed number of wild-type males (n = 64) was the number
expected in each genotypic class, then a total of 192 (3 x 64)
males would be expected across the three other genotypes.
However, with a total of only 51 observed, ~75% (n = 141) of
the single- and double-heterozygotes were missing. We next
asked when these deviations arose, focusing first at ~E12.5 and
then at E3.5 (Table S2). Interestingly, segregation ratios were
already biased at ~E3.5 in maternal ko—paternal Ter crosses but
not in the reciprocal cross. Litter sizes did not differ significantly
across the entire study (Table S3).

Discussion

Many environmental factors and genetic variants are known to
induce heritable epigenetic changes that can persist for multiple
generations, affecting a broad range of traits, and that often are
as frequent and strong as direct environmental exposures and
conventional genetic inheritance (18, 51-57). These trans-
generational effects challenge our understanding of the modes
and mechanisms for inherited phenotypic variation and disease
risk, as well as the premise of most genetic studies in which
causal DNA sequence variants are sought within the genome of
affected individuals. Several molecular mechanisms have been
implicated, ranging from inherited RNAs to chemically modified
DNA and proteins (51-61). These transgenerational effects have
important implications for our understanding of adaptation and
evolution, the origins of phenotypic variation and disease risk,
and the molecules in addition to DNA that can be the basis for
inheritance (18, 62, 63).

Studies of transgenerational genetic effects on testicular can-
cer in mice show that Dnd] is an essential component of a cross-
generation system, with genes such as Trp53, Kitl, and Eif2s2 in
the parental generation acting with Dndl in male offspring to
increase significantly the number of TGCT-affected males and
the proportion of bilateral cases (29). Dndl encodes an RNA-
binding protein that controls access of specific microRNAs to
their mRNA targets in testicular cancer cell lines (64) and also
transports mRNAs from the nucleus to perinuclear RNA gran-
ules under stress conditions (65). We reasoned that sequence
similarity between Dndl and Alcf, which is the RNA-binding
subunit of the APOBEC1 RNA-editing complex (37, 38), raised
the possibility that Dndl acts in a similar manner with Apobecl
and therefore that Apobecl also might control TGCT risk and
transgenerational effects, either alone or in combination with
Dndl. We tested this hypothesis by studying effects of Apobecl
deficiency and its interactions with the DndI™® mutation on
TGCT susceptibility in 129/SvImJ mice.

Table 3. Non-Mendelian segregation in ko-Ter interaction tests

Terl+ Q x ko/+ G Offspring genotype (?,3) ko/+ @x Terl+ G

Nobs NexP %obs Nobs NexP %obs
27 32 24 kol+, Terl+ 13 4 11
30 32 26 +/+, Terl+ 19 64 17
25 32 22 kol+, +/+ 19 64 17
32 32 28 ++, +H+ 64 64 56
114 128 Total males 115 256

N°P is the number of males of each genotype observed, and N°* is the

number of males of each genotype expected based on Mendelian expect-
ations, i.e., 25% of the total number of males in each genotypic class n the
reciprocal crosses; %°> is the percent observed; and % is the percent
expected based on Mendelian expectations, i.e., 25% of the total number
of males in each genotypic class.
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Several findings in this study document the conventional and
transgenerational effects of Apobecl deficiency on TGCT sus-
ceptibility, both alone and in combination with DndI. In the
paternal germ-lineage, the increased number of affected ko/+
but not +/+ sons (Table 1, crosses 2b and 3b) shows that Apo-
becl acts as TGCT enhancer and that this effect is inherited in a
conventional manner. By contrast, ko/+ sons of ko/+ and ko/ko
females were not affected with a TGCT (Table 1, crosses 2a and
3a; cf. refs. 28, 66). In addition, maternal ko/+ heterozygosity
significantly reduced the prevalence of affected +/+ wild-type
sons, not only in the first generation (Table 1, cross 2a) but also
for at least two subsequent generations (Fig. 4), suggesting both
that reduced dosage of maternal Apobecl alone was sufficient to
induce a heritable epigenetic change that persisted for multiple
generations and that direct maternal—fetal interactions were not
essential. Interestingly, parental DndI*/+ heterozygosity does not
induce transgenerational effects (29). Finally, these lineage-specific
effects were fully reversed after transmission for two consecutive
generations through the alternative parental germ-lineage (Fig. 3),
suggesting that the heritable epigenetic change was not permanent
and could be reversed under specific conditions. The ability of
Apobecl to modulate TGCT risk in both a conventional and a
transgenerational manner, depending on parental germ-lineage,
raises important questions concerning the mechanisms by which
Apobecl may function in PGC biology, testicular cancer etiology,
and, most importantly, in heritable epigenetic changes.

Tests for interactions between ApobecI*® and Dnd1™ pro-
vided contrasting results, depending on parental genotypes. The
combination of maternal ko/+ and paternal Ter/+ heterozygosity
neutralized each other’s effects on TGCTs among male off-
spring, significantly increasing or reducing risk in the direction of
the baseline rate that is characteristic of the 129 strain (Table 2).
In contrast, in the reciprocal cross with maternal 7er/+ hetero-
zygosity and paternal ko/+ heterozygosity, a striking deviation
from Mendelian expectations was found at embryonic day E3.5
(Table S2), with substantial loss of both double-heterozygous and
single-heterozygous mutant mice (Table 3). Thus, Apobecl and
Dndl interact, albeit in unconventional and complex manners, to
modulate TGCT risk and also, unexpectedly, to control the oc-
currence of genotypic classes among early embryos.

The strong but unexpected bias in segregation ratios in ma-
ternal ko—paternal Ter intercrosses has several unusual features.
The effects depended completely on the direction of the cross
(Table 3), with Apobecl acting in the female germ-lineage, and
Dndl acting in the male germ-lineages. Loss of substantial
numbers of single and double heterozygotes in the interaction
test is remarkable, given that both ko/ko and Ter/Ter homo-
zygotes are fully viable in separate crosses (36, 42). Normal
segregation also is found in mutant heterozygotes in separate
crosses to wild-type mice (29; also see Table S3), showing that
gametes are produced in normal ratios and functionality. More-
over, modest differences in litter size do not account for the
substantial genotypic bias (Table S3). Together these observations
suggest that strong segregation bias results from a preference for
specific combinations of gametes at fertilization rather from than
selective embryo loss after conception. Interestingly, segregation
ratios for heterozygous Alcf knockout mice also are strongly
skewed (10:1) toward mutant heterozygotes versus wild type (67).
These results are reminiscent of non-Mendelian segregation
in males that are heterozygous for #-haplotypes in mice (68, 69)
but differ in that both maternal and paternal factors are required.
Together these observations suggest that Apobecl, Dndl, and
perhaps A Icf have important but as yet unknown functions during
gametogenesis and fertilization.

Questions that emerge from this work include whether these
genetic effects act directly on the germ-line or indirectly through
the soma to the germ-line, perhaps through signaling pathways
such as Kit ligand from somatic cells and Kit receptor on germ
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cells (18, 31); whether heritable epigenetic changes in the germ-
line involve methylation, histone modifications, RNAs, or per-
haps other molecules (18, 51-61); whether the relevant Apobecl
functions involve RNA editing or DNA demethylation (37-41,
60, 61); and whether the same epigenetic changes are trans-
mitted to subsequent generations or are responsible for reversing
heritable epigenetic changes.

Materials and Methods

Mice. Mice from the 12951/SvimJ inbred strain (“129”, previously known as
129/Sv) and 12953/SvimJ; stock number JR002448) were obtained from the
Jackson Laboratory. A targeted deletion of Apobec? (herein abbreviated ko)
was made with the RF8 ES cells (cell line from 129/SvimJ mice) and then
maintained on the 129/SvimJ inbred genetic background (42 and this study).
Mice were genotyped using a PCR-based assay as described previously (42),
with wild-type homozygotes, heterozygotes, and mutant homozygotes
designated as (+/+)w, ko/+, and ko/ko, respectively. Two control groups were
included, (+/+). and (+/+),, which correspond respectively to a contempora-
neous (c) survey of wild-type 129/Sv males from an independent colony and
to a review of TGCT incidence in wild-type 129/Sv reported in the literature
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(p) (19-22, 36, 43-46). All mice in this study were maintained on a standard
5010 rodent chow diet (PMI Nutrition International), housed in the Case
Western Reserve University Animal Resource Center, and maintained on
a 12/12-h light/dark cycle. The Case Western Reserve Institutional Animal
Care and Use Committee approved all mouse work described in this report.

TGCT Survey. Male mice (3- to 5-wk-old) were killed, and incisions were made
in the abdomen to expose the testes. TGCTs were identified through macroscopic
inspection of the testis for abnormalities in size, color, shape, or texture (19-22, 36,
43-46). Mice in the various test and control groups were scored for the presence
of unilateral or bilateral TGCTs. The frequency of affected males with either
unilateral or bilateral TGCT was used as a measure of prevalence. x? tests were
used to test for significant differences in the frequency of affected males.
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