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SUMMARY
A small number of offspring are born from the numerous sperm generated from spermatogonial stem cells (SSCs). However, little is

known regarding the rules and molecular mechanisms that govern germline transmission patterns. Here we report that the Trp53 tumor

suppressor gene limits germline genetic diversity via Cdkn1a. Trp53-deficient SSCs outcompeted wild-type (WT) SSCs and produced

significantly more progeny after co-transplantation into infertile mice. Lentivirus-mediated transgenerational lineage analysis showed

that offspring bearing the same virus integration were repeatedly born in a non-random pattern from WT SSCs. However, SSCs lacking

Trp53 or Cdkn1a sired transgenic offspring in random patterns with increased genetic diversity. Apoptosis of KIT+ differentiating germ

cells was reduced in Trp53- or Cdkn1a-deficient mice. Reduced CDKN1A expression in Trp53-deficient spermatogonia suggested that

Cdkn1a limits genetic diversity by supporting apoptosis of syncytial spermatogonial clones. Therefore, the TRP53-CDKN1A pathway reg-

ulates tumorigenesis and the germline transmission pattern.
INTRODUCTION

Spermatogenesis depends on continuous self-renewal divi-

sion of spermatogonial stem cells (SSCs) (Meistrich and van

Beek, 1993; de Rooij, 2017). Upon differentiation, clones of

spermatogonia undergo mitotic expansion on the base-

ment membranes of seminiferous tubules. Nine to eleven

cell divisions of spermatogonia and two divisions of sper-

matocytes build the germ cell population of the testis. In

rats, one SSC is estimated to produce 4,096 sperm via

self-renewal division (Russell et al., 1990). The first

morphological indication of spermatogonial differentia-

tion is incomplete cytokinesis, which results in generation

of germ cell clones connected by intercellular cytoplasmic

bridges. As they differentiate, these clones gradually trans-

migrate through the blood-testis barrier between Sertoli

cells while undergoing meiosis before maturation into

spermatozoa (Smith and Braun, 2012). Although the num-

ber of SSCs varies depending on the method of evaluation,

functional transplantation assays have shown that approx-

imately 150–3,000 SSCs are present in the testis (Oatley

et al., 2011; Kanatsu-Shinohara et al., 2016; Boyer et al.,

2021). These cells are presumed to undergo constant divi-

sion and contribute equally to fertilization. However, the

number of offspring born in a litter is limited, and typical

litter size varies from5.2 to 7.0 inmice (Silver, 1995). There-

fore, only a limited number of SSCs can fertilize eggs and

transmit genetic information despite production of a large

number of sperm throughout life. However, the factors that
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influence the germline transmission patterns from a pool

of SSCs are unknown.

Clonal analysis of spermatogenesis has been hampered by

a lackofappropriate techniques.The lowfrequencyandpoor

transfection efficiency of undifferentiated spermatogonia,

which divide only once every 10–13 days (de Rooij, 2017),

have been major obstacles. However, we recently developed

amethod for SSC lineage analysis by clonal marking of SSCs

using lentivirus vectors (Kanatsu-Shinohara et al., 2016). Af-

ter dissociation of testis cells into single cells, testis cells were

infected with a virus vector and then transplanted into the

seminiferous tubules of infertile mice. These recipient males

were subsequently mated with wild-type (WT) females to

produce offspring; the offspring DNAwas analyzed to deter-

mine integration of the virus transgene. Using this proced-

ure, approximately 30%–50% of the offspring contained

the transgene. Because only one set of the chromosomes is

transmitted to the next generation via meiosis, the results

suggested that more than 60% of the SSCs are labeled by

this procedure. A unique characteristic of this SSC-based

transgenesis is the diverse genetic repertoire. Because indi-

vidual SSCs are transfected with a retro/lentivirus, single

recipient males can produce a large number of transgenic

offspring with different transgene integration patterns;

indeed, up to 126 patterns could be generated from a single

recipient in our study (Kanatsu-Shinohara et al., 2016). By

continuouslymonitoring the transgene integration patterns

during the lifetime of recipient males, this method allows

transgenerational lineage analysis of SSC clones.
The Author(s).
ecommons.org/licenses/by-nc-nd/4.0/).

mailto:tshinoha@virus.kyoto-u.ac.jp
https://doi.org/10.1016/j.stemcr.2022.07.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2022.07.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Using this strategy, we previously evaluated the germline

transmission patterns of SSCs by monitoring the recipient

mice formore than 2 years. Themost surprising result from

this studywas that offspring bearing the same virus integra-

tion patterns were frequently born in the same or next

litter, which suggested that only a specific SSC clone con-

tributes to produce offspring in a particular litter. This phe-

nomenon of ‘‘clustering’’ was unexpected because more

than 5 3 107 spermatozoa are ejaculated in mice for suc-

cessful fertilization (Harper, 1982). A similar observation

was made originally in ethylnitrosourea-induced mouse

mutagenesis (Russell et al., 1979); mutants with the same

mutation patterns are often born in the same litters. Based

on this observation, we designed an experiment tomonitor

the germline transmission patterns of specific SSC clones in

a total of 1,325 offspring derived from spermatogonial

transplantation to determine the SSC kinetics. The result

suggested that not all SSCs contribute equally to spermpro-

duction. Clones that appear only once are not completely

lost from the SSC pool; they reappeared later with a mean

lifespan of approximately 124.4 days (Kanatsu-Shinohara

et al., 2016).

Although themechanismof this clustering and reappear-

ance phenomenon has not yet been determined, quantita-

tive analysis of cell numbers at differentiation points

revealed significant loss of progenitor cells at the differenti-

ating germ cell stage. Morphological studies have shown

that approximately 25% of spermatogonia can survive dur-

ing spermatogenesis (Huckins, 1978). Indeed, the highest

number of cells reported to be present in a particular clone

is 98 (22 spermatocytes and 76 spermatids) (Russell et al.,

1990). Therefore, it is possible that germ cells undergo

some kind of selection during spermatogenesis. However,

the biological significance and its mechanism have long re-

mained unknown. When we tried to confirm these results

by using doxycycline-inducible expression of H2B-GFP

fusion lineage tracing, we found that the actual ratio of

KIT+ differentiating germ cells to CDH1+ undifferentiated

spermatogonia was approximately 5-fold (Kanatsu-Shino-

hara et al., 2016). Therefore, the efficiency of spermatogen-

esis was significantly lower than theoretically estimated.

Because germ cells that are connected by intercellular

bridges undergo clonal apoptosis (Hamer et al., 2003), we

proposed that apoptosis of spermatogonia clones is respon-

sible for the reduced pattern formation.

The purpose of the current study was to identify genes

involved in the male germline transmission pattern.We hy-

pothesized that fertile mutant mice with abnormal histol-

ogy may exhibit abnormal germline transmission patterns.

Based on this assumption, we focused on the Fmr1 and

Trp53 genes. Fmr1 is responsible for mental retardation;

Fmr1 knockout (KO) mice exhibit macroorchidism, and its

expression is found in spermatogonia (Devys et al., 1993;
Bakker et al., 1994). In the adult, testis size ismainly a reflec-

tion of the number of germ cells present. Therefore, Fmr1

may be involved in spermatogonial number regulation

(Bächner et al., 1993). The expression of Fmr1 is influenced

by an unstable and expanding trinucleotide CGG repeat

located in the 50 untranslated region of Fmr1. In contrast,

Trp53 KO mice do not show macroorchidism, but they

contain giant spermatogonia and an increased number of

sperm with morphological abnormalities (Beumer et al.,

1998). We assessed the spermatogonial dynamics by label-

ing SSCs and then analyzed germline transmission patterns

by continuous breeding and evaluation of virus integration

patterns in a total of 1,037 offspring derived from WT and

mutant SSC transplantation.
RESULTS

Trp53 KO SSCs outcompete WT SSCs after competitive

spermatogonial transplantation

To determine the expression patterns of FMR1 and TRP53

in spermatogenic cells, we evaluated the compositions of

germ cells in WT mice using antibodies against spermato-

gonia markers, including GFRA1 (a marker for Asingle [As],

Apaired, and a portion of Aaligned undifferentiated spermato-

gonia), KIT (amarker for differentiating spermatogonia and

early spermatocytes), and SYCP3 (a marker for spermato-

cytes). The specificity of the antibodies for FMR1 and

TRP53 were confirmed by immunostaining or western

blot analysis of KOmice (Figures S1A and S1B). Double im-

munostaining of WT testes showed that FMR1 and TRP53

were widely expressed in the testis (Figures 1A and 1B).

Both genes were strongly expressed in cells on the base-

ment membrane. Quantification of signals revealed that

only a small proportion of GFRA1+ undifferentiated sper-

matogonia expressed these genes. However, their expres-

sion levels significantly peaked in KIT+ differentiating

germ cells; this was followed by downregulation in

SYCP3+ spermatocytes (Figure 1B). Although the expres-

sion patterns of FMR1 and TRP53 were comparable in

GFRA1+ spermatogonia, FMR1 was expressed more widely

in later stages of spermatogenesis. Cytoplasmic localization

of FMR1 was consistent with a previous study (Devys et al.,

1993). Despite their wide expression patterns, histological

analysis of Fmr1 KO and Trp53 KO testes showed complete

spermatogenesis, and mature spermatozoa were found

(Figure 1C).

To test whether these mutant mice exhibited abnormal

germline transmission patterns, equal numbers of mutant

cells and WT cells were mixed and microinjected into

the seminiferous tubules of immature WBB6F1-W/Wv

(W) mice (Figure 1D); these mice are congenitally infertile

because of mutations in the Kit tyrosine kinase gene
Stem Cell Reports j Vol. 17 j 1924–1941 j September 13, 2022 1925



Figure 1. Competitive spermatogonial transplantation
(A and B) Double immunostaining and quantification of FMR1 (A) and TRP53 (B) with spermatogenesis markers in WT testes (n = 12–13 for
FMR1, n = 13–15 for TRP53).
(C) Histological appearance of Fmr1 KO and Trp53 KO testes.
(D) Experimental schematic showing the competitive spermatogonial transplantation.
(E) Proportion of heterozygous offspring from all recipient mice (n = 31 for Fmr1, n = 44 for Trp53).
Scale bars, 50 mm (A–C). Counterstain, Hoechst 33342 (A and B) and hematoxylin and eosin (C). Asterisks indicate statistical significance
(*p < 0.05). See also Figures S1 and S2 and Tables S2 and S3. Results are means ± SEM.
(Fleischman, 1993). When these recipient mice had

matured, they were caged withWT female mice to produce

progeny at least 4 weeks after transplantation. Because W

mice lack endogenous spermatogenesis, all offspring pro-

duced from the recipients must be derived from trans-

planted donor cells. Two experiments were performed

involving Fmr1 KO mice, and three experiments were per-

formed involving Trp53 KO mice.

Within 4 months, all recipient males that had received

Fmr1 KO and Trp53 KO cells sired offspring withmutant al-

leles (Figures S2A and S2B). Offspring from Fmr1 KO cells

were born as early as 84 days after transplantation. In total,

283 offspring in 31 litters were born from four fertile mice

during the 201-day experimental period (Figure S2A).

Because Fmr1 is on the X chromosome (Bakker et al.,

1994), all male offspring were WT mice. Therefore, we

checked the contributions ofWTand Fmr1KOSSCs by gen-
1926 Stem Cell Reports j Vol. 17 j 1924–1941 j September 13, 2022
otyping female mice. Among 145 female offspring, the

Fmr1 mutant allele was found in 80 mice, whereas 65

mice were born from WT donors. The percentage of

offspring with the Fmr1 mutant allele ranged from

52.4%–57.4% from each recipient. This did not signifi-

cantly differ from the WT allele, and no statistical differ-

ence was found. These results showed that loss of Fmr1

does not influence germline transmission efficiency.

Trp53 KO SSCs also sired progeny as early as 72 days after

transplantation. In total, 293 offspring were born from

seven recipients during the 382-day experimental period.

Although two of the recipients sired only one litter, one

recipient sired asmany as 15 litters. No apparent abnormal-

ities were found in the offspring. Polymerase chain reac-

tion (PCR) analysis of tail DNA from offspring revealed

that offspring with the Trp53 mutant allele comprised

195 of 293 (66.6%) total offspring. Offspring with the



Figure 2. Functional analysis of Trp53 KO SSCs by serial transplantation
(A) Macroscopic appearance of Trp53 KO testis.
(B) Testis weight (n = 4).
(C) Double immunostaining of Trp53 KO testis using antibodies against GATA4 (a Sertoli cell marker) and spermatogonia markers
(n = 39–44 for GFRA1, n = 21–23 for ZBTB16, n = 56 for CDH1, n = 49 for SOX3, n = 31–35 for KIT).
(D) Experimental schematic showing serial transplantation.
(E) Macroscopic appearance of recipient testis.
(F) Histological analysis of recipient testis.

(legend continued on next page)
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mutant allele were found more frequently in all seven

fertile recipient mice (Figure S2B). The percentage of

offspring with the Trp53 mutant allele ranged from

60.0%–72.2%. The difference between Trp53 and WT al-

leles was statistically significant (Figure 1E). In nine of 44

litters from four recipient mice, all offspring consisted of

mice with the Trp53 mutant allele. However, such biased

contribution was not found for theWTallele. These results

suggest that Trp53 KO SSCs undergo germline transmission

more efficiently than WT SSCs despite reported spermato-

genic abnormalities.

Serial transplantation of Trp53 KO SSCs

Increased offspring production from Trp53 KO mice sug-

gested that more mutant spermatozoa were generated

from SSCs. We presumed that Trp53 deficiency enhanced

SSC self-renewal because Trp53 restricts the self-renewal di-

vision of several tissue stem cells (Bonizzi et al., 2012). The

appearance and size of Trp53 KO testes did differ from the

appearance and size of WT testes (Figures 2A and 2B). We

first performed immunostaining to characterize spermato-

gonium populations in Trp53 KO testes (Figure 2C).

Although we did not find changes in the numbers of

ZBTB16+ total undifferentiated spermatogonia and KIT+

differentiating germ cells, the number of GFRA1+

spermatogonia was significantly reduced in their testes

(Figure 2C). This result is consistent with the recent obser-

vation that Trp53-deficient cultured SSCs exhibit lower

levels of Gfra1 mRNA (Liu et al., 2022), which suggested

that this downregulation ofGfra1 is caused by autonomous

action of Trp53 in germ cells. Because conflicting reports

exist regarding GFRA1 expression on SSCs (Buageaw

et al., 2005; Ebata et al., 2005; Hara et al., 2014), we also

stained CDH1, another SSCmarker validated by transplan-

tation assay (Tokuda et al., 2007). In contrast to GFRA1, the

number of CDH1 undifferentiated spermatogonia was

significantly increased in Trp53 KO testes. Because this

result suggested a relative increase in committed spermato-

gonia in the undifferentiated spermatogoniumpopulation,

we stained SOX3, a marker for committed spermatogonia

(McAninch et al., 2020). As expected, the number of

SOX3+ undifferentiated spermatogonia was significantly

increased in Trp53 KO testes (Figure 2C).

Although these results suggest that Trp53 KO testes

contain a smaller number of SSCs, SSCs are defined only

by their function. To quantify SSCs, we carried out sper-

matogonial transplantation assays (Figure 2D). Trp53 KO
(G) Number of colonies in the primary recipients (n = 9 for Trp53 KO,
(H) Multiplication of colony numbers ([total regenerated colony num
(n = 9).
Scale bars, 1 mm (A and E) and 50 mm (C and F). Counterstain, Hoe
statistical significance (*p < 0.05). See also Figure S3 and Table S2.
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mice were crossed with green mice to introduce a donor

cell marker.We transplanted an equal number of testis cells

from Trp53 KO or WT cells into different W recipient mice.

Two months after transplantation, the recipient mice were

sacrificed, and the germ cell colonies were counted under

UV fluorescence (Figure 2E). Histological sections showed

complete spermatogenesis after transplantation (Figure 2F).

The numbers of colonies generated by Trp53 KO and WT

cells were 10.7 and 10.4 per 105 transplanted cells, respec-

tively (Figure 2G). The difference between Trp53 KO and

WT cells was not statistically significant.

Because this result suggested that the concentrations of

SSCs in the total cell suspension were comparable between

Trp53 KO and control testes, we dissociated colonies in the

primary recipient testes into single cells and then trans-

planted a portion of the dissociated cells into the secondary

recipients to evaluate their self-renewal activity. This al-

lowed us to quantify the number of SSCs that underwent

self-renewal division in the primary recipients. Assuming

that only 10% of SSCs can colonize the seminiferous tu-

bules and that single SSCs produce spermatogenic colonies

(Nagano et al., 1999; Kanatsu-Shinohara et al., 2006), the

numbers of secondary colonies generated by primary col-

onies were 21.5 and 20.1 by Trp53 KO and control testis

cells, respectively (Figure 2H). No significant differences

were found between Trp53 KO and WT mice. Therefore,

we concluded that SSC number and self-renewal activity

are unchanged by Trp53 deficiency, which agrees with a

previous study that suggested no significant effect of

Trp53 in As spermatogonia (Beumer et al., 1998).

Reduced apoptosis of differentiating germ cells in

Trp53 KO mice

The lack of apparent defects in SSCs suggests that abnor-

malities in progenitor cells are responsible for enhanced

germline transmission. Therefore, we evaluated the levels

of proliferation and apoptosis in Trp53 KO testes. Although

double immunostaining using MKI67 and spermatogonia

markers did not show significant differences (Figure S3A),

Tdt (terminal deoxynucleotidyl transferase)-mediated

dUTP (deoxy-uracil) nick end labeling (TUNEL) staining re-

vealed significantly reduced apoptosis of ZBTB16+ and KIT+

spermatogonia in Trp53 KO mice (Figure 3A). We also

analyzed spermatocytes and haploid cells by SYCP3 (a sper-

matocyte marker) and PNA (peanut agglutinin) (a haploid

cell marker) staining. However, no differences were evident

in the numbers and distribution patterns of these markers
n = 10 for WT).
ber] 3 10/primary colony number used for serial transplantation)

chst 33342 (C) and hematoxylin and eosin (F). Asterisks indicate
Results are means ± SEM.



Figure 3. Reduced apoptosis of differen-
tiating germ cells in Trp53 KO mice
(A) TUNEL staining of Trp53 KO testis with
spermatogonium markers (n = 62 for
GFRA1, n = 36 for ZBTB16, n = 66 for KIT).
(B) Immunostaining and lectin staining of
spermatocyte (SCP3) and haploid cell
(PNA) markers in Trp53 KO testis.
(C) Flow cytometric analysis of apoptotic
cells in Trp53 KO testis. Cells were stained
with ANXA5 and the indicated spermatogo-
nium markers.
(D) Quantification of cell number (n = 8).
Scale bars, 50 mm (A and B). Counterstain,
Hoechst 33342 (A and B). Asterisks indicate
statistical significance (*p < 0.05). See also
Figure S4 and Table S2. Results are means ±
SEM.
(Figure 3B). This result is consistent with a previous study

(Huckins, 1978), which showed that only 25% of sper-

matogonia can survive during spermatogenesis. Similar re-

sults were obtained by CASP3 immunostaining

(Figure S4A).

To confirm this observation, we performed flow cytome-

try analyses (Figure 3C). We first established a spermatogo-

nium gate based on forward and side scatter values. We

have shown previously that this gate contains SSCs

and progenitor spermatogonia (Kanatsu-Shinohara et al.,
2012). Although we did not find a significant difference

in the number of apoptotic CDH1+ undifferentiated sper-

matogonia, we noted that an increased number of KIT+

differentiating germ cells reacted with the Annexin V stain

(Figure 3D). These results suggested that lack of Trp53 sup-

presses apoptosis of differentiating germ cells.

Transgenic offspring production using SSCs

We proposed that induction of clonal apoptosis of sper-

matogonia causes ‘‘clustering’’ of offspring with the same
Stem Cell Reports j Vol. 17 j 1924–1941 j September 13, 2022 1929



Figure 4. Transgenesis of SSCs and analysis of transgenic progeny
(A) Experimental schematic.
(B and C) Macroscopic (B) and histological (C) appearance of a recipient testis, showing spermatogenesis.
(D) Screening of transgenic offspring by Southern blot analysis using a Venus probe. The litter number is indicated above the gel (e.g., WT-
6:3 indicates the third litter of recipient WT-6), and birth date after transplantation is shown in parentheses (145 days). BamHI (B) does
not cut the Venus probe. Therefore, each band after BamHI digestion indicates integration of a single virus.

(legend continued on next page)
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transgene integration patterns (Kanatsu-Shinohara et al.,

2016). The reduced apoptosis and enhanced germline

transmission of the Trp53 KO allele implied that spermato-

genesis from Trp53 KO SSCs may produce offspring in a

random pattern by producing a larger number of progeni-

tor cells that would survive apoptosis. To test this hypoth-

esis, we performed lentivirus-mediated gene delivery into

SSCs for transgenerational lineage tracing (Figure 4A).

Testis cells from Trp53 KO and WT mice were collected

and dissociated into single cells. These cells were exposed

to the lentivirus CSII-EF-IRES-Venus, which contains the

Venus gene under control of the Eif1a promoter. After over-

night incubation, the cells were dissociated by trypsin

digestion and microinjected into the seminiferous tubules

of 8- to 10-day-old W mouse testes.

To confirm the transduction of SSCs, we sacrificed one

of the recipients to confirm donor-derived spermatogen-

esis. Transplantation of lentivirus-infected testis cells pro-

duced numerous EGFP-expressing colonies 2 months after

transplantation (Figure 4B). Histological analysis showed

complete spermatogenesis from the transplanted SSCs (Fig-

ure 4C). Because this extensive colonization suggested

restoration of fertility in recipient mice, the remaining

recipientmice were housed withWTB6 females to produce

offspring. The rate of offspring production, the size of the

litter, and the number of litters were comparable regardless

of donor cell type (Table S1).

To assess the transgene integration pattern into the

genome, we performed Southern blot analysis using tail

DNA from all offspring (Figure 4D). Each DNAwas digested

with restriction enzymes and hybridized with a Venus-spe-

cific probe. The identities of clones were confirmed using at

least two different restriction enzymes (Figures 4E and 4F).

When we identified multiple integrations, we followed

each clone by using a different set of restriction enzymes.

Analysis of W recipients with WT donor cells revealed

that 106 of 381 offspring (27.8%) contained the Venus

transgene, which suggested that 55.6% of SSCs were trans-

duced because only one set of chromosomes would be

transmitted to the offspring via meiosis. In contrast, a

similar analysis of W mice with Trp53 KO donor cells re-

vealed that 101 of 289 offspring (34.9%) contained the

Venus transgene. Although the value was higher for Trp53
(E and F) Confirmation of the clones in the same (E) or different (F) litt
identified in the initial screening was digested with BamHI (B) or S
appeared in the 11th litter (clonal coincidence; 240 days after transp
after transplantation) and 11th (240 days after transplantation) litte
(G) Lifespan of SSC clones (n = 19 for WT, n = 2 for Trp53 KO, n = 4 f
(H) Proportion of independent clones in all transgenic offspring (n =
(I) Proportion of independent clones among transgenic offspring (n
Scale bar, 1 mm (B) and 50 mm (C). Counterstain, hematoxylin and eosi
Table S1. Results are means ± SEM.
KO donor cells, there was no significant difference in trans-

genic offspring production efficiency. All offspring had a

normal appearance without evidence of tumor formation.

These results show that donor cell genotype does not

significantly influence reproductive performance or trans-

genesis efficiency after spermatogonial transplantation

(Figures S5A–S5C).

Clonal analysis of SSC contribution to offspring

production

Based on the transgene integration patterns, we estimated

the clonal variation of SSCs that sired the transgenic

offspring. Consistent with our previous results (Kanatsu-

Shinohara et al., 2016), offspring with the same virus

integration patterns were found in different litters. We

identified a mean of 12.4 different integration patterns

fromWmice that had receivedWT donor cells (Figure 5A).

Six of the seven recipients produced offspring with the

same transgene integration patterns (repeat clones). These

repeats were found throughout the lifespan of the recipient

mice. The recipient that did not sire repeat clones probably

had poor fertility because it sired only 17 mice and pro-

duced only 3 transgenic mice. Although 71 clones ap-

peared only once, 16 clones appeared at least twice; one

of the clones appeared four times. Two clones appeared

in the same litter (coincident clone). The mean lifespan

of the clone, which was defined as the days between the

first and the last appearance of the clone, was 63.9 days.

The maximum lifespan was 191 days (Figure 4G). Because

transfected progenitor cells would be lost after one cycle

of spermatogenesis (35 days) because of lack of self-renewal

activity, this result provides genetic evidence that single

SSC clones undergo self-renewal division and produce

offspring over a long-term period.

From the number of clonal types that appeared in the

offspring from each recipient, we calculated the effective

number of clones that actively participated in offspring

production (active clones) based on maximum-likelihood

estimations using data regarding the number of transplant-

able SSCs (504.4 per testis) (Kanatsu-Shinohara et al.,

2016). Except for the onemouse that sired only three litters

(WT-7), the estimated number of active clones was smaller

in mice with repeat clones (Table S1). These results
ers by Southern blot analysis using the Venus probe. Transgenic DNA
caI (S), which also does not cut the Venus probe. The same clone
lantation) (E), and another clone appeared in the second (106 days
rs of the same recipient, WT-4 (F).
or Cdkn1a).
5–7).
= 5–7).
n (C). Asterisks indicate statistical significance (*p < 0.05). See also
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suggested that only a portion of SSCs contributes to

offspring at a specific time point.

Analyses of transgenic offspring from Trp53 KO donor

cells showed a strikingly different germline transmission

pattern (Figure 5B). Among 101 transgenic offspring, only

2 clones were identical. The proportion of repeat clones

from Trp53 KO cells (2.0%, 2 of 99 patterns) was signifi-

cantly smaller than the proportion from WT cells (18.4%,

16 of 87 patterns). Consequently, we observed a larger

number of clones from Trp53 KO SSCs that exhibited

different integrations patterns (Figure 4H). In each litter,

2.3 transgene integration patterns were found in offspring

from Trp53 KO SSCs, whereas 1.4 transgene integration

patterns were found in offspring from WT SSCs. Because

only two repeat clones appeared in 101 transgenic

offspring from two recipients of Trp53 KO SSCs, each trans-

genic offspring exhibited 0.98 (99 of 101) transgene inte-

gration patterns. In contrast, because 16 repeat clones

appeared in 106 transgenic offspring, each transgenic

offspring exhibited 0.82 (84 of 106) different integration

patterns in WT SSCs. Therefore, Trp53 KO donor cells pro-

duced offspring with greater genetic diversity (Figure 4I).

In terms of lifespan, because two clones with identical

integration patterns were born in the same litter, all clones

appeared only once during the lifetime (Figure 4G). Recip-

ients continued to sire progeny for at least 295 days.

Maximum-likelihood estimations indicated that the num-

ber of active SSCs in Trp53 KO donor cells was significantly

increased compared with those in WT donors (Table S1).

Therefore, Trp53 KO SSCs have a shorter lifespan and yield

offspring with greater genetic diversity compared with WT

SSCs.

Mathematical analysis of offspring production

patterns

Using these data, the likelihood of producing offspring

with the same transgene integration patternswas evaluated

(Figure 6A). We hypothesized that each clone was

randomly selected from a pool of SSC clones; we then

calculated the frequency of clonal coincidence. We per-

formed random sampling and evaluated the possibilities

of obtaining the same clone in the same litter. When these

valueswere comparedwith the actual number of litters that

contained offspring with the same transgene integration

patterns, the number of clone types in litters from the six

WT SSCs was significantly smaller than the number ex-
Figure 5. Summary diagram of transgenic integration patterns
(A–C) All offspring from recipients that received (A) WT, (B) Trp53 KO, o
number and birth date after transplantation. Each circle represents o
offspring without transgenes. Clones with the identical colors from the
were recorded as the same litter. The average numbers of virus integra
KO SSCs, respectively. See also Figures S5 and S6.
pected based on random sampling calculations. Although

we did not find statistical significance concerning offspring

from the recipient (WT-7), this was likely due to the smaller

number of offspring produced by this recipient (three lit-

ters) and the smaller number of transgenic clones (three

clones). The remaining recipient mice produced 7–12 lit-

ters with more diverse patterns (8–25 clones). When the

same analysis was performed involving offspring from

Trp53 KO donor SSCs, none of the five recipients showed

statistical significance (Figure 6A). These results suggested

that Trp53 KO SSCs produced offspring in a random

pattern.

To further investigate the dynamics of SSC offspring pro-

duction patterns, we next analyzed repeat clones. We

measured the minimum interval between births of

offspring from the same clones. In our previous study, we

analytically derived a probability distribution concerning

the interval between births of the same clones (Kanatsu-

Shinohara et al., 2016). When deriving this model, we

assumed that each SSC clone spontaneously exhibited

transient bursts of spermatogenic activity; we also reasoned

that each burst was followed by a refractory period (Fig-

ure 6B). Based on these assumptions, we estimated that

the cycle of each SSC burst was approximately 77.1 days.

Consistent with previous findings, repeat interval anal-

ysis of WT donor cells showed that offspring bearing the

same integration patterns were not evenly distributed (Fig-

ure 6C). The frequency of the coincident clones in this

study (3.2%, 2 of 62 litters) was slightly lower than the fre-

quency in our previous study, which used a larger number

of recipients (8.2%, 17 of 208 litters) (Kanatsu-Shinohara

et al., 2016); however, seven clones appeared in the same

or next litter in the current study (clonal burst). In contrast

to our previous results, additional bursts were also found

with longer intervals. When the observed results of the

WT SSCs were compared with the model derived from

the probability distribution of the inter-event intervals,

no significant difference was found (Figure S6A), indicating

that offspring production patterns from WT SSCs in this

study follow the same kinetics that were observed in the

early work. In contrast, the difference between Trp53 KO

SSCs and the model was striking. Although the relative fre-

quency of coincident clones was higher (4.7%, 2 of 43 lit-

ters), there was no additional burst. Comparison of these

results with the model showed a significant statistical dif-

ference (Figure S6B). These results suggested that offspring
r (C) Cdkn1a KO testis cell transplantation are indicated by the litter
ffspring born after the indicated time points; black circles indicate
same recipients are repeat clones. Offspring born on the same date

tion in offspring were 1.9, 1.9, and 1.3 in WT, Trp53 KO, and Cdkn1a
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Figure 6. Integration pattern analysis
(A) Statistical testing for clonal variety among offspring derived from the same recipient. Blue columns indicate probability distribution of
number of clone types, which was calculated by Monte Carlo sampling under the null hypothesis that each transfected progeny was
randomly selected from a pool of active SSC clones (504.4 per testis; Kanatsu-Shinohara et al., 2016). Red bars indicate the actual number
of clone types among offspring derived from the same recipient.
(B) Hypothetical model used to describe the spermatogenic activity of an SSC clone. SSCs are assumed to undergo spontaneous sper-
matogenic burst and rest cycles.
(C) Experimental data showing the minimum interval between birth of offspring with identical transgene integration patterns. The x axis
represents the time after transplantation; the y axis indicates the actual number of offspring born within bin sizes of 34 days. Gray columns
indicate the number of offspring born during the indicated period. Blue dots indicate the exact timing of birth. Red line indicates the
probability distribution function based on historical samples (1,325 mice) using a model incorporating spermatogenic burst and rest
(Kanatsu-Shinohara et al., 2016).
See also Figure S6.
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Figure 7. Reduced apoptosis of differentiating germ cells in Cdkn1a KO mice
(A) Double immunostaining of CDKN1A and spermatogonium markers in Trp53 KO testis (n = 72–74 for GFRA1, n = 42–45 for KIT).
(B) Western blot analysis of CDKN1A in Trp53 KO GS cells (n = 4).
(C) Macroscopic appearance of Cdkn1a KO testis.
(D) Histological appearance of Cdkn1a KO testis.
(E) Testis weight (n = 4).

(legend continued on next page)
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production patterns from Trp53 KO SSCs do not follow

burst-rest cycles.

Suppression of apoptosis in Cdkn1a KO

spermatogonia

The results in the preceding section showed that loss of

Trp53 increases the genetic diversity of the transgenic

offspring. KO mouse models of various downstream tar-

gets of Trp53 (Bax, Apaf1, and Cdkn1a) show spermato-

genic abnormalities. However, Bax KO mice accumulate

spermatogonia that cannot differentiate into sperm

(Knudson et al., 1995). Apaf1 KO mice show degeneration

of spermatogenesis (Honarpour et al., 2000). Therefore,

sperm formation efficiency is significantly reduced in

these mutants, precluding analysis of their contributions

to germline transmission patterns. In contrast, Cdkn1a

KO mice reportedly exhibit macroorchidism with

increased sperm production efficiency (Holsberger et al.,

2005). Loss of Cdkn1a in Sertoli cells is considered to be

responsible for this phenotype because of increased Sertoli

cell numbers (Holsberger et al., 2005). However, more

recent studies suggest that Cdkn1a KO spermatogenic cells

have intrinsic abnormalities (Takubo et al., 2008; Mori-

moto et al., 2021). Therefore, we hypothesized that

CDKN1A acts downstream of TRP53 in spermatogonia

for predominant germline transmission.

We first directly compared the expression of CDKN1A in

Trp53 KO testes by immunostaining. The specificity of the

anti-CDKN1A antibody was confirmed by immunostain-

ing of Cdkn1a KO testes (Figure S1C). When the staining

patterns were compared between KO and WT mice, a sig-

nificant reduction of CDKN1A expression was found

in GFRA1+ undifferentiated Trp53 KO spermatogonia

compared with WT cells (Figure 7A). CDKN1A expression

was also reduced in KIT+ differentiating germ cells,

although the degree of this reduction was smaller. We

also noted dynamic changes in the localization of

CDKN1A. In WT spermatogonia, 13.3% of GFRA1+ sper-

matogonia (n = 15) and 26.7% of KIT+ spermatogonia

(n = 10) contained CDKN1A in the nucleus. On the other

hand, 10.1% of GFRA1+ spermatogonia (n = 13) and

18.0% of KIT+ spermatogonia (n = 10) contained

CDKN1A in Trp53 KO spermatogonia. However, no statisti-

cal difference was found between KO and WT mice.

Because these results suggested that TRP53 influences

CDKN1A localization, we examined whether TRP53 is

essential for CDKN1A induction. We used germline stem
(F) Double immunostaining for a Sertoli cell marker (GATA4) and sperm
ZBTB16, n = 34 for KIT).
(G) TUNEL staining of Cdkn1a KO testis with spermatogonium marker
Scale bars, 50 mm (A, D, F, and G) and 1 mm (C). Counterstain, Hoec
indicate statistical significance (p < 0.05). See also Figures S1, S3–S
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(GS) cell cultures to quantify CDKN1A expression (Ka-

natsu-Shinohara et al., 2003) because it is possible to collect

a large number of SSCs from these cultures (Kanatsu-Shino-

hara and Shinohara, 2013). Western blot analysis of Trp53

KO GS cells showed significant downregulation of

CDKN1A (Figure 7B). These results suggest that the

TRP53 regulates CDKN1A localization and its induction

in spermatogonia.

To investigate the effect of Cdkn1a deficiency, we

analyzed Cdkn1a KO mice. Cdkn1a KO testes do not show

apparent changes in appearance (Figure 7C), and histolog-

ical analysis revealed apparently normal spermatogenesis

(Figure 7D). Consistent with previous reports, Cdkn1a KO

testeswere slightly larger thanWTcontrol testes (Figure 7E).

Immunostaining revealed that the numbers of GFRA1+ un-

differentiated spermatogonia are comparable between

Cdkn1a KO and WT testes (Figure 7F). Although there was

no significant difference when we measured the numbers

of ZBTB16+ spermatogonia by tubule perimeter, a statisti-

cally significant increase in the number of ZBTB16+ sper-

matogonia was found when the numbers of ZBTB16+ cells

per GATA4+ Sertoli cells were compared (0.4 ± 0.1 versus

0.7 ± 0.1 per GATA4+ cells; n = 30–35). Therefore, we pre-

sumed that Cdkn1a deficiency might have caused abnor-

malities in committed spermatogonium progenitor cells.

Consistent with these observations, we noted enhanced

mitotic activity in KIT+ differentiating germ cells (Fig-

ure S3B). TUNEL staining showed significantly fewer

apoptotic cells in all stages (Figure 7G). These results

implied that Cdkn1a acts downstream of Trp53 and influ-

ences germline transmission patterns through regulation

of apoptosis in differentiating germ cells.

Transgenerational lineage analysis of Cdkn1a SSCs

To examine the germline transmission patterns of Cdkn1a

KO SSCs, we collected pup testes, and the cells were trans-

planted into W recipients for transgenerational lineage

analysis. Overall, the reproductive performance of the

Cdkn1a KO recipient mice was comparable with the perfor-

mance of WT and Trp53 KO recipient mice (Table S1).

Southern blot analysis of tail DNA showed that lentivirus

transduction had successfully produced transgenic mice

from six recipient mice. The proportion of transgenic

offspring was 19.9%, which was lower than the propor-

tions of transgenic offspring from WT (27.8%) or Trp53

KO (34.9%) SSCs (Table S1). However, there were no signif-

icant differences among the groups. Southern blot analysis
atogonia markers in Cdkn1a KO testis (n = 38 for GFRA1, n = 33 for

s (n = 33 for GFRA-1, n = 31–35 for ZBTB16, n = 40 for KIT).
hst 33,342 (A, F, and G) and hematoxylin and eosin (D). Asterisks
7, and Table S2. Results are means ± SEM.



revealed 69 different transgene integration patterns in a to-

tal of 73 transgenic offspring from Cdkn1a KO SSCs (Fig-

ure 5C). Of the six recipient mice, three were able to sire

four repeat clones, which was significantly reduced

compared with WT cells. Two of the clones were born in

the same litter. The maximum lifespan was 25 days; the

mean lifespan was 9.8 days. Therefore, the mean lifespan

of the clones was significantly shorter than the mean life-

span of WT SSCs.

When the number of active clones was estimated by

maximum likelihood estimations, the number tended to

be smaller in recipients with these repeat clones, similar

to the findings concerning Trp53 KO donor cells. A mean

of 1.5 transgenic mice was born per litter, which was com-

parable with the findings in WT and Trp53 KO donor cells.

However, because 4 repeat clones were found among 73

transgenic offspring fromCdkn1aKO SSCs, each transgenic

offspring exhibited 0.95 (69 of 73) transgene integration

patterns. Although this value was significantly higher

than the value of WT donor cells (0.82 [84 of 106]), it was

comparable with the value of Trp53 KO donor cells (0.98

[99 of 101]). These results suggest that Cdkn1a deficiency

increases the genetic diversity of offspring.

Based on these data, we performed a random sampling

analysis to evaluate the likelihood of producing offspring

with the same transgene integration pattern. Like Trp53

KO SSCs, the numbers of clone types in litters from the

six WT SSCs were comparable with the number expected

from the random sampling analysis (Figure 6A). Repeat in-

terval analysis showed that the frequency of coincident

clones was comparable (4.0%) with the frequencies of

WT (3.2%) or Trp53 KO (4.7%) donor cells. However,

because all repeat clones were found in the same or the

next litter, there were no additional bursts with longer in-

tervals (Figure 6C). Statistical comparison of the observed

results for Cdkn1a KO SSCs and the model derived from

the probability distribution of the inter-event intervals

showed a significant difference (Figure S6C). These results

suggest that Cdkn1a acts downstream of Trp53 to inhibit

genetic diversity in the offspring from SSCs by producing

offspring in random patterns.
DISCUSSION

This study was undertaken to identify genes involved in

male germline transmission pattern formation. Although

many infertile mutants are available, identification of

mutants with defective pattern formation is difficult

because such mutants do not necessarily exhibit fertility

defects. We presumed that fertile KO mice with abnormal

histology may provide a clue to approach this problem.

We focused on Fmr1 because mice lacking Fmr1 exhibit
macroorchidism (Slegtenhorst-Eegdeman et al., 1998).

Trp53was chosen because Trp53 KOmice exhibit decreased

apoptosis and production of spermatozoa with abnormal

morphology (Beumer et al., 1998). In our initial experi-

ments, we performed competitive transplantation assays

to determine the possibility of abnormal germline trans-

mission. Although Fmr1KO SSCs did not show an apparent

phenotype, Trp53 KO SSCs showed excessive production

of offspring with the mutant allele despite abnormal

spermatogenesis. Based on our hypothesis, we tested

whether Trp53 plays a role in germline transmission

pattern formation.

Trp53 is a tumor suppressor gene (Levine et al., 2016).

Because Trp53 KO mice produced abnormal sperm and

sired fewer offspring, it has been suggested that loss of

Trp53 is involved in germ cell quality control (Yin

et al., 1998). Although the number of sperm in Trp53

KO mice is comparable with that of WT mice (Zalzali

et al., 2018), sperm motility is decreased (Schwartz

et al., 1999). Therefore, it was reasonable to think that

WT cells have competitive advantage over Trp53 KO

cells. However, Trp53 KO SSCs outcompeted WT SSCs

and produced more offspring by competitive spermato-

gonial transplantation. The most straightforward expla-

nation for the superiority over WT SSCs was extensive

self-renewal of Trp53 KO SSCs because Trp53 limits the

self-renewal division of many tissue-specific stem cells

(Bonizzi et al., 2012). For example, neural stem cells lack-

ing Trp53 showed increased survival and proliferation

(Meletis et al., 2006). Trp53 also negatively regulates he-

matopoietic stem cells and mammary stem cells (Cicalese

et al., 2009; Liu et al., 2009). However, when this hy-

pothesis was tested by serial spermatogonial transplanta-

tion, neither SSC number nor self-renewal activity

showed abnormalities in Trp53 KO mice. Therefore,

enhanced germline transmission could not be explained

by SSC activity. Because competitive transplantation ex-

periments were performed in a WT environment and

Trp53 is also expressed in somatic cells, our results sug-

gest that the poor reproductive performance of Trp53

KO mice was indirectly caused by defects in somatic

cells.

An alternative explanation for the enhanced germline

transmission of Trp53 KO SSCs is increased production

of progenitor cells. Although we cannot totally exclude

the possibility that Trp53 deficiency conferred a selective

advantages in meiotic or haploid germ cells, these cells

lack mitotic activity and cannot dramatically increase

their numbers. In contrast, a previous study showed a

40% increase in the total number of A spermatogonia

(Beumer et al., 1998). Therefore, we initially expected an

increased number of KIT+ germ cells. Instead, the number

of CDH1+ or SOX3+ undifferentiated spermatogonia was
Stem Cell Reports j Vol. 17 j 1924–1941 j September 13, 2022 1937



increased without significant changes in KIT+ spermato-

gonium number. However, the exact identity of cell types

is difficult to determine by immunostaining because these

genes (Zbtb16, Kit, Cdh1, and Trp53) influence each other

(Filipponi et al., 2007; Oikawa et al., 2018; Gao et al.,

2019). For example, although ZBTB16 and CDH1 have

essentially identical expression patterns in WT mice (Na-

kagawa et al., 2010), only Cdh1 is downregulated in

Trp53 KO mice (Liu et al., 2022), which suggested that

these two genes are regulated differentially. Apoptosis

was significantly reduced in ZBTB16+ or KIT+ spermato-

gonia. However, given that the number of SSCs was com-

parable between Trp53 KO and WT mice and considering

the increased number of CDH1+ or SOX3+ spermatogonia,

these results suggest that the number of committed sper-

matogonia is increased in Trp53 KO testes. Such an in-

crease in progenitor fraction was suggestive of random

offspring production because the clones of germ cells

that would have been lost during normal spermatogenesis

likely survive without Trp53; therefore, more diverse

clones can contribute to fertilization (Kanatsu-Shinohara

et al., 2016).

Consistent with our hypothesis, our analysis of integra-

tion patterns suggested that SSCs in the Trp53 KO mice

rarely produced transgenic offspring with the same trans-

gene integration patterns. This appears to contradict the re-

sults of the serial transplantation experiments, which

showed comparable behavior between Trp53 KO and WT

SSCs. We think that this discrepancy may be caused by

the difference in testis microenvironment in which the as-

says were performed and the difference in detection

methods. In the serial transplantation assay, because SSCs

were microinjected into the empty seminiferous tubules,

SSCs proliferated freely, and the interaction with other

clones probably did not occur (Nagano et al., 1999). There-

fore, we could observe all SSC clones. In contrast, the recip-

ient testes are full of germ cells in the case of lineage anal-

ysis. In such testes, SSCs are competing with each other for

fertilization. We can only detect the activity of SSCs by the

presence of the transgene in the offspring. Therefore, we

cannot identify the behavior of SSCs unless they make

transgenic offspring.

The possibility that Trp53 regulates differentiation pat-

terns has largely been ignored because strong develop-

mental defects have not been observed in KO mice

(Jain and Barton, 2018). However, the lack of develop-

mental defects does not necessarily mean that differenti-

ation occurred in a physiological manner. To our knowl-

edge, there has been no clonal analysis study of Trp53

KO mice, and the effect of Trp53 on differentiation pat-

terns has not been evaluated. However, our study sug-

gests that Trp53 deficiency can increase the number of

clones that would have been lost during differentiation.
1938 Stem Cell Reports j Vol. 17 j 1924–1941 j September 13, 2022
Such abnormalities may be obscured during tissue turn-

over, in which somatic cells gradually disappear and are

lost; however, increased clone numbers could influence

the outcome of a bottleneck selection process such as

fertilization. Because loss of Trp53 does not compromise

fertility, this could be overlooked. Thus, the discrepancy

between the serial transplantation experiments and line-

age analysis suggested that Trp53 limits germline genetic

diversity by restricting the number of SSC clones for

fertilization.

Among the numerous Trp53 target genes, we found that

Cdkn1a is responsible for an abnormal germline transmis-

sion pattern. Cdkn1a was discovered as a transcriptionally

activated target of Trp53 (El-Deiry et al., 1993). Although

the effect of Cdkn1a on testis abnormalities are considered

to be mediated by Sertoli cells (Holsberger et al., 2005), we

sought abnormalities in spermatogonia and noted a signif-

icant reduction in apoptotic cells. Consistent with the

reduced apoptosis in Cdkn1a KO mice, Cdkn1a KO SSCs

also showed abnormal germline transmission patterns in

a manner similar to Trp53 KO SSCs. More extensive sup-

pression of spermatogonium apoptosis in Cdkn1a KO

mice was unexpected because Cdkn1a KO mice exhibit a

minor phenotype compared with Trp53 KOmice. Downre-

gulation of CDKN1A expression in Trp53 KO GS cells

in vitro and undifferentiated spermatogonia in vivo sug-

gested that CDKN1A acts downstream of TRP53. Therefore,

our results indicate that the TRP53-CDKN1A pathway re-

stricts the diversification of male germline cells (Figure S7).

Although the biological significance of clonal sper-

matogonial apoptosis has long remained unknown, our

results provide insight into the role of apoptosis in germ-

line transmission patterns. Trp53 has been presumed to

play a role in protecting genome stability in the germline

(Levine et al., 2016); however, our study suggests that

Trp53-mediated apoptosis has a role in regulating the ge-

netic diversity of the male germline. Abnormalities in

clonal apoptosis may be manifested as a lack of period-

icity in SSC-derived offspring. Such an abnormal germ-

line transmission pattern may contribute to the paternal

age effect, in which some spontaneous disorders tend to

arise more frequently in the progeny of older men

(Maher et al., 2014). Because regulation of Trp53 expres-

sion differs between mice and humans (Jaworski et al.,

2005), the involvement of the Trp53-Cdkn1a pathway

in human paternal age effect is unknown; however, the

RAS pathway, which is often involved in human paternal

age effects (Maher et al., 2014), regulates Trp53 (Ries

et al., 2000). TRP53 also controls RAS in humans (Jawor-

ski et al., 2005). The next important goal is to under-

stand how specific clones are selected for germline

transmission. Our identification of genes involved in

germline transmission patterns provides insights into



the molecular mechanism of genetic variation, disease,

and evolution.
EXPERIMENTAL PROCEDURES

Animals and transplantation
Trp53KOmicewereprovidedbyRIKENBRC (B6.Cg-Trp53,tm1Sia>/

Rbrc; stock number RBRC01361; Tsukuba, Japan). Fmr1 KO mice

(B6.129P2-Fmr1tm1Cgr/J; stock number 003025) and Cdkn1a KO

mice (B6; 129S2-Cdkn1atm1Tyj/J; stock number 003263) were pur-

chased from Jackson Laboratory (Bar Harbor, ME). C57BL/6

Tg14(act-EGFP)OsbY01(Green) mice were a gift from Dr. M. Okabe

(Osaka University, Osaka, Japan). W mice were purchased from

Japan SLC (Shizuoka, Japan). We also used CB-17 severe combined

immunodeficiency (SCID) mice for immunostaining of TRP53 and

FMR1 (Japan CLEA, Tokyo, Japan). Testis cells were dissociated

into single cells by a two-step enzymatic digestion protocol using

type IV collagenase and trypsin (Ogawa et al., 1997). For production

of offspring, immature testes were collected from 5- to 10-day-old

mice. Donor cells were suspended at 3 3 107 cells/mL and trans-

planted into the seminiferous tubules of 5- to 10-day-old W mice.

For serial transplantation, donor cells were suspended at 1 3 108

cells/mL and transplanted into 4- to 5-week-old W mice. All injec-

tions were performed through the efferent duct. Approximately 2

or 10 mL of cell suspension was microinjected into pups or mature

testes, respectively. Each injection filled 80%–90% of the seminifer-

ous tubules. The Institutional Animal Care and Use Committee of

Kyoto University approved all animal experimental protocols.
Probability distribution of the inter-birth interval for

the same clone
Wepreviouslymodeled the spermatogenic activity of SSC clones as

a stochastic process in combination with an inhomogeneous Pois-

son process and Gamma process, as follows. Births of clonal prog-

eny are selected by an inhomogeneous Poisson process with a

time-dependent rate r(t):

rðtÞ =
X
i

f ðt � xiÞ;

where f(t) is a transiently increased function during spermatogenic

burst activity, and xi indicates a timing of the ith initiation of the

spermatogenic burst. Thus, r(t) is determined by a summation of

multiple transient bursts of spermatogenic activity. We employed

the following transiently increasing function f(t):

ðtÞ = a
tkf �1exp

�� t
�
qf
�

G
�
kf
�
q
kf
f

HðtÞ;

where a indicates a parameter regulating the amplitude, and kf and

qf indicate the shape and scale parameters, respectively. G(x) is a

Gamma function of x, andH(t) is a Heaviside step function. If sper-

matogenic bursts are not accompanied by refractory periods, then

these timings do not simply obey a Poisson process; instead, they

obey a Gamma process, in which inter-burst intervals (e.g., Xi = xi -

xi-1), are sampled from a Gamma distribution:
G
�
Xi

��kp; qp� =
X

kp �1

i exp
��Xi

�
qp
�

G
�
kp
�
q
kp
p

;

where kp and qp indicate the shape parameter and scale parameters,

respectively. Previously, we derived a probability distribution of in-

ter-birth intervals (Kanatsu-Shinohara et al., 2016):

PðtÞ =

Z N

0

rðt + uÞexp
�
�

Z t

0

rðs + uÞds
�
P0ðuÞdu;

where

rðtÞ = f ðtÞ+
X
i

Z N

0

f ðt � sÞG�s��ikp; qp�ds;

and

P0ðtÞ =
f ðtÞexp�� R s

0
f ðsÞds�RN

0
f ðxÞexp�� R x

0
f ðsÞds�dx:

Parameters were estimated only from previous data (Kanatsu-

Shinohara et al., 2016), as a = 0.612, kf = 26.165, qf = 1.911, kf =

57.208, and qp = 1.447.
Evaluation of clonal coincidence
To evaluate the repetition of the clonal types from offspring, we

mathematically described the clonal selection process. We

modeled it as the following stochastic process: there areN different

colored balls in a box, andwe independently and randomly select a

ball from the boxm times and return it.N andm correspond to the

number of clones in the testis and the number of observed

offspring, respectively. Here we calculated P(x, m), the probability

that x clonal types are observed until the mth offspring, as recur-

rence formula:

Pðx;m + 1Þ = Pðx;mÞ � N � x

N
Pðx;mÞ+N � ðx � 1Þ

N
Pðx � 1;mÞ:

The second and third terms describe the probability that a new

clone is selected at the m+1th offspring and the probability

that an already selected clone is selected at the m+1th offspring,

respectively. Based on the recurrence equation, the probability

distribution of x givenm and N can be calculated. This probability

distribution was used for statistical testing to test whether clonal

coincidence occurred significantly. Because all clones were unla-

beled, we replacedNwith [2sN] in the statistical testing,where sde-

notes the ratio of transgenic offspring, and [] indicates a rounding

function.
Statistical analyses
Significant differences betweenmeans for single comparisonswere

determined by Student’s t test. The Kolmogorov-Smirnov test was

used to evaluate the significance of differences between analyti-

cally derived probability density function and real data.
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