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Abstract 23 

Tumor suppressor genes are involved in maintaining genome integrity during 24 

reproduction (e.g., meiosis). Thus, deleterious alleles in tumor suppressor-deficient 25 

mice would exhibit higher mortality during the perinatal period. A recent aging 26 

model proposes that perinatal mortality and age-related deleterious changes might 27 

define lifespan. This study aimed to quantitatively understand the relationship 28 

between reproduction and lifespan using three established tumor suppressor gene 29 

(p53, APC, and RECQL4)-deficient mouse strains with the same C57BL/6 30 

background. Transgenic mice delivered slightly reduced numbers of 1st pups than 31 

wild-type mice [ratio: 0.81-0.93 (p=0.1-0.61)] during a similar delivery period, which 32 

suggest that the tumor suppressor gene-deficient mice undergo relatively stable 33 

reproduction. However, the transgenic 1st pups died within a few days after birth, 34 

resulting in a further reduction in litter size at 3 weeks after delivery compared with 35 

that of wild-type mice [ratio: 0.35-0.68 (p=0.034-0.24)] without sex differences, 36 

although the lifespan was variable. Unexpectedly, the significance of reproductive 37 

reduction in transgenic mice was decreased at the 2nd or later delivery. Because 38 

mice are easily affected by environmental factors, our data underscore the 39 

importance of defining reproductive ability through experiments on aging-related 40 

reproduction that can reveal a trade-off between fecundity and aging and identify 41 

RECQL4 as a novel pleiotropic gene.  42 

 43 

 44 
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 49 

Introduction 50 

Aging is a convoluted process that is consistent with the multiplicity aspect of 51 

biology, and several aging hypotheses have been proposed (1). The “mutation 52 

accumulation” hypothesis proposed by Dr. Medawar estimates that late-acting 53 

deleterious germline mutations exhibit only a slight influence after maturity as the 54 

force of natural selection declines with age (2). Later, Dr. Williams proposed the 55 

“Antagonistic pleiotropy” hypothesis, which postulates that the aging process is 56 

influenced by pleiotropic genes that exert beneficial effects on reproduction in early 57 

life when natural selection is strong, but deleterious effects in later life when natural 58 

selection is weak (3). These hypotheses imply that accumulated mutations can be 59 

evolutionarily inherited by the offspring. Indeed, considerable numbers of mutations 60 

are transmitted to the next generation in humans (4). In contrast, limited evidence 61 

is available for antagonistically pleiotropic genes with the exception of p53, which 62 

plays a role in the trade-off between aging and cancer (5, 6). Therefore, the 63 

“disposable soma” hypothesis was developed by Dr. Kirkwood (7) to explain how 64 

longevity is controlled by some genes that regulate somatic maintenance and 65 

repair functions in a stochastic and plastic manner. This theory can explain the 66 
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accumulation rate of multiple types of damage in complex networks with 67 

maintenance and repair functions (1). In this regard, long-lived animals, including 68 

humans, should minimize the damage accumulated by tumor suppressor genes 69 

and decrease the risk of malignancies that shorten life expectancy (8). An aging 70 

model (Figure 1A), which states that aging starts very early in life, overall mortality 71 

is the sum of the accumulation of genetic/epigenetic damage with age, and early 72 

life mortality plays a role in negative selection against parental deleterious alleles, 73 

was recently proposed (9). If genome instability is promoted in tumor suppressor 74 

gene-deficient mice, both higher perinatal mortality and more accumulated damage 75 

should shorten the lifespan (Figure 1B). In other words, if the lifespan of tumor 76 

suppressor gene-deficient mice is unchanged, lower perinatal mortality and/or 77 

decreased age-related accumulation of deleterious damage should theoretically 78 

occur. 79 

 80 

Genetically altered mice are susceptible to infertility for several reasons, including 81 

endocrinopathies, genomic instability associated with germline function, and 82 

defects in hormone control (10). Germline meiosis is mediated by genome 83 

recombination, and hence, infertility or subfertility is observed in transgenic mice 84 

lacking DNA repair genes such as ataxia telangiectasia mutated (ATM), mismatch 85 

repair (MMR) genes, retinoblastoma gene (RB) (11), p53 (12-14), and RECQ 86 

helicase genes (15). Five RECQ helicases, RECQL1, BLM, WRN, RECQL4 and 87 

RECQL5, are involved in genome integrity and are conserved in vertebrates (16). 88 
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Defects in BLM, WRN, and RECQL4 cause hereditary disease syndromes and 89 

cancers. Compared with other RECQ helicases, RECQL4 has been poorly 90 

characterized because N-terminal the targeted knockout of RECQL4 is lethal (16). 91 

Therefore, viable RECQL4 knockout mice have been generated only by targeting 92 

the sequence encoding the helicase domain (HD) in the middle of the RECQL4 93 

gene (17). Germline mutations in RECQL4 cause the hereditary cancer 94 

predisposition syndrome Rothmund–Thomson syndrome (RTS) type II (18, 19) in 95 

addition to Baller–Gerold syndrome (BGS) and RAPADILINO syndrome (20). 96 

Curiously, the lifespan of patients with RTS is not shortened if they do not also 97 

have cancer (21), and this normal lifespan has also been observed in RECQL4-98 

deficient mice (17). Ninety-five percent of patients with familial adenomatous 99 

polyposis (FAP) harboring adenomatous polyposis coli (APC) gene mutations 100 

develop adenomas by 35 years of age and eventually develop colorectal cancer by 101 

age 40-50 (22). APCMin/+ mice have been used as a model of FAP for studying 102 

intestinal cancer for three decades (23), and the APC gene is a well-defined tumor 103 

suppressor gene. Notably, the combination of the APCMin allele with BLM, RECQL4, 104 

or RECQL5 deficiency results in increased tumor multiplicity in the small intestine 105 

(17, 24, 25). Therefore, APC, BLM, RECQL4, and RECQL5 are considered tumor 106 

suppressor genes. In addition, p53 acts as a tumor suppressor in more advanced 107 

organisms, because somatic mutations in the p53 gene are the most frequently 108 

observed mutations in patients with cancer (14). Heterogeneous germline 109 

mutations in the p53 gene are linked to Li-Fraumeni syndrome (LFS), and these 110 
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patients are predisposed to develop a wide spectrum of cancers at younger ages 111 

(41% by age 18 years) than the general population (26). Although p53, APC, and 112 

RECLQ4 are involved in genome stability (14, 16, 23), mice with a completely 113 

nonfunctional p53 (i.e., p53 knockout) can develop normally with no apparent 114 

histopathological defects (27). A sex-dominant defect associated with 115 

developmental abnormalities has been reported, as demonstrated by the finding of 116 

23% fewer female p53-/- mice than wild-type mice at weaning (12). Female p53-/- 117 

mice were reportedly exhibit marked reductions in their pregnancy rate (from 100% 118 

to 27%) and litter size (from 6.71 to 0.69 pups) induced by decreased leukemia 119 

inhibitory factor (LIF) expression (13). In contrast, p53-mediated LIF regulation is 120 

not directly involved in reproductive decline, as suggested by Hirota et al. (28). 121 

Moreover, homozygous p53 mutant individuals in a zebrafish model of LFS are 122 

completely viable and fertile (29). Thus, the fertility of vertebrates in the absence of 123 

p53 remains to be determined.  124 

 125 

We questioned why the mice deficient in the tumor suppressor gene RECQL4 and 126 

patients with RTS exhibit a normal lifespan despite showing increased genetic 127 

instability (17, 21). If a recent aging model is true, the early life mortality of 128 

RECQL4-deficient mice should be significantly improved. However, no such 129 

impression of improved early mortality has been observed in RECQL4-deficient 130 

mice. Therefore, we aimed to quantitatively understand the relationship between 131 

perinatal mortality and lifespan in three independent well-established tumor 132 
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suppressor gene-deficient mouse strains. To achieve this purpose, we established 133 

an experimental procedure with the same environmental conditions to compare 134 

and determine the aging-associated fertility of p53-/-, APCMin/+, and RECQL4HD/HD mice 135 

with a nearly identical C57BL/6 background (Materials and Methods). p53, APC, 136 

and RECQL4 are involved in distinct signaling pathways named the ATM-p53-p21 137 

pathway (30), the WNT signaling pathway (31), and possibly the AKT-YB1-MDR1 138 

pathway (32), respectively. In addition, the APC gene is essential for viability, and 139 

APCMin/+ male mice should be mated with wild-type female mice to avoid embryonic 140 

lethality in the offspring. We compared the effect of the parental genotype in the 141 

selection against deleterious alleles for three independent tumor suppressor genes 142 

during development (Figure 2A). Thus, these different transgenic mouse 143 

phenotypes might provide generalized information about reproduction in tumor 144 

suppressor gene-deficient mice. Importantly, our simple experiments with a 145 

relatively small number of mice had sufficient power to reveal not only the recovery 146 

of reproduction at the 2nd or later delivery in tumor suppressor gene-deficient mice 147 

but also the possibility of two different types of tumor suppressor genes with 148 

negative or positive effects on aging. The statistical power achieved with a 149 

relatively small number of mice in our simple experiments meets the requirement 150 

for ethical issues in animal research. Because reproductive ability can provide 151 

valuable information about transgenic mice, these experiments might contribute to 152 

further examination of the aging-related reproductive phenotypes of genetically 153 

modified mouse strains generated using newly established technology, including 154 
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the CRISPR/Cas9 system.  155 

 156 

 157 

Results 158 

Establishment of an experiment for the assessment of age-related 159 

reproduction 160 

Mice are characterized by high perinatal mortality, as observed in humans (9, 33). 161 

Perinatal mortality can be accelerated in transgenic mice due to chance failure, 162 

chromosomal instability, and harmful mutations. Indeed, we observed lower 163 

breeding in the transgenic mice than in wild-type C57BL/6 mice. Therefore, we 164 

maintained the transgenic mice by mating one to three male mice with two to four 165 

female mice (an equal or greater number of female mice) (Supplementary Figure 166 

1A). However, some female p53-/- mice delivered many pups (Supplementary 167 

Figure 1B; n > 7). These pups often died within a few days, and the dead pups 168 

rapidly disappeared by either parental cannibalism (33) or rearing maintenance by 169 

our animal care facility. These findings imply that p53-/- mice exhibit relatively 170 

normal embryonic implantation and litter sizes during the perinatal period, in 171 

contrast to the results of a previous study (13). Therefore, we conducted an 172 

experiment to definitively characterize the reproductive ability of the mice by 173 

analyzing the survival rate of the pups at 3 weeks of age to distinguish between the 174 

perinatal period (when the high mortality is observed) and the puberty period (when 175 

minimal mortality is observed) (9). We performed comparative experiments to 176 
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assess the reproduction of three independent p53-/-, APCMin/+, and RECQL4HD/HD 177 

mouse strains by setting the same age at weaning (4 weeks of age) and mating (8 178 

weeks of age) for the mating pairs (Figure 2B). p53 is considered to be the clearest 179 

example of an antagonistically pleiotropic gene (1), and might serve as a reference 180 

for assessing the reproductive ability of tumor suppressor genes in mice. 181 

Assessing the perinatal mortality of RECQL4HD/HD mice is important for 182 

understanding the relationship between perinatal mortality and age-related 183 

deleterious changes in RECQL4HD/HD mice that show a normal lifespan (17). To 184 

determine the decline in fecundity with aging, paired mice were placed in cages for 185 

at least 90 days, and reproductive ability data were obtained at the 1st delivery and 186 

subsequent deliveries (Figure 2B). 187 

 188 

Tumor suppressor gene-deficient C57BL/6 mice showed relatively stable 189 

reproduction with aging compared with wild-type mice 190 

Unexpectedly, these experiments showed that all the transgenic mouse strains 191 

exhibited a high delivery rate compared with that of wild-type C57BL/6 mice 192 

(Figures 3A-3E). Note that we assessed the delivery rate instead of the pregnancy 193 

rate in this study. Due to this setting, we noticed that RECQL4HD/HD mice showed a 194 

higher abortion rate (Figures 3F and 3G, p=0.0018; denoted by the diamonds in 195 

Figures 3A-3D). As expected, the pup numbers at 3 weeks obtained with the p53-/-, 196 

APCMin/+, and RECQL4HD/HD mice were lower than those found with wild-type mice 197 

(Figures 4A-4C). In contrast, the p53-/- pup survival rate 3 weeks after birth was 198 
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higher than that of APCMin/+ or RECQL4HD/HD pups in the 1st litter (Figures 4D-4F). 199 

Consistent with a previous report (34), male APCMin/+ and wild-type female pairs 200 

showed reproductive impairment (Figure 4), supporting the hypothesis that APC is 201 

needed for the integrity of spermatogenesis. 202 

 203 

Because the numbers of p53-/- pups were considerable (n > 7) (Supplementary 204 

Figure 1B), we carefully analyzed the pup numbers just after delivery to assess the 205 

mortality rate during the perinatal period. The litter sizes of the p53-/-, APCMin/+, and 206 

RECQL4HD/HD mice were slightly lower than those of the wild-type mice (Figures 5A-207 

5C). A previous study demonstrated that p53-/- mice gave birth to fewer female pups 208 

(~23%) than male pups (12), and we revisited this sex bias in transgenic mice. To 209 

compare the sex ratio of the pups from the same mother mouse at weaning, we 210 

used a paired bar graph with each male and female pair of pups at weaning. As 211 

shown in Figure 5D, no sex bias was observed with any examined mouse strain (P 212 

> 0.57). We then analyzed the durations of the 1st and subsequent delivery periods 213 

to examine whether aging-associated reproduction was affected. Strikingly, p53-/-, 214 

APCMin/+, and RECQL4HD/HD mice showed delivery periods comparable to those of 215 

wild-type mice (Figure 6A). In addition, when weaning was delayed for 2 weeks 216 

(until 6 weeks after birth), some p53-/- and RECQL4HD/HD female mice showed early 217 

sexual maturity (p53-/- mice: born on 6 May, weaned on 19 June, gave birth on 1 218 

July; RECQL4HD/HD mice: born on 27 April, weaned on 8 June, gave birth on 1 July). 219 

These data suggest that reproduction associated with aging is not significantly 220 
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affected in tumor suppressor gene-deficient mice. 221 

 222 

Wild-type C57BL/6 mice exhibited a longer delivery period than tumor 223 

suppressor gene-deficient mice at the 2nd or later delivery 224 

Aging is a nonmodifiable risk factor for infertility (35), and we used a period of 90 225 

days to consider aging-related reproductive decline (Figure 2B). This experiment 226 

can allow the difference in the time between the 1st and 2nd or later delivery periods 227 

in mice to be distinguished. Surprisingly, the period between the 1st and 2nd 228 

deliveries for the wild-type mice was longer than that for tumor suppressor gene-229 

deficient mice (Figure 6B). 230 

 231 

Relationship between lifespan and perinatal mortality 232 

A recent study proposed that both deleterious changes in early life and biomarkers 233 

of continuous aging might affect selection and define aging characteristics (9). To 234 

understand the relationship between lifespan and perinatal mortality, we 235 

determined the lifespan of the transgenic mouse strains (Figure 6C). Most p53-/- 236 

mice died within 9 months of birth, mainly from thymic lymphoma with varying 237 

degrees of splenomegaly (Figure 6D), and this pattern was nearly the same as that 238 

previously reported for Trp53 null (p53-/-) mice (27). Consistent with the findings of a 239 

previous study (23), APCMin/+ mice had a shorter lifespan than p53-/- mice (Figure 240 

6C). In contrast, RECQL4HD/HD mice exhibited nearly the same lifespan as wild-type 241 

mice (Figure 6C), as previously mentioned (17). However, we noticed that the 242 
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slope of the Kaplan-Meier survival curve of the RECQL4HD/HD mice crossed that of 243 

the wild-type mice at approximately 110 weeks, which suggested that RECQL4HD/HD 244 

mice somehow have lower mortality risks associated with aging. Indeed, the 245 

cumulative mortality risk of RECQL4HD/HD mice showed marked decreases with 246 

aging, particularly after 110 weeks, compared with that of wild-type mice (Figure 247 

6E and Table I). Finally, we assessed the rate of food consumption in four mouse 248 

strains, because calorie restriction is a widely accepted strategy for extending the 249 

lifespan of rodents (36). All mouse strains showed similar rates of food intake (p = 250 

0.29, Figure 6F), which suggested that the metabolic pathway had low 251 

contributions, if any, to extending lifespan of RECQL4-deficient mice. Taken 252 

together, these results suggest that RECQL4 is a pleiotropic gene and that lifespan 253 

and perinatal mortality are not correlated in such a pleiotropic tumor suppressor 254 

gene-deficient C57BL/6 mice. 255 

 256 

 257 

Discussion 258 

Our study revealed several findings. First, p53-/-, APCMin/+, and RECQL4HD/HD mice 259 

exhibited relatively stable reproduction, particularly at the 2nd or later delivery. 260 

Second, the p53-/- mice showed better reproductive ability than APCMin/+ or 261 

RECQL4HD/HD mice at the 1st delivery. Third, the p53-/- mice on the C57BL/6 262 

background in our facility did not exhibit a markedly decreased reproductive ability. 263 

Fourth, wild-type mice experienced a longer delivery period than tumor suppressor 264 
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gene-deficient mice for the 2nd or later delivery. Finally, tumor suppressor genes 265 

might be related to two different types of lifespan regulation (Figure 7), even 266 

though these genes might be associated with a similar food consumption rate 267 

(Figure 6F).  268 

 269 

We observed a mortality rate of 35.3% in our wild-type C57BL/6 strain (Figures 4A 270 

and 5A), and this rate is comparable to reported data showing a mortality rate of 271 

28.9% across hundreds of litters of C57BL/6 mice (33). Parental cannibalism 272 

and/or desertion in the C57BL/6 strain are reasons explaining the higher mortality 273 

rate of this strain compared with that of the better breeder FVB strain (37). We also 274 

observed a higher survival rate at the 2nd or later delivery than at the 1st delivery with 275 

the APCMin/+ and RECQL4HD/HD mouse strains (Figures 4E and 4F). Because no 276 

difference in the pup numbers just after birth was observed between the 1st delivery 277 

(Figure 5B) and the 2nd or later delivery (Figure 5C) among all the mouse strains, it 278 

appears unlikely that the body size of the females or the stability of hormone 279 

secretion became suitable for pregnancy at the 2nd or later delivery in the APCMin/+ 280 

and RECQL4HD/HD mouse strains. Instead, we hypothesized that the APCMin/+ and 281 

RECQL4HD/HD parental mice will exhibit better rearing experiences (38) and/or might 282 

have reproductive strategies to adapt to heterogeneous environments (39). Indeed, 283 

RECQL4HD/HD parental mice showed a high frequency of absorption at an early 284 

period after the initiation of mating (p=0.0018, Figure 3D). 285 

 286 
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p53 (14), APC (31), and RECQL4 (16) are involved in chromosomal stability. 287 

Hence, we expect that the increased perinatal deaths of pups birthed by tumor 288 

suppressor gene-deficient mice (Figures 4 and Figure 5) resulted mainly from 289 

chromosomal instability. In fact, some developmental abnormalities, such as failure 290 

of anterior neural tube closure in p53-/- mice (12), ovarian follicle abnormalities in 291 

APCMin/+ mice (40), and skeletal tissue abnormalities in RECQL4HD/HD mice (17), were 292 

observed. In contrast, the tumor suppressor gene-deficient mice showed relatively 293 

stable reproduction, with similar or even shorter delivery periods than the wild-type 294 

C57BL/6 mice (Figures 3E, 6A, and 6B). Genetic crossover (recombination) occurs 295 

during germline meiosis (41). If tumor suppressor genes are involved in basal 296 

germline function, the associated transgenic mice should exhibit severe 297 

intrauterine fetal death. In contrast, tumor suppressor genes can be differentially 298 

regulated through embryogenesis (42). Alternatively, tumor suppressor gene-299 

deficient pups might be susceptible to postnatal physiological alterations, including 300 

alterations in respiratory function, milk digestion and absorption function, 301 

gastrointestinal motility, and body temperature control. 302 

 303 

Activated p53 can suppress cancer but accelerate senescence, and p53 is 304 

considered one of the clearest pleiotropic genes (5). Consistently, p53-/- mice died, 305 

mainly due to cancer, during the early period (Figure 6C), and we could not 306 

observe senescence phenotypes in the p53-/- mice. Our findings regarding mild and 307 

sex-independent reproductive defects are in stark contrast with the severely 308 
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decreased reproductive ability (13) and sex differences (12) in p53-/- mice. 309 

Specifically, some RECQL4HD/HD mice showed apparent abdominal distention but did 310 

not deliver pups (denoted by the diamonds in Figure 3D), which suggested that the 311 

delivery rate was lower than the pregnancy rate. Even with these criteria, we 312 

observed a markedly higher litter size (Figure 5A) and a notably higher delivery 313 

rate (Figure 3E) with the p53-/- mice than observed in a previous study (13). Some 314 

studies have suggested that polymorphisms in p53 codon 72 could alter the p53 315 

activity levels and that this alteration might affect implantation in humans and mice 316 

(43, 44). Although this polymorphism statistically affected implantation, the effect 317 

was markedly less severe than that of the implantation defect in p53-/- mice (13). In 318 

addition, p53-/- mice are null for p53 expression, and the phenotype of these mice 319 

does not necessarily have to be the same as any of the phenotypes caused by p53 320 

polymorphisms. Due to the complexity of the implantation process, a redundant 321 

mechanism could compensate for implantation failure in the absence of p53 322 

expression (42). We hypothesize that the phenotypic discrepancy related to the 323 

marked reduction in the reproduction of p53 mice reported by Dr. Levine’s research 324 

group (13) compared with that of other reported p53 knockout mice (5, 12, 27, 45, 325 

46) might be due to differences in the experimental approaches used. Specifically, 326 

gain- or loss-of-function in some genes or noncoding regions involved in 327 

fertilization might occur during maintenance of the mouse strain. Alternatively, we 328 

favor the hypothesis that the reproductive discrepancy might be caused by 329 

environmental differences. For example, APCMin/+ mice were previously shown to live 330 
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for approximately 6 months (23), as observed in this study (Figure 6C). In contrast, 331 

the same APCMin/+ mice on a C57BL/6 background in another laboratory lived for 332 

nearly 12 months (47). Moreover, the behaviors and immune system of mice are 333 

easily affected by the laboratory environment (48, 49). Therefore, careful 334 

assessment of the experimental settings and analyses are needed to draw decisive 335 

conclusions about the reproductive phenotypes of transgenic mice. 336 

 337 

Primary infertility refers to the condition of pairs who have never achieved a 338 

pregnancy, whereas secondary infertility refers to the condition of pairs who have 339 

been able to achieve at least one pregnancy. In humans, the rates of primary and 340 

secondary infertility are approximately 2% and 5%, respectively (50), and the 1st 341 

and 2nd delivery periods might be different in mice. Notably, the period between the 342 

1st and 2nd deliveries was longer in wild-type mice than in tumor suppressor gene-343 

deficient mice (Figure 6B). In mice, the length of the gestation period is strain-344 

dependent (51), and the different delivery periods in transgenic mice might be 345 

caused by genetic factors. The regulation of the estrus cycle and lactation by 346 

growth factors or hormones might be affected in tumor suppressor gene-deficient 347 

mice because hormone deregulation increases the risk of some hormone-related 348 

cancers, such as ovarian, testicular, and thyroid cancers (52). However, p53, APC, 349 

and RECQL4 are involved in discrete signaling pathways [e.g., APC is involved in 350 

the WNT signaling pathway (31), and p53 is involved in the ATM-p53-p21 pathway 351 

(30)] to suppress genome instability and tumor growth. Thus, hormone alteration in 352 
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response to tumor suppressor gene deficiency appears to be a relatively unlikely 353 

explanation. The behavior of female mice (Mus musculus) is affected by the sex 354 

composition of the litter, and female mice can recognize the sex of their littermates 355 

(53). Alternatively, but not exclusively, we may explain the reason for the shorter 356 

period between the 1st and 2nd deliveries in three independent tumor suppressor 357 

gene-deficient mice strains (Figure 6B) by the trade-off between fecundity and 358 

aging. The limitation of this study is the lack of mechanistic data, and mechanistic 359 

insights at the molecular and cellular levels will help us understand the 360 

relationships among fecundity, cancer and aging in rodents. In addition, we used 361 

mainly C57BL/6N mice as a wild-type control except survival assay (Figure 6C, 6E) 362 

for comparison among tumor suppressor gene-deficient mice, which were 363 

established either in C57BL/6N or C57BL/6J background. This point should be 364 

taken into account for future experiments to obtain clearer results. Further 365 

investigation with larger sample numbers is needed to determine the correlation 366 

between the delivery period and the pup numbers (survival rates) at weaning in 367 

C57BL/6 mice from physiological perspectives.  368 

 369 

Consistent with the results of a previous study (17), RECQL4HD/HD mice had a normal 370 

lifespan (Figure 6C), although higher perinatal mortality was observed in 371 

RECQL4HD/HD mice that in wild-type and p53-/- mice (Figure 4D, 4E). Notably, we 372 

observed a higher abortion rate in RECLQ4-deficient mice that in the other mouse 373 

strains (Figure 3G). This result suggests loss of an embryo with chromosomal 374 
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abnormalities and/or highly damaging mutations in RECQL4HD/HD mice at mid- to 375 

late-gestation (54), even though RECQL4-deficient mice exhibited a lower mortality 376 

risk with aging (Figure 6E, Table I). The possibility that such a higher negative 377 

selection at mid- to late-gestation against parental deletion alleles among 378 

RECQL4HD/HD mice might result in increased survival with age as a trade-off 379 

relationship cannot be ruled out. If a recent aging hypothesis proposes that 380 

deleterious changes in early life might determine aging and lifespan is correct (9), 381 

RECQL4 deficiency should positively affect viability later in life (Figure 7B), similar 382 

to the pleiotropic APOE4 allele (55), which can produce high fertility and protect 383 

against perinatal death (56, 57) but can increase the later risk of Alzheimer’s 384 

disease in the elderly population (58). Indeed, dysregulation of RECQL4 is 385 

associated with several human cancers (59). Moreover, a recent study proposed 386 

that mice with RECQL4 truncating mutations do not exhibit tumorigenesis even 387 

after exposure to ionizing radiation (60), which suggested that RECQL4-deficiency 388 

might play an important role in protecting against deleterious effects later in life in 389 

mammals (Figure 7B). Further studies are needed to determine whether this effect 390 

is also observed in other RECQL4-deficient mice or patients with RTS. 391 

 392 

The human conditions LFS, FAP, and RTS correspond to the phenotypes of p53-/-, 393 

APCMin/+, and RECQL4HD/HD mice, respectively. However, the knowledge about fertility 394 

compromise in patients with LFS and RTS is limited because patients with LFS 395 

exhibit a high incidence of cancer at younger ages than in the general population 396 
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(26), and the number of patients recognized to have RTS worldwide is only in the 397 

hundreds (21). Regarding fertility in patients with FAP, a recent study suggested no 398 

association between the FAP phenotype and fertility (61). Importantly, the 399 

reproductive phenotypes in humans with singleton pregnancies might be distinct 400 

from those of litter-bearing (multiparous) mice. Whether other tumor suppressor 401 

gene-deficient mice show similar phenotypes under the same experimental 402 

conditions remains to be determined before generalization of the reproductive 403 

ability of tumor suppressor gene-deficient humans and mice. 404 

 405 

Conclusion 406 

Our findings suggest that tumor suppressor gene-deficient mice exhibit relatively 407 

stable reproduction, with an increased risk of perinatal mortality. Moreover, we 408 

revealed an age-dependent trend in which wild-type paired mice exhibited a longer 409 

delivery period than tumor suppressor gene-deficient mice, regardless of the 410 

genotype, which might reflect the trade-off between fecundity and aging (9); the 411 

only exception was that RECQL4 mice showed a pleiotropic phenotype. The 412 

simple experiments used in this study combined with the Kaplan-Meier method and 413 

Cox regression analyses might provide phenotypic analyses that can allow 414 

researchers to understand the relationship among early life selection, 415 

carcinogenesis, and senescence. 416 

 417 

 418 
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Materials and Methods 419 

Mice 420 

p53-/- mice were originally obtained from Dr. Y. Gondo (45) and maintained at our 421 

facility with more than ten backcrosses with the C57BL/6N strain (more than 99.9% 422 

identical to the C57BL/6N background) (62). APCMin/+ mice were purchased from 423 

The Jackson Laboratory (no: 002020) and maintained at our facility with more than 424 

eight backcrosses with the C57BL/6J strain (more than 99% identical to the 425 

C57BL/6J background). RECQL4HD/HD mice were obtained from Dr. V.A. Bohr (63) 426 

and maintained at our facility with more than six backcrosses with the C57BL/6J 427 

strain (more than 98% identical to the C57BL/6J background) (64). We used the 428 

C57BL/6J from Japan Charles River for backcrosses because the Jackson 429 

Laboratory introduced C57BL/6J Mice to Japan Charles River in F218 in 2002, and 430 

the C57BL/6J mice maintained by Japan Charles River are C57BL/6J from The 431 

Jackson Laboratory. These three tumor suppressor gene-deficient mouse strains 432 

were more than 98% identical to the C57BL/6 background, and C57BL/6N mice 433 

were purchased from Japan Charles River Laboratories Inc. (Yokohama, Japan) 434 

and served as a parental wild-type control mouse for most experiments. C57BL/6J 435 

mice were purchased from Japan Charles River Laboratories Inc. (Yokohama, 436 

Japan) and served as a parental wild-type control mouse for survival assay. The 437 

mice were housed in rooms with controlled temperature (22 ± 1.5 °C) and humidity 438 

(50 ± 10%) and a standard 12-h light/12-h dark cycle in a specific pathogen-free 439 

environment. The mice were maintained on sterile water and a standard pellet diet 440 
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(MF, Oriental Yeast Co., Ltd., Japan). All care and use of the animal subjects 441 

followed the guidelines of the ARRIVE guidelines, Laboratory Animal Research 442 

Center and the Use Committee of the University of Occupational and 443 

Environmental Health, Japan, and the protocol was approved by the Committee on 444 

the Ethics of Animal Experiments (Permit Number: AE14-026, AE15-015, 016) 445 

 446 

Evaluation of reproductive parameters using a breeding assay 447 

Because litter size is a representative reproductive trait and is influenced by 448 

genetic or environmental changes (65), we focused on the litter size of four 449 

different mouse strains. Four-week-old mice were weaned from parental mice, and 450 

mating was initiated at 8 weeks using a randomly determined mating pair (Figure 451 

2B). The mating pairs were kept in cages for at least 90 days. Some APCMin/+ or p53-452 

/- mice died during the 90-day holding period (denoted by crosses in Figure 3). We 453 

observed the mice almost daily, particularly near the delivery period. The pup 454 

numbers and survival rates 3 weeks after birth were examined to evaluate the 455 

stable postnatal period. The pup numbers just after birth were examined to 456 

evaluate the perinatal reproduction period. The delivery rate was calculated as the 457 

ratio of the number of females with confirmed delivery to the number of female 458 

mice housed with male mice. At 4 weeks of age, the delivered pups were relocated 459 

to new cages to prevent mating with the parent mice (Figure 2B). At this point, we 460 

confirmed which sex of pups can survive at weaning. The total numbers of 461 

breeding pairs for wild-type, p53-/-, APCMin/+, and RECQL4HD/HD mice were 14, 12, 9, 462 
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and 9, respectively (Figure 3). Among these breeding pairs, the number of 1st 463 

deliveries obtained with the wild-type, p53-/-, APCMin/+, RECQL4HD/HD mice was 11, 11, 464 

8, and 8, respectively (Supplemental Figure 2). In addition, the number of 2nd or 465 

later deliveries obtained with the wild-type, p53-/-, APCMin/+, and RECQL4HD/HD mice 466 

was 12, 20, 11, and 8, respectively, during the 90-day period (Supplemental Figure 467 

2). 468 

As an independent experiment, some female mice were weaned at 6 weeks of age 469 

to evaluate whether they exhibited early sexual maturity to support pregnancy. 470 

 471 

Histological analysis valuation of the rate of food int 472 

The excised mouse tissues were fixed in 10% neutral-buffered formalin, 473 

dehydrated, and embedded in paraffin by conventional methods. Subsequently, 5-474 

mm sections were cut from formalin-fixed paraffin-embedded blocks and 475 

transferred to glass slides. The sections were stained with H&E using standard 476 

procedures, and images were obtained with an BX-53 microscope (OLYMPUS, 477 

Tokyo).      478 

 479 

Evaluation of the rate of food intake 480 

For wild-type and p53-/- mice, two cages of male mice and two cages of female 481 

mice (a total of four cages) were examined, whereas for APCMin/+ and RECQL4HD/HD 482 

mice, three cages of male mice and two cages of female mice (a total of five 483 

cages) were examined. We weighed the food given to the mice daily and divided 484 
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the weight of the reduction in food each day by the number of mice and hours to 485 

obtain the rate of food intake (gram/hour). 486 

 487 

Statistical analysis and reproducibility 488 

All statistical tests were two-sided. All the analyses were performed using 489 

GraphPad Prism (version 6.0g). For two-group comparisons, the data were 490 

analyzed by a Kolmogorov–Smirnov test to assess the normality of the distribution. 491 

We rejected the null hypothesis if P < 0.05. Normally distributed data were 492 

analyzed using Welch’s t-test. Data with a nonnormal distribution were analyzed 493 

using the Mann–Whitney U test. In the Kaplan–Meier survival analysis, P-values 494 

were determined using the Gehan-Breslow-Wilcoxon test. For analysis of the 495 

abortion rate and the rate of food intake (g/h), we used ordinary one-way ANOVA 496 

for multiple comparisons among the four strains. For the analysis of sex bias, we 497 

used the nonparametric Wilcoxon matched-pairs signed-rank test. A Cox 498 

regression analysis was used to estimate the hazard ratios of the RECQL4HD/HD mice 499 

compared with the wild-type mice with R-4.0.3. No statistical methods were used to 500 

predetermine the sample size. 501 

 502 
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Figure legends 793 
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 804 

Figure 1: A current aging model and expected outcomes in tumor suppressor 805 

gene-deficient mice. 806 

(A) A simple aging model considers only aging effects (middle) such as 807 

epigenetic changes and genetic alterations, whereas a current aging model 808 

proposed by Dr. Gladyshev’s group (9) also considers the effect of early life 809 

selection (left) on lifespan (right). (B) If the absence of tumor suppressor gene is 810 

associated with less genome integrity protection, we expect accelerated aging 811 

(middle) associated with stronger early life selection (left), which results in a 812 

markedly shorter lifespan (right). 813 

 814 
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 828 

Figure 2: Overview of the experimental process for determining the  829 

reproductive ability of transgenic mice. 830 

Experimental procedure used for the examination of reproductive ability. (A) One-831 

by-one pair mating experiment for understanding reproductive ability. APCMin/Min mice 832 

exhibit embryonic lethality, and female APCMin/+ mice have a high likelihood of death 833 

within several months. Hence, male APCMin/+ mice and female wild-type mice were 834 

used for mating. (B) Timing of mating and weaning timing for examining 835 

reproductive ability over a definite period (90 days). See the details in the Methods. 836 
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 847 

 848 

Figure 3: Cumulative pup numbers of each mating pair in the four strains 849 

within a 90-day period. 850 

Cumulative pup numbers produced by each mating pair of wild-type C57BL/6N (A), 851 

p53-/- (B), APCMin/+ (C), and RECQL4HD/HD (D) mice. The diamonds indicate mice with 852 

abdominal distention. The crosses indicate the death of one parent mouse. (E) 853 

Delivery rates of the four mouse strains. (F) Representative image of a RECQL4HD/HD 854 

mouse with abdominal distention. (G) Abortion rates of the four mouse strains. 855 

Ordinary one-way ANOVA for multiple comparisons among the four strains 856 

indicated a p value of 0.0018 between the RECQL4HD/HD mice and the other mouse 857 

strains. 858 
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 872 

Figure 4: Pup numbers and survival rates at 3 weeks after birth. 873 

Pup numbers at 3 weeks after birth: total (A), in the 1st litter (B), and in the 2nd or 874 

later litter (C). The mean pup numbers are indicated by the bars. P-values were 875 

determined by the Mann–Whitney U test or Welch’s t-test. 876 

Pup survival rates at 3 weeks after birth: total (D), in the 1st litter (E), and in the 2nd 877 

or later litter (F). The mean pup numbers are indicated by the bars. P-values were 878 

determined by the Mann–Whitney U test or Welch’s t-test. 879 

p53: p53-/-, APC: APCMin/+, RECLQ4: RECQL4HD/HD. 880 
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Figure 5: Pup numbers during the perinatal period and sex ratio results. 895 

Pup numbers during the perinatal period: total (A), in the 1st litter (B), and in the 2nd 896 

or later litter (C). The mean pup numbers are indicated by the bars. P-values were 897 

determined by the Mann–Whitney U test or Welch’s t-test. (D) The sex ratio is 898 

shown as pairs at weaning. Each bar indicates the ratio of male and female pups 899 

from the same mother at weaning. P-values were determined by the nonparametric 900 

Wilcoxon matched-pairs signed-rank test for the evaluation of sex bias. p53: p53-/-, 901 

APC: APCMin/+, RECLQ4: RECQL4HD/HD. 902 
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Figure 6: Comparative analysis of the delivery periods and lifespan among  913 

wild-type and tumor suppressor gene-deficient mice. 914 

Delivery periods between mating initiation and the 1st delivery (A) and between the 915 

2nd or later delivery and the previous delivery (B). The mean number of days is 916 

indicated by the bars. P-values were determined by the Mann–Whitney U test or 917 

Welch’s t-test. p53: p53-/-, APC: APCMin/+, RECLQ4: RECQL4HD/HD. (C) Kaplan–Meier 918 

survival curves showing the lifespan of the wild-type C57BL/6J (n=18; 10 male, 8 919 

female), p53-/-(n=19; 8 male, 11 female), APCMin/+ (n=19; 12 male, 7 female), and 920 

RECQL4HD/HD (n=17; 11 male, 6 female) mouse strains. P-values were determined 921 

by the Gehan-Breslow-Wilcoxon test. (D) Representative images of hematoxylin-922 

eosin (H&E) staining of thymic lymphoma and splenomegaly in p53-/- mice. Thymic 923 

lymphoma was indicated by a faint cytoplasm and convoluted nuclear contours, 924 
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and splenomegaly was indicated by less-defined lymphoid follicles. (E) Cumulative 925 

mortality risk in wild-type mice and RECQL4HD/HD mice. A Cox regression analysis 926 

was used to estimate the hazard ratios (95% confidential interval) of the age-927 

dependent groups of RECQL4HD/HD mice with those of wild-type mice, as shown in 928 

Table I. (F) The rate of food intake (gram per hour) for the wild-type, p53-/-, APCMin/+, 929 

and RECQL4HD/HD strains was calculated as described in Materials and Methods and 930 

is depicted in the box-and-whisker plot showing the medians of n > 35 samples, the 931 

first and third quartiles (boxes) and the overall ranges (whiskers). Ordinary one-932 

way ANOVA for multiple comparisons among the four strains generated a P-value 933 

of 0.29.  934 
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Figure 7: A proposed model for distinguishing between two different types of  959 

tumor suppressor gene-deficient mice to explain the difference in lifespan. 960 

(A) APC or p53 genes might play protective roles in early life selection and 961 

aging as expected in Figure 1B. (B) Given the decrease in reproduction observed 962 

in RECQL4-deficient mice, we hypothesize that RECQL4 might exert a negative 963 

effect on aging and that the lifespan of RECQL4-deficient mice would be the 964 

outcome of the combined effect of stronger early life selection and decelerated 965 

aging. Refer to the Discussion for APOE4-deficient mice, which might exhibit a 966 

lifespan similar to that of RECQL4-deficient mice under certain environmental 967 

conditions. 968 
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