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Article

In vivo reduction of RAD51-mediated homologous
recombination triggers aging but impairs
oncogenesis
Gabriel Matos-Rodrigues1,2, Vilma Barroca3, Ali-Akbar Muhammad4, Elodie Dardillac1 ,

Awatef Allouch5, Stephane Koundrioukoff6,7, Daniel Lewandowski3, Emmanuelle Despras8,

Jos�ee Guirouilh-Barbat1, Lucien Frappart9 , Patricia Kannouche8 , Pauline Dupaigne4 ,

Eric Le Cam4, Jean-Luc Perfettini5 , Paul-Henri Romeo3, Michelle Debatisse6,7, Maria Jasin10,

Gabriel Livera2, Emmanuelle Martini2,* & Bernard S Lopez1,**

Abstract

Homologous recombination (HR) is a prominent DNA repair path-
way maintaining genome integrity. Mutations in many HR genes
lead to cancer predisposition. Paradoxically, the implication of the
pivotal HR factor RAD51 on cancer development remains puzzling.
Particularly, no RAD51 mouse models are available to address the
role of RAD51 in aging and carcinogenesis in vivo. We engineered a
mouse model with an inducible dominant-negative form of RAD51
(SMRad51) that suppresses RAD51-mediated HR without stimulat-
ing alternative mutagenic repair pathways. We found that in vivo
expression of SMRad51 led to replicative stress, systemic inflam-
mation, progenitor exhaustion, premature aging and reduced life-
span, but did not trigger tumorigenesis. Expressing SMRAD51 in a
breast cancer predisposition mouse model (PyMT) decreased the
number and the size of tumors, revealing an anti-tumor activity of
SMRAD51. We propose that these in vivo phenotypes result from
chronic endogenous replication stress caused by HR decrease,
which preferentially targets progenitors and tumor cells. Our work
underlines the importance of RAD51 activity for progenitor cell
homeostasis, preventing aging and more generally for the balance
between cancer and aging.
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Introduction

Genomic instability is a hallmark of cancer and aging (Garinis

et al, 2008; Hoeijmakers, 2009; Negrini et al, 2010; Hanahan &

Weinberg, 2011; L�opez-Ot�ın et al, 2013, 2023). To maintain genome

stability, the DNA damage response (DDR) coordinates cell cycle

progression and DNA repair. Notably, activation of the DDR, which

is proposed to be triggered in response to endogenous replication

stress, has been observed at the preceding/early stages of cancer

and senescence (Bartkova et al, 2005, 2006; Gorgoulis et al, 2005),

suggesting that genomic instability represents an initial step in

tumor formation. Moreover, aging and cancer are interrelated, and

age is considered a risk factor for cancer (Hanahan & Wein-

berg, 2011; L�opez-Ot�ın et al, 2013). However, the mechanisms

underlying the balance between tissue degeneration and cell trans-

formation that drive aging versus cancer after alteration of DNA

repair pathways remain to be fully unraveled (L�opez-Ot�ın

et al, 2013; Tubbs & Nussenzweig, 2017; Petr et al, 2020).

Homologous recombination (HR) is a highly evolutionarily con-

served pathway that plays essential roles in genome plasticity. HR is

involved in the repair of DNA double-strand breaks (DSBs) and
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DNA interstrand crosslinks (ICLs); importantly, it is also involved in

the protection of arrested replication forks and the resumption of

replication (Haber, 2014; Feng & Jasin, 2017). HR is initiated by the

resection of DNA ends, which generates 30 single-stranded DNA

(ssDNA) tails. These 30 ssDNA tails are first covered and protected

by replication protein A (RPA). Then, BRCA2/PALB2 displace RPA

and replace it with RAD51, forming a RAD51-ssDNA filament. This

filament promotes sequence homology searching and the invasion

of a homologous duplex sequence to form recombination intermedi-

ates that are subsequently resolved. Therefore, the ssDNA-RAD51

filament is the active species of HR, and RAD51 thus plays a pivotal

role at the critical step of HR.

Because of its importance in genome stability maintenance, HR is

generally considered a tumor suppressor pathway. Consistent with

this theory, many HR genes are altered in tumors, including in

familial breast and ovarian cancers (Walsh et al, 2011; Chen

et al, 2018; Angeli et al, 2020; Matos-Rodrigues et al, 2021a) and in

sporadic tumors (Lord & Ashworth, 2016; Matos-Rodrigues

et al, 2021a). Additionally, many HR genes are mutated in Fanconi

anemia (FA), a rare autosomal recessive syndrome in which devel-

opmental defects are associated with malignancy (Kennedy &

D’Andrea, 2005; Auerbach, 2009; Walden & Deans, 2014; Matos-

Rodrigues et al, 2021a). However, despite the pivotal role of RAD51

in HR, data have failed to implicate RAD51 inactivation in cancer

development, constituting what we named the “RAD51 paradox”

(Matos-Rodrigues et al, 2021a). Several hypotheses have been pro-

posed to explain this paradox (Matos-Rodrigues et al, 2021a;

Thomas et al, 2023). One of these hypotheses is based on the fact

that mediator/accessory proteins that are mutated in cancer, such as

BRCA1/2 or PALB2, promote RAD51 loading and stabilization on

ssDNA. Therefore, mutations affecting any of these proteins lead to

the abrogation of the loading of RAD51 on damaged DNA, which

then becomes accessible to alternative nonconservative repair

processes, such as single-strand annealing (SSA) and alternative

end-joining (A-EJ), increasing genome instability. Therefore, sup-

pression of the mediators of RAD51 leads not only to the suppres-

sion of conservative HR but also to the concomitant stimulation of

nonconservative SSA and A-EJ pathways (Stark et al, 2002; Ahrabi

et al, 2016; Han et al, 2017; So et al, 2022; Thomas et al, 2023). The

stimulation of such alternative repair pathways might thus compen-

sate for the decreased viability that results from HR suppression,

but the fact that they are nonconservative should increase genome

instability (So et al, 2022; Thomas et al, 2023). Therefore, the afore-

mentioned hypothesis raises the following question: Does oncogene-

sis result from HR ablation alone per se or is the concomitant

stimulation of nonconservative pathways necessary? In addition to

being essential to HR, RAD51 binding to damaged DNA protects rep-

lication forks and prevents SSA and A E-J in HR-independent ways

(Mason et al, 2019; So et al, 2022; Thomas et al, 2023). Therefore,

suppressing HR without compromising the binding of RAD51 to

damaged DNA would allow us to dissect the precise roles of RAD51

and HR in genome stability maintenance and cancer and premature

aging protection.

Mouse models are helpful tools to study carcinogenesis and

aging in vivo. However, most HR genes are essential, and their inac-

tivation leads to embryonic lethality (Tsuzuki et al, 1996; Evers &

Jonkers, 2006; Matos-Rodrigues et al, 2021b). Nevertheless, elabo-

rate strategies for partial or tissue-specific HR inactivation have been

designed and have confirmed the correlation between HR alteration

and cancer development (Matos-Rodrigues et al, 2021b). Surpris-

ingly, despite the paramount role of RAD51 in HR, alternative strate-

gies have not been developed to analyze the impact of RAD51

functional disruption in vivo (Matos-Rodrigues et al, 2021b). Here,

we took advantage of an engineered dominant negative form of

RAD51 (SMRad51) that suppresses RAD51 HR activity but prevents

stimulation of the alternative mutagenic nonconservative repair

pathways due to its DNA-binding capability (Lambert & Lopez, 2000,

2001, 2002; Wilhelm et al, 2014, 2016; So et al, 2022). This specific-

ity of SMRAD51 differs from other RAD51 dominant negative forms,

such as that described in FA and RAD51 ATP mutants, and from the

knockdown of RAD51 and its mediators (Ameziane et al, 2015;

Wang et al, 2015; So et al, 2022). Therefore, SMRad51 represents a

unique experimental tool that can downregulate HR without induc-

ing a concomitant stimulation in the nonconservative SSA and A-EJ

repair pathways. We engineered two mouse models with ubiquitous

conditional expression of SMRad51 or, as a control, exogenous wild-

type mouse Rad51 (exMmRad51) induced by doxycycline (Dox). In

addition, this strategy enabled us to overcome the embryonic lethal-

ity problem since HR was inactivated after birth through Dox-

mediated induction of SMRad51 expression. Thus, these mouse

models represent unique tools to analyze RAD51 functional alter-

ations in vivo. We found that suppression of HR through SMRad51

expression led to replicative stress, systemic inflammation, progeni-

tor cell exhaustion, premature aging and a reduced lifespan but, sur-

prisingly, did not induce tumor formation. To deepen the

understanding of the role played by SMRAD51 in cancer in vivo, we

crossed our mouse model with the PyMT breast cancer-

predisposition model mice. We observed that expressing SMRAD51

decreased both the frequency and the size of breast tumors, reveal-

ing an effect against breast cancer development.

Although HR deficiency is generally thought to be a cause of can-

cer, this work shows that specifically reducing RAD51-mediated HR

leads primarily to aging not oncogenesis and, in fact, prevents

tumorigenesis. These data shed light on the separation and potential

competition rather than the cooperation between these two in vivo

phenotypes.

Results

SMRAD51 suppresses the strand exchange activity of the RAD51-
ssDNA filament

SMRad51 is a yeast/mammalian Rad51 chimeric gene (Fig 1A)

whose ectopic expression suppresses HR in mammalian cells but,

importantly, still prevents nonconservative SSA and A-EJ, in con-

trast to the effect of RAD51 silencing or the suppression of RAD51

DNA-loading factors, such as BRCA2 (Lambert & Lopez, 2000, 2001,

2002; Wilhelm et al, 2014, 2016; So et al, 2022). To analyze the con-

sequences of the specific suppression of the HR function of RAD51

in vivo, we developed two mouse models: one bearing Dox-

inducible SMRad51 and one bearing Dox-inducible exogenous wild-

type mouse Rad51 (exMmRad51) (Fig 1B).

In mouse embryonic fibroblasts (MEFs) derived from our mouse

models, Dox-induced SMRad51 expression reduced homology-

directed gene targeting efficacy (Fig EV1A and B). SMRad51
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expression also increased the sensitivity of the MEFs to mitomycin

C and olaparib (a PARP inhibitor) compared with the absence of

Dox (Fig EV1C), as indicated by a colony formation assay. The

acquisition of these phenotypes reflects downregulated HR.

To further elucidate the molecular basis of the dominant negative

effect of SMRAD51 on HR, we purified the SMRAD51 and mouse

wild-type MmRAD51 proteins (Fig EV2A). The D-loop in vitro assay

revealed that in the presence of SMRAD51, MmRAD51 showed

reduced strand invasion activity (Fig EV2B and C), thus accounting

for its dominant negative effect on HR observed in living cells.

Transmission electron microscopy (TEM) revealed that the

SMRAD51 protein was able to coat DNA in vitro (Fig EV2D). It

should be noted that 100% of the DNA molecules were coated by

either MmRAD51 or SMRAD51. These data indicated that SMRAD51

inhibited HR by reducing RAD51-ssDNA filament strand exchange,

thus inhibiting the key activity leading to HR.

Importantly, SMRAD51 formed radiation-induced nuclear foci

with assembly/disassembly kinetics similar to those of exMmRAD51

as well as endogenous MmRAD51 (Fig EV2E and F), confirming the

in vitro TEM data showing that SMRAD51 bound damaged DNA and

that it was processed similarly to wild-type endogenous MmRAD51

in living cells.

To measure the impact of SMRAD51 on alternative repair path-

ways in our mouse model cells, we inserted reporter substrates that

were specific for SSA or EJ after induction of a targeted DSB through

the expression of the meganuclease I-SceI into MEFs (Fig EV3).

Because the SSA substrate was based on GFP expression and our

MEFs expressed GFP (resulting from the rtTa constructs), we first

mutated the endogenous GFP via CRISPR–Cas9, selected gfp-

negative clones and introduced the substrates monitoring SSA or EJ.

The absence of the RAD51 protein resulting from silencing with

Rad51 siRNA (Fig EV3A) led to the stimulation of SSA and slight

stimulation of EJ (Fig EV3B and C), as previously observed in human

cells (So et al, 2022). The slight EJ stimulation was shown to result

from A-EJ pathway stimulation (So et al, 2022). In contrast, induc-

tion of SMRad51 expression through exposure to Dox (Fig EV3A)

stimulated neither SSA nor EJ (Fig EV3B and C), although HR was

downregulated (see Fig EV1), as has also been shown with human

cells (So et al, 2022). These data show that, similar to the effect in

human cells, expression of SMRAD51, which binds DNA (see

Fig EV2), downregulates HR (see Fig EV1) without stimulating

nonconservative SSA and EJ pathways (Fig EV3) in MEFs.

Collectively, these data showed that SMRAD51 is able to bind

DNA and inhibit the strand invasion activity of the RAD51-ssDNA

filament, accounting for its dominant negative effect on HR, and

that the consequences of SMRAD51 expression resulted from

RAD51-ssDNA filament activity disruption not unscheduled

prolonged DNA occupancy by the SMRAD51 protein. Notably,

ssDNA occupancy by SMRAD51 also accounted for the ability of this

protein to prevent accessibility to nonconservative repair pathways

in MEFs, similar to our previous observations in human cells (So

et al, 2022).

Alteration of RAD51 activity leads to aging not carcinogenesis

To analyze the in vivo consequences of specific inhibition of

RAD51-HR activity through SMRad51 expression, we induced the

expression of SMRad51 and exMmRad51 in rtTA+;SMRad51+ and

rtTA+;exMmRad51+ mice, respectively. These mice were then com-

pared to Dox-exposed control littermates (rtTA�;SMRad51+ and

rtTA�;exMmRad51+) that bore the transgenes but not the transcrip-

tion activator rtTA and thus did not express transgenes in the pres-

ence of Dox.

We fed 3-month-old adult mice ad libitum with Dox-

supplemented food (Fig 1C). After approximately 6 weeks of Dox

exposure, SMRad51, but not exMmRad51, mice started to show fea-

tures of premature aging, including reduced activity, hair loss, inter-

mittent priapism and abnormal posture with protuberance of the

upper back (Fig 1C; Appendix Table S1). X-ray imaging by micro-

computed tomography (lCT) after 4 months of Dox treatment

revealed that these changes in the mouse backs were associated

with curvature of the spine, consistent with kyphosis (Fig 1D,

Movies EV1 and EV2). Prolonged expression of SMRad51, but not

exMmRad51, decreased both body weight and lifespan (Fig 1E and

◀ Figure 1. Functional inactivation of RAD51 leads to premature aging.

A Schematic representation of SMRAD51. SMRAD51 is a chimeric construct composed of the full-length wild-type mouse MmRAD51 (black box) fused to the nonevolu-
tionarily conserved N-terminal 55 amino acids (red box) of Saccharomyces cerevisiae Rad51 (ScRad51).

B Schematic representation of SMRad51 and exMmRad51 mouse model generation. Two mouse models, one expressing SMRad51 and the other expressing exMmRad51
(HA-tagged) under the control of the Dox-inducible promoter (TRE-CMV), were established. Induction of transgene expression by Dox requires the rtTA transcription
activator. The two transgenic mouse models were thus crossed with a mouse bearing rtTA (and GFP) at the ubiquitous expression locus Rosa26. Expression of the
transgene (SMRad51 or exMmRad51) resulted from exposure of the rtTA+;SMRad51+ or rtTA+;exMmRad51+ models to Dox. The rtTA�;SMRad51+ and rtTA�;
exMmRad51+ mice did not express the transgenes, even in the presence of Dox, and were thus conveniently used as controls.

C Experimental design and representative photos of Ctrl, exMmRad51 and SMRad51 mice fed a Dox-supplemented diet for 2, 4 or 8 months.
D lCt scan images illustrating the spines of Ctrl and SMRad51 adult mice fed a Dox-supplemented diet for 4 months.
E Quantitative analysis of body weight changes from the beginning of Dox treatment in Ctrl mice (n = 9, 3 months; n = 7, 6 months), exMmRad51 mice (n = 5,

3 months; n = 5, 6 months) and SMRad51 mice (n = 10, 3 months; n = 5, 6 months) fed a Dox-supplemented diet for 3 and 6 months. Each dot represents the mean
of the biological replicates for a given time point.

F Survival curves of Ctrl (n = 7), exMmRad51 (n = 6) and SMRad51 (n = 12) mice fed a Dox-supplemented diet.
G Images (left) and quantification (right) of testis weight in Ctrl (n = 4) and SMRad51 (n = 2) adult mice fed a Dox-supplemented diet for 6 months.
H Images (left) and quantification (right) of spleen weight in Ctrl (n = 7) and SMRad51 (n = 6) adult mice fed a Dox-supplemented diet for 6 months.
I Representative images of the skin histology of Ctrl and SMRad51 mice fed a Dox-supplemented diet for 6 months. Red arrow: follicular bulb, the density of which was

decreased in SMRad51-expressing mice. Blue arrow: hypodermis in a Ctrl mouse, the thickness of which was decreased in SMRad51-expressing mice. Black arrow: epi-
dermis, the thickness of which was increased in SMRad51 mutants. Hatched arrows: missing structures.

Data information: (G, H) Each point represents a biological replicate, and the horizontal line represents the mean. Statistical analysis: (E) Two-way ANOVA followed by
Sidak’s posttest. ***P < 0.001; ****P < 0.0001. Error bars indicate the SEM (H) Student’s t-test. *P < 0.05. Dox was added to food during the entire duration of the
experiments.
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F). Collectively, these phenotypes indicate the induction of prema-

ture aging in SMRad51-expressing mice.

To evaluate tissue morphological changes caused by SMRad51

expression, we performed anatomical and histopathological ana-

lyses. After 6 months of Dox treatment, the testis size was reduced

(Fig 1G) and splenomegaly, as indicated by increased spleen size

(Fig 1H), was observed. Splenomegaly is a feature of systemic

inflammation and aging in mice (Pettan-Brewer & Treuting, 2011).

Notably, SMRad51 expression decreased follicular bulb density and

led to hyperplasia in the epidermis (Fig 1I). Subcutaneous skin fat

layer thickness was reduced in SMRad51-expressing mice compared

with control mice (Fig 1I). Consistent with an aging phenotype, a

reduction in subcutaneous fat has been observed in aged and

prematurely aging mice (Mu~noz-Lorente et al, 2019). Similar pheno-

types have been observed in mice with skin-specific CRE-LOX-

mediated inactivation of Brca1 expression (Sotiropoulou

et al, 2013). Given that BRCA1 and RAD51 share roles in HR, this

finding suggests that the phenotypes observed resulted from HR

inactivation in vivo. The other tissues that we analyzed did not

exhibit major histological modifications (Fig EV4A). Remarkably,

tumors were not detected in any of the animals or in any of the dif-

ferent tissues analyzed via extensive anatomical and histopathologi-

cal examination; only one mouse had a precancerous lesion in the

skin (Fig EV4A). Altogether, these data show that SMRad51 expres-

sion leads to premature aging but not to increased tumorigenesis.

We then performed histopathological analyses of different tissues

from mice fed a Dox-supplemented diet for 6 months (Fig EV4A).

These analyses revealed edematous alveolitis in the lungs of the

SMRad51-expressing mice (Fig EV4B), consistent with the induction

of inflammation. Therefore, we evaluated whether SMRad51 expres-

sion leads to a systemic inflammatory response. We measured the

levels of cytokines in the serum of SMRad51 and control mice after

3 months of Dox exposure. Using cytokine arrays, we showed that

among the 111 proteins analyzed, 29 proteins, including proinflam-

matory factors, showed upregulated expression in SMRad51 mice

(Fig 2A and B; Appendix Table S2 and Dataset EV1). These data

reveal that disruption of RAD51 HR function leads to a systemic

inflammatory response in adult mice.

Expression of SMRad51 decreases tumor number and size

To better characterize the effect of SMRAD51 on tumorigenesis, we

crossed SMRad51 mice with MMTV-PyMT (mouse mammary tumor

virus-polyomavirus middle T antigen) breast cancer model mice,

which present 100% tumor development penetrance, to generate

PyMT;SMRad51 and PyMT;Ctrl mice (Fig 3A). This strategy was

chosen because most genes mutated in familial breast cancer are

involved in HR (Walsh et al, 2011; Angeli et al, 2020; Matos-

Rodrigues et al, 2021a). The expression of the middle T oncogene in

mammary epithelia induces the rapid transformation and formation

of mammary tumors with histological stages that mimic human duc-

tal breast cancer progression (from hyperplasia to late carcinoma)

(Attalla et al, 2021). MMTV-PyMT mice show sequential tumor for-

mation in which cervical and thoracic gland tumors develop before

abdominal and inguinal tumors. In our PyMT;SMRad51 and PyMT;

Ctrl mice without Dox treatment, cervical and thoracic palpable

tumors started to be observed in 4-month-old females, and abdomi-

nal and inguinal palpable tumors started to be observed in 5-month-

old females. We took advantage of these characteristics to evaluate

both tumor initiation and tumor growth. We fed MMTV-PyMT mice

bearing or not the DOX-inducible SMRad51 transgene (PyMT;

SMRad51 and PyMT;Ctrl mice) with a Dox-supplemented diet for a

maximum of 4 weeks starting when they were 4 months old

(Fig 3A). Tumor growth was evaluated on the basis of tumor size

measured after 0, 2 and 4 weeks of Dox treatment (Fig 3B). We

observed a reduction in tumor size after 2 and 4 weeks of SMRad51

expression in the PyMT;SMRad51 mice compared to the control

mice (Fig 3C). We quantified the total number of tumors after

4 weeks of Dox treatment and observed a reduced number of

tumors in the mice expressing SMRad51 (Fig 3D). Histopathological

analysis of the tumors revealed hyperplasia and cancer cells (carci-

noma) in the PyMT;SMRad51 and PyMT;Ctrl mice. Expression of

SMRad51 was detected in a large number of cells at both the hyper-

plasia and cancerogenesis stages in PyMT;SMRad51 mice after Dox

treatment (Fig 3E and F). We investigated whether the expression of

SMRAD51 was associated with an increase in the DDR. We observed

an increase in the level of the DNA damage marker cH2AX detected

in hyperplasic and carcinoma cells after 4 months of SMRad51

expression via immunolocalization assay (Fig 3G). We also

observed an increase in the DNA damage marker pCHK1, which is

often associated with the replication stress response, in both afore-

mentioned stages of tumor progression in the PyMT;SMRad51 mice

compared to the level in the control mice (Fig 3H). These results

show that expressing SMRad51 leads to DNA damage and activation

of a replication stress response both in pretumorigenic (hyperplasic)

and tumorigenic (carcinoma) mammary cells. Collectively, these

data reveal that expressing SMRad51 protects cells against oncogen-

esis, although it inhibits HR and leads to replication stress and DNA

damage accumulation.

Expression of SMRad51 alters progenitor homeostasis

We observed hematopoietic cells in the spleens of SMRad51 mice

after 6 months of Dox exposure, revealing extramedullary hemato-

poiesis (Fig EV5A). Splenomegaly associated with extramedullary

hematopoiesis is a common feature of aged and prematurely aging

mice and is a compensatory mechanism triggered by bone marrow

progenitor cell exhaustion (French et al, 2002; Pettan-Brewer &

Treuting, 2011; Mann et al, 2018). Then, we investigated whether

these changes in spleen histology were associated with alterations

in hematopoiesis. First, we analyzed the blood composition of mice

with and without SMRad51 expression. The number of red blood

cells (RBCs) and platelets (PLTs), but not that of white blood cells

(WBCs), was decreased in the blood of SMRad51 mice compared

with control mice after 3 months of Dox treatment (Fig 4A). Expan-

sion of the hematopoietic stem cell pool is an aging-related adapta-

tion to reduced stem cell function (Morrison et al, 1996). After

3 months of Dox treatment, SMRad51 expression did not lead to a

reduction in the overall number of bone marrow stem cells (Lineage

[Lin]�Sca-1+-c-Kit+-Fkl2� or LSK, Flk2� cells), but after 6 months of

Dox treatment, the SMRad51-expressing mice showed a tendency to

present with an increased stem cell pool (Fig EV5B). Next, we eval-

uated whether these changes correlated with hematopoietic

changes in the bone marrow and found a reduction in the amount

of common lymphocyte progenitors (CLPs; Lin�Sca-1�c-Kit+IL7R+

cells) and B cells (B220+ B cells) after SMRad51 was expressed for
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3 months (Fig 4B). These data indicate that SMRAD51 altered

hematopoiesis by reducing the progenitor cell pool (Fig EV5B).

Altogether, our data show that the expression of SMRad51

disrupted blood cell production, leading to thrombocytopenia

(a reduction in the number of PLTs) and anemia (a reduction in the

number of RBCs), which are associated with compromised

hematopoiesis.

Progenitor cell exhaustion is a key cause of aging (L�opez-Ot�ın

et al, 2013). Since SMRAD51 suppresses HR, which is a prominent

DNA damage repair pathway, we evaluated whether DNA damage

and apoptosis are correlated with progenitor loss after SMRad51

expression. Double immunostaining for Ki67 (a progenitor cell

marker) and cH2AX (a DNA damage marker) revealed an increase

in DNA damage in follicular bulb progenitor cells in the skin of the

1

2

5
3

4

Ctrl SMRad51

Upregulated factors in serum of SMRad51 mice on Dox diet for 3 months

A

B

1

2

3

4
5

Proteome array from serum of mice on Dox diet for 3 months

* *
*

*

Figure 2. Expression of SMRad51 in adult mice increases serum levels of proinflammatory cytokines.

A Representative images of proteome array membranes of Ctrl and SMRad51 mice fed a Dox-supplemented diet for 3 months.
B Graphical representation of the fold changes of upregulated factors in SMRad51 mouse serum compared with Ctrl mouse serum. Each dot in the graph represents a

different biological replicate, and the horizontal dashed line marks a 2-fold change. Pro-inflammatory factors are marked with an asterisk (*). In (A) and (B), the values
correspond to the mean of the intensity 5 different duplicate protein dots in the membranes from two different experiments.
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SMRad51-expressing mice after 3 months of Dox treatment (Fig 4C).

In addition, cleaved caspase-3 (cCasp3) staining revealed an

increase in the apoptosis rate of follicular bulb progenitor cells

(Fig 4D). The increases in DNA damage and apoptosis were also

associated with a reduction in the number of SOX9+ cells, which are

progenitor hair follicle cells, in mice expressing SMRad51 for

3 months (Fig 4E). Importantly, the induction of DNA damage was

not limited to the skin as indicated by an increase in cH2AX staining

observed in the small intestine (Fig 4F). Taken together, these data

support the assumption that apoptosis triggered by chronic DNA

damage is an underlying cause of progenitor cell loss in mice

expressing SMRad51, accounting for the acquisition of premature

aging phenotypes.

Disruption of RAD51 HR activity strongly compromises the
viability of growing mice

Although suppression of RAD51 HR activity did not lead to tumori-

genesis in adult mice, we hypothesized that HR inactivation in

young growing mice, which bear more dividing cells, might induce

tumorigenesis. Therefore, we expressed SMRAD51 in young grow-

ing mice (12–14 days after birth). We observed that expressing

SMRAD51 in growing mice induced phenotypes much more rapidly

than in adult mice (Fig 5). Indeed, SMRad51 expression resulted in

growth arrest (as determined by body weight measurements), hair

loss and death as soon as Day 7 of Dox treatment in mice at postna-

tal Days 12–14 (P12–P14) (Fig 5A–D). In contrast, exMmRad51

expression did not cause hair loss or affect body weight or mouse

survival, even after prolonged Dox treatment for up to 3 weeks

(Fig 5A–D). Notably, no induction of tumorigenesis was recorded

upon expression of SMRad51 in the course of these experiments,

that is in young growing mice.

The SMRAD51 protein was observed in several tissues (Appendix

Fig S1A). Histopathological analysis of young mice that survived

12 days of SMRad51 expression (from P12–14 to P24–26) showed

morphological alterations in tissues with high cell proliferation,

such as the skin and testes (Figs 6A and B and Appendix Fig S1B).

In accordance with our data on adult mice, SMRad51 expression in

the skin led to follicular bulb atrophy, subcutaneous fat loss, and

epidermal hyperplasia (Fig 6B). Moreover, the bone marrow of

SMRad51-expressing growing mice exhibited a decrease in the num-

ber of cells (Appendix Fig S1C). More specifically, SMRad51 expres-

sion led to decreases in progenitor cell populations in tissues with

high cell proliferation: SOX9+ cells in the skin (Fig 6B), PLZF+ cells

in the testis (Fig 6C and D), and Lin�Sca-1+c-Kit+ (LSK) stem cells/

progenitor cells in the bone marrow (Fig 6E). Thus, in growing

mice, SMRAD51 affected progenitor homeostasis in different tissues

with high cell proliferation rates.

Disruption of RAD51 HR activity induces inflammation in
growing mice

Histopathological analyses of the skin revealed inflammatory cell

infiltration after 12 days of SMRad51 expression in growing mice

◀ Figure 3. SMRad51 expression in mice with mammary tumors decreases tumor growth and tumorigenesis.

A Schematic representation of the experimental design used to evaluate the effects of SMRad51 expression on mammary tumor growth and initiation. SMRad51 mice
were crossed with PyMT mice. Littermate PyMT mice with Dox-inducible expression of SMRad51 (PyMT;SMRad51) were compared to mice without Dox-inducible
expression of SMRad51 (PyMT;Ctrl). All mice were fed a Dox-supplemented diet for 4 weeks starting at 4 months of age.

B Representative images of mammary tumors from a PyMT;Ctrl (left) and PyMT;SMRad51 (right) mouse fed a Dox-supplemented diet starting from 4 months of age.
C Quantitative analysis of tumor growth in PyMT;Ctrl and PyMT;SMRad51 mice based on tumor size measurements after 0, 2 and 4 weeks of Dox treatment. The

graph represents the mean � SEM of 5 mice from two independent litters for each group.
D Quantitative analysis of tumor prevalence in PyMT;Ctrl and PyMT;SMRad51 mice fed a Dox-supplemented diet.
E, F Representative images of SMRAD51 staining in hyperplasia (E) and carcinomas (F) of PyMT;Ctrl and PyMT;SMRad51 mice fed a Dox-supplemented diet for 4 weeks.

SMRAD51 was stained with a specific antibody raised against the N-terminal ScRad51.
G Representative images (left) and quantitative analysis (right) of cH2AX (DDR) marker staining comparing hyperplasias (left) and carcinomas (right) of PyMT;Ctrl and

PyMT;SMRad51 mice fed a Dox-supplemented diet starting for 4 weeks. The arrows indicate the presence of positive cells.
H Representative images (left) and quantitative analysis (right) of pCHK1 (S317) (a replication stress response marker) staining comparing hyperplasias (left) and

carcinomas (right) of PyMT;Ctrl and PyMT;SMRad51 mice fed a Dox-supplemented diet starting for 4 weeks. The arrows indicate the presence of positive cells.

Data information: (D, G, H) Each point represents a biological replicate, and the horizontal line represents the mean. FOV: fields of visualization. Statistical analysis: (C)
two-way ANOVA followed by Sidak’s multiple comparisons test and (D, G, H) Student’s t-test. *P < 0.05 and ****P < 0.0001. Scale bar: 100 lm.

▸Figure 4. SMRad51 expression induces cH2AX foci formation in vivo and disrupts progenitor cell homeostasis.

A Analysis of the density of WBCs, RBCs and PLTs in the blood of Ctrl (n = 12) and SMRad51 (n = 13) adult mice 3 months after initiation of Dox treatment.
B Analysis of the number of hematopoietic stem cells (KLS cells, FLK2�), CLPs and B-lymphocytes (B cells, B220+) in the bone marrow of Ctrl (n = 6) and SMRad51

(n = 4) adult mice 3 months after initiation of Dox treatment.
C Representative images (left) and quantification (right) of cH2AX foci in Ki67+ (white arrow) follicular bulb cells in skin sections of Ctrl (n = 4 biological replicates, 104

Ki67+ cells) and SMRad51 (n = 4 biological replicates, 166 Ki67+ cells) mice fed a Dox-supplemented diet for 3 months. The quantification illustrates the number of
cH2AX foci in Ki67+ cells. Ctrl (black dots), SMRad51 (red dots); the horizontal line represents the mean.

D Representative images (left) and quantification (right) of cCas3+ and Ki67+ (white arrow) follicular bulb cells in skin sections of Ctrl (n = 4) and SMRad51 (n = 4) mice
fed a Dox-supplemented diet for 3 months.

E Representative images (left) and quantification (right) of SOX9+ cells in skin sections of Ctrl (n = 4) and SMRad51 (n = 4) mice fed a Dox-supplemented diet for
3 months.

F Quantification of cH2AX+ cells in the small intestine of Ctrl (n = 3) and SMRad51 (n = 4) mice after 1 month of Dox treatment.

Data information: Statistical analysis: (C) Mann–Whitney test and (A, B, D–F) Student’s t-test. *P < 0.05; **P < 0.01; ****P < 0.0001. (A, B, D–F) Each point represents a
biological replicate, and the horizontal line represents the mean. Scale bars: (C, D) 10 lm and (E) 100 lm.
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(Fig 6A). Immunolocalization analyses revealed an increase in T-

lymphocyte infiltration (as indicated by CD3 staining; Fig 7A) and

monocyte/macrophage aggregates (as indicated by F4/80 staining)

in skin samples (Fig 7B). Real-time RT–PCR showed that SMRAD51

stimulated the expression of proinflammatory cytokines in the skin

(Fig 7C). Thus, SMRad51 expression led to an inflammatory

response in tissue in vivo. These data were consistent with the

induction of systemic inflammation observed in adult mice (see

Fig 2). We next investigated whether in vivo expression of SMRad51

also induced a systemic inflammatory response in young growing

mice. No differences in the density of WBCs, RBCs or

hemoglobin (HGB) were observed between SMRad51-expressing

and control-growing mice (after 7 days of Dox treatment) (Appendix

Fig S2). However, SMRad51 expression decreased the number of B

lymphocytes and increased the number of monocytes (Fig 7D), con-

sistent with the induction of inflammation (Cain et al, 2009; Shi &

Pamer, 2011). To further analyze the systemic effects of SMRad51

expression, we performed a serum cytokine array analysis (Fig 7E).

Proinflammatory factors that were upregulated in the serum of

SMRad51 adult mice, namely, Lipocalin-2/NGAL, CCL17/TARC, E-

selectin/CD62A and CCL22/MDC, were also among the most upre-

gulated factors in the serum of young mice (compare Figs 7E and 2).

These data showed that SMRad51 expression led to a systemic

proinflammatory response in both adult and growing mice.
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Figure 5. SMRad51, but not exMmRad51, expression leads to rapid death in young growing mice.

A Schematic of the experimental designs for exMmRad51 and SMRad51 expression in growing mice (top) and representative photos (bottom) of Ctrl, exMmRad51 and
SMRad51 growing mice after 12 days of Dox treatment.

B Body weight measurements of SMRad51 (n = 21) and Ctrl (n = 15) littermate mice treated with Dox.
C Survival curve from P12/14 to P33/35 for Ctrl (n = 32), exMmRad51 (n = 6) and SMRad51 (n = 15) mice treated with Dox.
D Body weight measurements of exMmRad51 (n = 6) and Ctrl (n = 10) littermate mice treated with Dox.

Data information: Statistical analysis: (B) two-way ANOVA followed by the Sidak’s posttest. ***P < 0.001. Error bars represent the �SEM.
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SMRAD51 affects replication dynamics

Our data suggested that replication dynamics might be affected in

SMRad51-expressing cells as indicated by (i) the pronounced effects

of in vivo SMRad51 expression on tissues with proliferating cells;

(ii) the fact that growing mice, in which many tissues are proliferat-

ing, were more sensitive to the expression of SMRad51 than adult

mice; and (iii) the role of HR in arrested replication fork protection

and resumption. In addition, the connections between replication

stress and inflammation that are now clearly established can

account for the observed inflammation (Gasser et al, 2016;

Gekara, 2017; Coquel et al, 2019; Ragu et al, 2020). Therefore, we

evaluated the impact of SMRAD51 on replication dynamics in MEFs

from our mouse models.

In primary MEFs, the expression of SMRad51, but not that of

exMmRad51, increased the number of pCHK1 (S317) and cH2AX
foci, indicating spontaneous activation of the DDR in response to

endogenous replication stress (Fig 8A and B). Molecular combing

revealed that SMRAD51, but not exMmRAD51, decreased the veloc-

ity of DNA replication and concomitantly increased the rate of

asymmetric labeling, indicating the accumulation of arrested replica-

tion forks (Fig 8C–E). This finding suggested that the resumption of

replication at arrested forks, which normally involves RAD51-

mediated strand exchange needed for template switching, was
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Figure 6. SMRad51 expression in young growing mice decreases progenitor numbers in tissues with highly proliferative cells.

A Representative images of histological analysis of skin from Ctrl and SMRad51 mice treated with Dox. Red arrow: follicular bulb, the density of which was decreased in
SMRad51-expressing mice. Blue arrow: hypodermis, the thickness of which was decreased in SMRad51-expressing mice. Black arrow: epidermis, the thickness of which
was increased in SMRad51-expressing mice. Green arrow: inflammatory infiltrates.

B Representative images and quantification of follicular bulb progenitors stained for SOX9 in skin sections of Ctrl (n = 3) and SMRad51 (n = 4) mice treated with Dox.
C Representative images of testis sections showing testis tubules in Ctrl and SMRad51 mice after 12 days of Dox treatment. Tubules were stained with hematoxylin

(nuclei in purplish blue) and eosin (extracellular matrix and cytoplasm in pink).
D Representative images (left) and quantification (right) of testis sections immunostained for PLZF in Ctrl (n = 3) and SMRad51 (n = 3) mice after 12 days of Dox

treatment.
E Numbers of bone marrow stem cells (LSK, Lin�Sca1+c-kit+) in the tibias and femurs of Ctrl (n = 12) and SMRad51 (n = 8) mice after 7 days of Dox treatment.

Data information: Statistical analysis: (B, D, E) Student’s t-test. *P < 0.05. Each point represents a biological replicate, and the horizontal line represents the mean. Scale
bar: 100 lm.
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defective. To analyze the impact of SMRad51 expression on fork

restart, we performed an analysis by DNA fibers spreading (Fig 8F)

after blocking replication with hydroxyurea (HU), a ribonucleotide

reductase inhibitor that generates replication stress through nucleo-

tides pool exhaustion. SMRAD51 decreased the replication restart

efficiency after HU release (Fig 8F), consistent with the inhibition of

strand exchange by SMRAD51 (see Fig EV2A).

The RAD51 protein is also involved in the protection of arrested

replication forks in a process independent of its role in HR (Schla-

cher et al, 2011; Mason et al, 2019). Here, fiber spreading revealed

that SMRAD51, which binds DNA (see Fig EV2D), still efficiently

protected arrested replication forks (Fig 8G). These data also

showed that SMRad51 expression induced replication stress even

when the arrested replication forks were efficiently protected.

Replication stress often leads to the accumulation of micronuclei.

Consistent with its impact on replication stress (Fig 8A and B),

SMRad51 expression also led to an increase in the number of cells

carrying micronuclei (Fig 8H). Taken together, the data demonstrate

that SMRAD51 affects replication fork dynamics, resulting in replica-

tion stress in MEFs derived from our mouse model. As DNA damage
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with Dox for 12 days.

B Representative images of staining for F4/80 (a monocyte/macrophage marker) in skin sections of Ctrl and SMRad51 mice treated with Dox for 12 days.
C Real-time RT–PCR analysis of Ctrl (n = 4) and SMRad51 (n = 4) skin samples.
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(as indicated by cH2AX staining) and apoptosis (as indicated by

cCasp3 staining) accumulated in vivo in adult or young growing

mice after SMRad51 expression (Figs 4 and 9A and B, and Appendix

Fig S3A and B), we evaluated whether the DDR was specifically acti-

vated in replicating cells in vivo. We quantified cH2AX foci in BrdU+

follicular bulb progenitor cells (Sox9+ cells) in the skin of growing

◀ Figure 8. SMRAD51 leads to replication stress during unchallenged replication.

A Representative images (left panel) and quantification (right panel) of pChk1 (S317) foci in exMmRad51 and SMRad51 primary MEFs treated or not treated with Dox
for 6 days (n = 3 experimental replicates per group). Number of nuclei quantified per condition: exMmRad51 (no Dox = 98; Dox = 102) and SMRad51 (no Dox = 94;
Dox = 117).

B Quantification of cH2AX foci per nucleus in exMmRad51 and SMRad51 primary MEFs treated or not treated with Dox for 6 days (n = 4 experimental replicates per
group). Number of nuclei quantified per condition: exMmRad51 (no Dox = 125; Dox = 138) and SMRad51 (no Dox = 124; Dox = 135).

C Representative schematic and images of molecular combing DNA fibers in SMRad51 primary MEFs treated or not treated with Dox (48 h).
D Quantitation of the replication velocity analyzed by molecular combing in exMmRad51 and SMRad51 primary MEFs treated or not treated with Dox for 48 h (n = 1

experimental replicate per group). Number of fibers quantified per condition: exMmRad51 (no Dox = 102; Dox = 85) and SMRad51 (no Dox = 104; Dox = 149).
E Replication fork asymmetry analysis by molecular combing in exMmRad51 and SMRad51 primary MEFs treated or not treated with Dox for 48 h (n = 1 experimental

replicate per group). Each dot represents a fiber. Number of fibers quantified per condition: exMmRad51 (no Dox = 102; Dox = 85) and SMRad51 (no Dox = 104;
Dox = 149).

F Analysis of fork restart. A representative scheme (upper panel) and image (bottom left panel) showing replication restart after fork blockage by hydroxyurea (HU) are
shown. After one pulse of IdU (green), replication was blocked with 4 mM HU for 5 h. Fresh HU medium was added to remove the HU, and a pulse of CldU (red) was
applied. Forks that did not restart did not incorporate CldU (green without red labeling), while forks that restarted incorporated both IdU and CldU (both green and
red labeling). New replication initiation was not labeled by the initial IdU but incorporated CldU (red without green). Bottom panel: Quantitative analysis of the
percentage of replication forks labeled with only IdU, only CldU or both markers (right) in immortalized MEFs expressing or not expressing SMRad51. The graphs
represent three independent experiments, and the lines show the mean values.

G Analysis of fork protection by SMRAD51. A representative scheme (upper panel) of the fork protection assay is shown. (bottom panel) Quantitative analysis of the
CIdU- to IdU-labeled sequence length ratio after replication blockage with 4 mM HU or not in SMRad51 immortalized MEFs treated or not with dox. The graphs rep-
resent the aggregate of three independent experiments, each dot represents a fiber, and the lines show the mean values. Number of fibers quantified per condition:
Dox(�) HU(�) = 300; Dox(+) HU(�) = 236; Dox(�) HU(+) = 300; Dox(+) HU(+) = 300.

H SMRAD51 expression induces micronucleus formation. Representative images (left) and quantification (right) of micronucleated cells after exMmRAD51 or SMRAD51
expression in primary MEFs with Dox treatment (Dox +) or without Dox treatment (Dox �) for 6 days are shown (n = 3). White arrows: micronuclei.

Data information: Statistical analysis: (A, B, D, E) Mann–Whitney test and (F, H) Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; NS: not significant.
(F, H) Each point represents a biological replicate, and the horizontal line represents the mean. Scale bars: (A) 5 lm.
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Figure 9. SMRAD51 leads to DNA damage in replicating cells and activates apoptosis in vivo.

A Analysis of cH2AX+ cells in vivo. Left panels: representative images. White arrow: example of cH2AX staining. Right panel: quantification of cH2AX+ cells in skin
sections of Ctrl (n = 4) and SMRad51 (n = 3) mice after 9 days of Dox treatment.

B Analysis of cCasp3 labeling in vivo. Left panels: representative images. White arrow: example of cCasp3 staining. Right panel: quantification of cCasp3+ cells in skin
sections of Ctrl (n = 4) and SMRad51 (n = 3) mice after 9 days of Dox treatment.

C Representative images (left) and quantification (right) of cH2AX foci in BrdU+ (replicating cell marker) and Sox9+ (follicular bulb progenitor cell marker) cells (white
arrow) in the skin sections of Ctrl (n = 2) and SMRad51 (n = 3) mice treated with Dox for 5 days. White arrow: BrdU+ and Sox9+ cells. Number of nuclei quantified per
condition: Ctrl =137 and SMRad51 = 102.

Data information: Statistical analysis: (C) Mann–Whitney test. ****P < 0.0001; NS: not significant. (A, B) Each point represents a biological replicate, and the horizontal
line represents the mean. Student’s t-test. *P < 0.05; **P < 0.01. Scale bars: (A, B) 100 lm; (C) 10 lm.
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mice. After 5 days of SMRad51 expression in young mice, the num-

ber of cH2AX foci in BrdU+/Sox9+ (proliferating) cells (Fig 9C)

increased, confirming that SMRad51 expression induced DNA dam-

age, likely arising from replicative stress in vivo.

All together, these data show that RAD51 is essential for progeni-

tor homeostasis in vivo and that its functional inactivation leads to

replication stress and apoptosis, resulting in progenitor cell exhaus-

tion in proliferative tissues and accounting for premature aging due

to defective tissue renewal.

Discussion

Here, we showed that in vivo expression of a dominant negative

form of RAD51 that reduces its strand exchange activity without

stimulating nonconservative DSB repair pathways (SSA and A-EJ)

not only induces premature aging but also impedes tumor develop-

ment in mice.

To circumvent limitations caused by the essential nature of the

RAD51 gene, we took advantage of a dominant negative form of

RAD51, SMRAD51, which we had previously designed (Lambert &

Lopez, 2000, 2001, 2002; Wilhelm et al, 2014, 2016; So et al, 2022).

In addition to its pivotal role in HR, RAD51 also exercises HR-

independent functions, such as replication fork protection and pre-

vention against the nonconservative repair pathways SSA and A-EJ

(Schlacher et al, 2011; Mason et al, 2019; So et al, 2022). HR com-

petes with the nonconservative repair processes SSA and A-EJ (Rass

et al, 2009; B�etermier et al, 2014; So et al, 2017), the binding of

RAD51 to ssDNA not only triggers HR but also prevents SSA and A-

EJ through DNA occupancy in an HR-independent manner (So

et al, 2022). Therefore, this latter capacity of RAD51 should preserve

from the genomic instability generated by these nonconservative

repair processes. Consequently, knocking out RAD51 or RAD51-

loading proteins, such as BRCA2 or PALB2, results in the absence of

RAD51 on ssDNA, making it accessible to alternative nonconserva-

tive pathways (Ahrabi et al, 2016; Han et al, 2017; So et al, 2022)

and increasing genomic instability. Therefore, the phenotypes of

such mutants result from the combination of HR deficiency and an

increase in SSA and A-EJ. Because SMRAD51 binds damaged DNA

(see Fig EV2; So et al, 2022), its expression suppresses HR but with-

out stimulation of the nonconservative repair mechanisms SSA and

A-EJ (Figs EV1–EV3; So et al, 2022). Thus, SMRAD51 is a unique

tool that enabled us to focus on the impact of HR downregulation

without stimulating nonconservative repair pathways in vivo.

Indeed, the expression of other dominant-negative forms of RAD51,

such as that in Fanconi anemia Group R (RAD51-T131P) or that

encoding for a dysfunctional ATP-binding site (RAD51-K133R and

RAD51-K133A), impair foci formation (including that of endogenous

WT-RAD51) after the induction of DNA damage (So et al, 2022) and

therefore lead to SSA and A-EJ stimulation (So et al, 2022).

Here, we demonstrate that SMRAD51 reduces HR without

increasing the rate of alternative nonconservative repair pathways

SSA and end-joining in MEFs (see Fig EV3). Moreover, we also fur-

ther characterized the molecular mechanisms of HR inhibition by

SMRAD51 (Figs EV1 and EV2) and demonstrated that SMRAD51

ultimately reduces HR in a dominant negative manner by suppres-

sing the strand exchange activity of the RAD51-ssDNA filament.

RAD51 promotes the central step of HR through homology searching

and strand exchange with an intact DNA partner. We showed that

by altering the activity of the RAD51-ssDNA filament, SMRAD51

ultimately reduces HR in a dominant negative manner.

In addition, we show here that SMRAD51 protects arrested repli-

cation forks from degradation (a function consistent with its ability

to bind DNA) but inhibits the resumption of replication (because of

its abrogated strand exchange activity), ultimately leading to replica-

tion stress. We cannot exclude the possibility that SMRAD51 may

mediate the reversal of arrested replication forks. Indeed, SMRAD51

may retain the capacity to induce fork reversal since this function of

RAD51 might not require strand exchange activity (Mason et al,

2019; Berti et al, 2020; Thomas et al, 2023). Addressing these ques-

tions is an exciting challenge for future research. Nevertheless, the

important point is that, in the end, SMRAD51 generates replication

stress, thereby preferentially affecting proliferating cells.

With our mouse model, we showed that SMRAD51 suppressed

HR and generated replication stress and systemic inflammation, ulti-

mately resulting in premature aging. An increasing number of publi-

cations show that replication stress induces the production of

inflammatory cytokines and innate immunity, notably through the

production of cytosolic DNA and activation of the STING pathway

(for reviews, see Ragu et al, 2020; Lin & Pasero, 2021). Moreover,

replication stress can directly induce the expression of proinflamma-

tory cytokine genes through the activation of NFjB mediated by

PARP1 (Ragu et al, 2023). Since HR defects lead to replication stress,

they are also expected to induce inflammation, as observed when

cells express dysfunctional BRCA2 mutants (Reisl€ander et al, 2019).

Given that SMRad51 expression leads to replication stress (Daboussi

et al, 2008; Wilhelm et al, 2014, 2016), including in MEFs (present

data), it is therefore consistent that it also leads to the expression of

inflammatory cytokine genes and to systemic inflammation.

Due to the induction of replication stress, tissues with proliferat-

ing cells and progenitor cells, which replicate their genome, were

particularly affected. The outcome was progenitor cell pool exhaus-

tion, hampering tissue renewal and thus accounting for the acceler-

ated aging observed. These defects affected young mice to a

markedly greater extent than adult mice, consistent with the fact

that most cells divide, replicating their genome, in young mice, and

thus, these cells must be more sensitive to replication stress. Collec-

tively, the combined defects in different tissues (due to progenitor

pool attrition) led to the reduced lifespan observed after RAD51 HR

function was disrupted in vivo. Additionally, other systemic effects,

such as inflammation, could aggravate the aging phenotypes (Fig 10).

According to the intrauterine programming model, developmen-

tal issues generated by replication stress during embryogenesis are

the underlying cause of tissue degeneration and malfunction that

result in a premature aging-like phenotype in adulthood

(Fernandez-Capetillo, 2002; Murga et al, 2009). Here, functional

inactivation of RAD51 was performed in adults but still resulted in

premature aging phenotypes. Therefore, the intrauterine program-

ming model cannot account for the phenotypes observed in the cur-

rent study. Instead, our results are consistent with data showing

that inactivation of the replicative stress response factor Atr leads to

premature aging in adult mice (Ruzankina et al, 2007).

RAD51 is a pharmacological target, and research is being

performed to develop RAD51 inhibitors (Huang & Mazin, 2014;

Grundy et al, 2020). However, taking into account the impact of

these inhibitors on alternative nonconservative repair processes
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such as SSA and A-EJ might be important: molecules that selectively

inhibit the HR activity of RAD51 without stimulating nonconserva-

tive repair processes may limit the risks of increased genetic insta-

bility and its associated consequences. Our data at a genetic level

support this suggestion and show that hypomorphic forms of Rad51

can affect de novo tumor formation in vivo, establishing a novel

proof of concept.

Activation of the DDR, interpreted as a response to endogenous

replication stress, has been described at pre- or early steps of tumori-

genesis (Bartkova et al, 2005; Gorgoulis et al, 2005). Moreover, muta-

tions affecting factors that promote the loading of RAD51 onto ssDNA,

such as BRCA1, BRCA2 and PALB2, cause cancer predisposition.

Intriguingly, although RAD51 plays a pivotal role in HR, inactivating

mutations of RAD51 has not been associated with carcinogenesis,

although extensive studies have been performed, revealing the

“RAD51 paradox” (Matos-Rodrigues et al, 2021a). Our data provide

experimental support for this paradox, as alteration of RAD51 HR

activity not only does not favor tumorigenesis but also prevents it,

although replication stress is induced. DNA repair sometimes differs

between rodents and humans. However, we can point out that

mutated RAD51 is not classified as a tumor-prone (“the RAD51 para-

dox”) in humans, suggesting that our present data obtained with mice

truly recapitulated the situation in humans and the “RAD51 paradox.”

One hypothesis that could account for the present data suggests

that mice with premature aging cannot support tumor development

and die before tumors develop. A second nonexclusive hypothesis

posits that functional inactivation of RAD51 directly prevents the

expansion of transformed cells and thus hinders tumor formation.

Indeed, transformed cells are highly proliferative, and RAD51 HR

functional inactivation preferentially affects highly proliferative cells.

Additionally, the induction of inflammatory cytokine expression

might favor the elimination of cells with genome instability. Third,

tumorigenesis might require a combination of HR inhibition, unpro-

tected replication fork and stimulation of mutagenic alternative path-

ways such as the SSA and A-EJ; then RAD51 would contribute to

both protection against tumor formation and premature aging. How-

ever, suppressing solely its HR function, without abrogating its pro-

tection of replication forks and without stimulation of SSA and A-EJ,

leads to accelerated aging but not tumor development (Fig 10).

Materials and Methods

Mice

ExMmRad51 (hemagglutinin (HA)-tagged Mus musculus Rad51)-

and SMRad51-expressing mice were established using the following

strategy: ExMmRad51 and SMRad51 were derived from previously

developed plasmid constructs (Lambert & Lopez, 2000). Both

transgenes were obtained from a pcDNA3.1-puro plasmid carrying

exMmRad51 and SMRad51 sequences and subcloned into a pBI-4

plasmid carrying tet operators. The vectors were then linearized and

electroporated into ES cells (129/SVEV). Clones were selected using

puromycin and injected into blastocysts to enable germline

transmission. For the establishment of a rtTA mouse line, mice

carrying the lox-stop-lox rtTA-EGFP transgene (B6.Cg-Gt(ROSA)

26SorTM1(rtTA,EGFP)Nagy/J) were mated with Vasa-Cre mice (FVB-Tg

(Ddx4-cre)1Dcas/J) to obtain mice that constitutively expressed

rtTA (these mice were therefore called rtTA mice). Littermates

obtained from crosses of SMRad51 (rtTA;SMRad51) mice with con-

trol (SMRad51) mice or exMmRad51 (rtTA;ExMmRad51) mice with

control (exMmRad51) mice were used for experimental analysis.

Survival curves were generated comparing littermates of at least

three different litters.

All mice were maintained with a mixed genetic background. In

young growing mice, in vivo transgene expression was induced by

intraperitoneal injections of Dox diluted in PBS (5 lg/g, Sigma

#D9891) on Monday, Wednesday and/or Friday. In adult mice, in

vivo transgene expression was induced by ad libitum feeding of a

diet with 625 mg/kg Dox (Sigma #D9891). All mice used as controls

were treated with Dox.

The breast cancer model MMTV;PyMT (FVB/N-Tg (MMTV-

PyVT)634Mul/J) mice were mated with SMRad51 (rtTA;SMRad51)

mice to generate rtTA;SMRad51;MMTV-PyMT (PyMT;MRad51) and

SMRad51;MMTV-PyMT (PyMT;Ctrl) mice. All mice were maintained

with a mixed genetic background. In vivo transgene expression was

induced by ad libitum feeding of a diet supplemented with doxycy-

cline 625 mg/kg (Sigma #D9891). All mice used as controls were

treated with doxycycline. For tumor growth analysis, the diameter

of palpable tumors was determined by measuring the anteropos-

terior length of the tumors, and the formula for the volume (V) of a

sphere V = 4/3 pr3 was used to determine tumor volume. All mice

that reached the limit points indicated by French Government regu-

lation (Services V�et�erinaires de la Sant�e et de la Production

Animale, Minist�ere de l’Agriculture) were sacrificed.

The experimental procedures with animals were performed in

accordance with French government regulations (Services V�et�erinaires

de la Sant�e et de la Production Animale, Minist�ere de l’Agriculture).

Authority granting ethics approval: #22023-2019091716277208.

Histology

Whole tissues or biopsies were fixed in 4% paraformaldehyde

(PFA) immediately after dissection. The fixed tissues were then

dehydrated and embedded in paraffin using a Tissue-Tek tissue

machine (Sakura). The paraffin blocks were sliced (5 lm) and

placed on slides. Before staining, the sections were dewaxed

and rehydrated. Pathological analyses were performed with

◀ Figure 10. Impact of RAD51 in vivo.

WT RAD51 (upper panel) binds ssDNA, preventing nonconservative repair (SSA and A-EJ), protecting arrested replication forks from degradation and fostering strand
exchange. Strand exchange leads to HR and favors the restart of arrested replication forks. SMRAD51 (lower panel) binds to ssDNA, preventing nonconservative repair
(SSA and A-EJ) and protecting arrested replication forks from degradation. However, SMRAD51 abrogates strand exchange, thus altering both HR and the restart of
arrested replication forks, resulting in replication stress. Replication stress affects proliferating cells and thus tumor cells and progenitor cells, leading to both impaired
tumorigenesis and exhaustion of progenitor cell pools. Diminished progenitor pools hinder tissue renewal, leading to premature aging. The simultaneous and combined
deficiencies of different tissues reduce lifespan. Moreover, the systemic inflammation (that can result from replication stress) can also amplify premature aging and
reduce lifespan.
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hematoxylin (Path #10047105)-, eosin (Path #10047001)- and alco-

holic saffron (Path #10047028)-stained sections from at least three

different mice. Colorimetric images were captured using an Olym-

pus BX51 microscope.

Immunohistochemistry and immunofluorescence

For tissue immunostaining, the slides were washed with PBS, and

antigen retrieval was performed using citrate buffer (pH = 6). Anti-

bodies were diluted in blocking buffer (5% normal donkey serum

(NDS), 1% bovine serum albumin (BSA) and 0.1% Triton X-100). For

cultured cell immunostaining, cells were grown on glass coverslips

and fixed with 4% PFA for 10 min at room temperature. The cells

were then washed with PBS, permeabilized with 0.2% Triton and

blocked with 1% BSA for 30 min. Primary antibodies were diluted in

1% BSA for immunostaining of cultured cells. The samples were incu-

bated with the following primary antibodies overnight at 4°C: anti-

SMRAD51 (directed against yeast N-terminal rad51) (1:100, Santa

Cruz Biotechnology #SC33626), anti-Ki67 (1:100, BD Biosciences

#556003), anti-SOX9 (1:100, Abcam #AB5535), anti-cH2AX (1:1,000,

Bethyl #A300-081), anti-cH2AX (1:100, Millipore #05–636), anti-

pCHK1 (S317) (1:100, Cell Signaling Technology #2344), anti-BrdU

(1:100, Bio-Rad #OBT0030G), anti-PLZF (1:50, Santa Cruz #SC22839),

anti-cCasp3 (1:100, Cell Signaling Technology #9661S) and anti-HA

(1:200, Santa Cruz #7392) antibodies. For immunofluorescence

staining, the samples were incubated with Alexa-conjugated second-

ary antibodies for 2 h at room temperature, and the slides were then

mounted with DAPI ProLong Gold (Thermo Fisher #P36931). For

immunohistochemistry, the slides were incubated for 30 min with

HRP-conjugated secondary antibodies, and antibodies were then

revealed with DAB (Vector #SK4100). Fluorescence images were cap-

tured using a Nikon Eclipse Ti2 microscope, and colorimetric images

were captured using an Olympus BX51 microscope.

To label S-phase cells in vivo, we intraperitoneally injected BrdU

into mice (50 lg/g of body weight) (Sigma Aldrich #B5002). Sam-

ples were collected 1 h after injection for analysis.

Blood and bone marrow analysis

Bone marrow cells from mouse femur and tibia were flushed with

PBS. After hemolysis of blood or bone marrow samples, the cells were

counted using an Abbott Cell Dyn 3700 machine. The cells were then

labeled using the following antibodies: anti-Lin+ (MACS), anti-c-Kit

(BioLegend), anti-Sca1 (Thermo Fisher), anti-IL7R (BD Bioscience),

anti-CD3 (BioLegend), anti-B220 (Thermo Fisher), anti-Gr1 (BioLe-

gend) and anti-FLK2 (Thermo Fisher) antibodies. Data acquisition

was performed on a FACSCanto II flow cytometer (BD Biosciences),

and the data were analyzed with FlowJo software.

MEFs

Mouse embryonic fibroblasts were isolated from embryos (embry-

onic Day 12.5: E12.5) and immortalized with SV40 (Addgene plas-

mid #21826). Primary MEFs were used up to passage 4.

Immortalized MEFs (iMEFs) and primary MEFs were cultured in

DMEM (Gibco #41965-039) supplemented with 10% tetracycline-

free fetal bovine serum (FBS; Takara #631107) and penicillin–strep-

tomycin (Gibco #15140122).

RNA extraction, cDNA synthesis and real-time RT–PCR

RNA was extracted from skin biopsy samples (~1 cm2) taken from

the upper dorsal surface of the mice (Qiagen #74106). Each RNA

sample was collected in 40 ll of ultrapure water (Thermo Fisher

#10977). RNA concentration and purity were determined using a

NanoDrop spectrophotometer (Eppendorf). RNA integrity was ana-

lyzed by 1% agarose gel electrophoresis. cDNA was generated using

a high-capacity cDNA synthesis kit (Thermo Fisher #4368814) fol-

lowing the manufacturer’s instructions.

We used 384-well optical plates to perform real-time RT–PCR with

an Applied Biosystems 7900HT Fast Real-Time PCR System thermocy-

cler. The primer sequences used for real-time RT–PCR are shown in

Appendix Table S3. The real-time RT–PCR mix included 6.25 ll of 2×
SYBR Green mix, 2 ll of diluted cDNA (1:10), 0.25 ll (5 lM) of each

primer and 4.25 ll of ultrapure water (Gibco #10977). The cycling

conditions were 50°C for 2 min, 95°C for 10 min and 40 cycles of

95°C for 15 s and 60°C for 60 s. The delta–delta Ct (2�DDCt) method

was used to determine the relative quantities of target gene expression

compared with that of reference genes. We used the average of the

two reference genes (Gapdh and b-actin) as the final reference.

Cytokine array

For protein array analysis, approximately 150 ll of blood serum

containing protease inhibitors (Thermo Fisher #78438) was used.

The serum was stored at �80°C until analysis. Samples from two

mice of each genotype (Ctrl or SMRad51) that had been fed a Dox-

supplemented diet for 3 months were used. A Proteome Profiler

Mouse XL Cytokine Array Kit (R&D Systems #ARY028) was used fol-

lowing the manufacturer’s instructions. In Dataset EV1 (adult mice)

and Dataset EV2 (young growing mice), we present the results of

the densitometry analysis and comparisons.

Replication dynamics analysis

For the DNA spreading assay, replicating DNA in immortalized MEFs

was labeled using 50 lM CldU and 50 lM IdU for 20 min for each.

The cells were then harvested and resuspended in cold PBS. DNA

spreading was performed using 1 × 103 cells. To extend the DNA

fibers, 2 ll of cell suspension was incubated for 3 min with 7 ll of
lysis buffer (0.5% SDS, 50 mM EDTA and 200 mM Tris–HCl) in the

upper parts of microscope slides. To generate single-DNA-molecule

spreading, the slides were turned at a 15° angle, which allowed the

genomic DNA to spread by gravity. The DNA fibers were then fixed

in methanol and acetic acid (3:1) and stored at 4°C.

For molecular combing, a single assay was performed as previ-

ously described (T�echer et al, 2013). Briefly, primary MEFs were

incubated with or without Dox for 48 h and pulse-labeled with 5-

iodo-20-deoxyuridine (IdU) for 20 min and then with 5-chloro-20-
deoxyuridine (CldU) for 20 min. The cells were collected, and the

DNA fibers were purified by enzymatic protein digestion in agarose

blocks and subsequently stretched at a rate of 2 kb/lm on silanized

coverslips (T�echer et al, 2013).

Immunofluorescence detection for the DNA combing and DNA

spreading experiments was performed with the following anti-

bodies: (1) mouse anti-BrdU (BD Biosciences #347583) and rat anti-

BrdU (AbD Serotec #OBT 0030), (2) A488-conjugated goat anti-
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mouse (Invitrogen #A11029) and A555-conjugated goat anti-rat

(Abcam #A21434), (3) mouse anti-ssDNA (Millipore #MAB3034),

(4) Cy5.5-conjugated goat anti-mouse (Abcam #ab6947) and (5)

Cy5.5-conjugated donkey anti-goat (Abcam #ab6951) antibodies.

Fluorescence images were acquired using an epifluorescence micro-

scope (Axio Imager Z2; Carl Zeiss). MetaMorph software (Roper Sci-

entific) was used to acquire images and to build a large-scale

mosaic of up to 100 images. This technique theoretically enabled us

to recover long fibers up to approximately 3 Mb in length. We sys-

tematically used ssDNA staining to ensure that the replication sig-

nals belonged to the same fiber.

Western blot analysis

Proteins were extracted using RIPA buffer (Thermo Fisher #89900)

supplemented with phosphatase inhibitors (Thermo Fisher #P0044

and #P5726) and a protease inhibitor (Thermo Fisher #78438). After

SDS–PAGE protein separation, the proteins were transferred to

nitrocellulose membranes overnight at 30 V and 4°C. The mem-

branes were incubated with the following primary antibodies

diluted in 5% milk prior to incubation: anti-RAD51 (1:1,000, Milli-

pore #PC130), anti-VINCULIN (1:10,000, Abcam #AB18058) and

anti-HA (1:1,000, BioLegend #MMS-101R). HRP-conjugated second-

ary antibodies were purchased from Thermo Fisher (1:10,000, anti-

mouse IgG, #31430, anti-rabbit IgG, #31460). A Pierce (Thermo

Fisher #32106) or Luminata (Thermo Fisher #WBLUF0500)

enhanced chemiluminescence (ECL) system was used according to

the manufacturer’s instructions, and chemiluminescence was cap-

tured using Amersham Imager 600 (GE Life Sciences).

Statistical analysis

The number of biological replicates per experiment is presented in

each graph or legend. Quantifications of the histological sections

were based on at least three biological sections in each biological

sample. GraphPad Prism software was used for statistical analysis.

One- or two-way ANOVA was performed as indicated. The P-values

are based on two-sided tests.

For additional material and methods, see Appendix Supplemen-

tary Methods.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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Expanded View Figures
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Figure EV1. SMRad51 expression decreases HR efficiency and increases sensitivity to genotoxic agents in immortalized MEFs.

A Transgene expression as assessed by Western blot analysis in immortalized exMmRad51 or SMRad51 MEFs treated or not treated with increasing concentrations of
Dox for 24 h. SMRAD51 expression resulted in 3 characteristic diagnostic bands (Lambert & Lopez, 2000, 2001; Saintigny et al, 2001; Wilhelm et al, 2014; So et al,
2022).

B Homology-directed repair-mediated gene targeting assay. The protocol consisted of sequence homology-dependent replacement of the second exon of the 53BP1
gene by a hygromycin resistance (Hyg+) gene using homologous donor DNA (here called Donor) after Cas9-mediated induction of a DSB in the targeted sequence (left
panel). Cells with and without SMRad51 expression were transfected with three combinations of plasmids: (1) Cas9+Donor (no Cas9 activity) and (2)
Cas9+Donor+gRNA1 (Cas9 active) or (3) Cas9+Donor+gRNA2 (Cas9 active). Recombinant cells became resistant to hygromycin. Right panel: Quantification from 3
independent experiments.

C Quantification of cell viability by colony formation assay for immortalized MEFs expressing or not expressing SMRad51 or exMmRad51 observed 10 days after MMC
or Parp inhibitor (olaparib) treatment. Dox treatment was started 24 h before exposure to genotoxic drugs. Statistical analysis: (B) Student’s t-test. (C) Two-way
ANOVA followed by Sidak posttest, Student’s t-test. *P < 0.05. The error bars represent the �SEM.
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Figure EV2. Cellular and biochemical characterization of SMRAD51.

A Electrophoresis analysis of the purified SmRAD51 and MmRAD51 proteins.
B Impact of SMRAD51 on the MmRAD51-mediated D-loop assay. Upper panel: scheme of the D-loop assay. Lower panel: gel electrophoresis of the D-loop formation

experiment. Lane 1: in the absence of proteins; other lanes: different mix of MmRAD51 and SMRAD51 proteins. The respective percentages of each protein are
indicated.

C Quantification of the D-loop assay.
D Transmission electron microscopy (TEM) analysis. Left panel: the DNA substrate. Right panels: representative pictures of presynaptic filaments formed by MmRAD51,

SMRAD51 or both. Note that 100% of DNA molecules were coated by MmRAD51 or SMRAD51.
E, F Representative pictures and quantification of endogenous MmRAD51 (endoRad51), SMRAD51 and exMmRAD51 focus formation dynamics after irradiation.

Immortalized MEFs were treated or not treated with Dox for 24 h, exposed to ionizing irradiation (6 Gy) and fixed at different time points. SMRAD51 was stained
with a specific antibody raised against the N-terminal part of yeast ScRad51. exMmRAD51 was stained with an HA-tag antibody. The graph shows the �SEMs of
three independent experiments. EndoRAD51 staining was performed in cells not treated with Dox and stained for RAD51. Scale bars: 5 lm.

▸Figure EV3. Impact of SMRad51 expression on alternative nonconservative DSB repair mechanisms SSA and EJ, immortalized MEFs.

A Efficiency of RAD51 silencing (left panel) or SMRad51 expression (right panel).
B Impact on SSA. Upper panel: reporter substrate monitoring SSA induced by targeted cleavage by the meganuclease I-SceI (Gunn & Stark, 2012). The values are shown

normalized to the control siRNA (CT) plus I-SceI and represent the average � SEM of at least 3 independent experiments.
C Impact on EJ. Upper panel: reporter substrate monitoring EJ induced by targeted cleavage by the meganuclease I-SceI (Guirouilh-Barbat et al, 2004, 2007; Rass

et al, 2009; Gelot et al, 2016; So et al, 2022). The values are shown normalized to the control siRNA (CT) plus I-SceI and represent the average � SEM of at least 3
independent experiments. Student t-test: *P < 0.05 and **P < 0.01.
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A

B SMRad51Ctrl

Organ Phenotype (SMRad51)
Kidney Normal histology

Stomach Normal histology
Pancreas Normal histology

Heart Normal histology
Liver Normal histology

Large Intestine Normal histology
Small Intestine Normal histology

Ovary Normal histology
Spleen Presence of hematopoietic figures
Testis Reduced size with normal histology
Lung Edematous alveolitis 

Skin
Squamous epithelium with hyperplasia, atypia and 

hyperkeratosis (ortho). 1 of 6 mice presented 
squamous cell carcinoma 

Figure EV4. Histopathological analysis of adult mice after SMRad51 expression for 3 months.

A Table showing a summary of the pathological analysis results for various tissues of Ctrl and SMRad51 adult mice fed a Dox-containing diet for 6 months. At least 3
different mice of each genotype were analyzed.

B Representative images of hematoxylin–eosin-saffron staining in lungs. Scale bar: 100 lm.
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Figure EV5. Expression of SMRad51 in adultmice leads to extramedullary hematopoiesis in the spleen, increases hematopoietic stem cells in the bonemarrow
and leads to DNA damage in the small intestine.

A Representative images of hematoxylin–eosin-saffron staining in spleen sections of Ctrl and SMRad51 adult mice fed a Dox-containing diet for 6 months. Arrows:
overrepresentation of megakaryocytes in the spleens of SMRad51-expressing mice.

B Quantification of hematopoietic stem cells Lin (�), Sca-1 (+), c-Kit (+) and FLK2 (�) (in short, LSK/FLK2�) in tibia and femur of Ctrl (n = 4) and SMRad51 (n = 6) adult
mice fed with Dox-containing diet for 6 months. In the left, the absolute number of cells was plotted. In the right, the percentage of cells was plotted. Each point in
the graphs represents an independent biological replicate and the horizontal bar show the mean. (A) Scale bar: 100 lm.
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Appendix Figure S1. Histopathological analysis of young growing mice after 
expression of SMRad51 for 12 days. (A) Western blot analysis of  exMmRAD51 and 
SMRAD51 protein content in extracts f rom various tissues of  young mice af ter 5 days of  

Dox treatment. (B) Summary of  the results of  pathological analysis and SMRAD51 
presence assessment by immunohistochemistry in various tissues of  SMRad51 and Ctrl 
mice. At least 3 dif ferent mice of  each genotype were analyzed. (C) Cell numbers in tibia 

and femur bone marrow samples f rom young Ctrl and SMRad51 mice af ter 7 days of  Dox 
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treatment. Each point represents a biological replicate and the horizontal bar show the 
mean. Statistical analysis: Student’s t-test. *p<0.05. 
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Appendix Figure S2. SMRad51 expression for 7 days does not change basic blood 

parameters. WBC, RBC and HGB density analysis of  blood samples f rom growing mice 
af ter 7 days of  Dox treatment in Ctrl (n=9) and SMRad51 (n=7) mice. Each point 
represents a biological replicate and the horizontal bar show the mean.      
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Appendix Figure S3. SMRad51 expression in growing mice leads to tissue-specific 

DDR activation and apoptosis.      A.      Quantif ication of  γH2AX+ cells in various 
tissues of  Ctrl and SMRad51 mice af ter 12 days of  Dox treatment.      B.      
Quantif ication of  cCasp3+ positive cells in various tissues of  Ctrl and SMRad51 mice af ter 

12 days of  Dox treatment. Each point represents a biological replicate and the horizontal 
bar show the mean. Statistical analysis: Student’s t-test. * p<0.05; ** p<0.01. 
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Appendix Table S1. Pre-mature ageing phenotypes compared to other models of  DNA 
repair and/or progeroid syndrome 

 

Phenotype 

ERCC1-/- XPDTTD mTR-/- ATRs/s BRCA1Δ1153BP1S25A 

SMRad51 ExMmRad51 

LmnaHG/+ 

(Weeda et 

al, 1997; 
Robinson 
et al, 

2018; 
Dollé et 
al, 2011) 

(De Boer 
et al, 

2002; 
Wijnhoven 
et al, 

2005) 

(Rudolph 
et al, 

1999) 

(Murga 

et al, 
2009; 
Ruzan

kina et 
al. 
2007) 

(Callen et al, 2020) 
(Yang et 
al, 2008) 

Hair Loss - + + + na + - na 

Kyphosis + + + + + + - + 

Reduced 

Activity 
+ na na na + + - na 

Priapism + na na na na + - na 

Decreased 
Body weight 

+ + + + + + - + 

Subcutaneous 
Fat Loss 

+ + + na na + - + 

 

 
n/a = not available      
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Appendix Table S2. Classif ication of  Cytokines and Chemokines presented in Figure 2 
(Turner et al. 2014 http://dx.doi.org/10.1016/j.bbamcr.2014.05.014)  

CYT

OKI
NES 

pro-inflammatory 
cytokines 

anti-inflammatory 
cytokines 

adaptive immunity 
cytokines 

 IL-1a IL-23 IL-3 

 Il-1b IL-27 IL-5 

 IL-1ra IL-28 IL-2 

 INF-g  IL-15 

   IL-13 

CHE
MOK

INES 

angiostatic 

chemokines 

allergic pro-
inflammatory 

chemokines matrix remodeling 

 CXCL11 CCL17 MMP-3 

   MMP-9 

    

    

CXCL16= pro-inflammatory chemokine induced by IFNg   

CCL12= chemo-attracted chemokine (monocytes, eosinophils)  
CCL20 or MIP3A (Macrophage Inflammatory Protein -3)= pro-inflammatory 

chemokine  

CXCL13= chemo-attracted chemokine (lymphocytes B)  
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Appendix Table S3. List of  primers used for real time RT-PCR. 

Gene Symbol Forward primer 5' - 3' Reverse primer 5' - 3' 

β-Actin 
GCCCTGAGGCTCTTTT
CCAG 

TGCCACAGGATTCCATACCC 

Gapdh 
AGGTCGGTGTGAACG
GATTG 

TGTAGACCATGTAGTTGAGG
TCA 

Il6 
TAGTCCTTCCTACCCC

AATTTCC 

TTGGTCCTTAGCCACTCCTT

C 

Ccl2 
TTAAAAACCTGGATCG
GAACCAA 

GCATTAGCTTCAGATTTACG
GGT 

IIlβ 
CAGGCAGGCAGTATCA
CTCA 

AGCTCATATGGGTCCGACAG 

Tnfα 
GAACTGGCAGAAGAG
GCACT 

AGGGTCTGGGCCATAGAACT 

Cxcl1 
CTGGGATTCACCTCAA
GAACATC 

CAGGGTCAAGGCAAGCCTC 
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Appendix material and methods 

 

Colony formation assay 
For a colony formation assay, one hundred exMmRad51 or SMRad51 iMEFs were 

plated per well in 6-well plates. Af ter 24 h, the cells were treated or not treated with 10 

μg/mL doxycycline, and 24 h later, the cells were treated or not with mitomycin C (MMC; 
Roche #10107409001) or olaparib (Selleckchem #S1060) for 10 days.  The drugs were 
added only once at the start of  the treatment. The clones were stained with crystal violet 

and counted. 
 
Homology-dependent gene targeting assay 

The gene targeting procedure was derived f rom (Zhang et al, 2014). This protocol 
consists of  replacing the second exon of  the 53BP1 gene with a hygromycin resistance 
(Hyg+) gene using a homology-dependent donor plasmid (here called pDonor) af ter 

Cas9-mediated production of  a DNA DSB. A total of  300,000 cells were resuspended in 
100 μL of  nucleofection buf fer (Lonza #VCA-1003) containing 1 μg of  pCas9 and 2 μg of  
pDonor with or without 1 μg of  pgRNA1 or pgRNA2. The cells were nucleofected using 

Amaxa (Lonza) protocol T30. Immediately af ter nucleofection, 500 μL of  medium was 
added, and the cells were plated on a 10 mm petri dish. Af ter 48 h, the targeted clones 
(Hyg+) were selected for 10 days with medium containing hygromycin that was renewed 

every 48 h. The clones were stained with crystal violet and counted.  
 

Protein purification 

Previously generated pcDNA3.1-MmRad51 and pcDNA3.1-SMRad51 constructs 
(Lambert & Lopez, 2000) encoding sequences were subcloned into a pCDF-His-SUMO 
backbone using a complementary single-strand annealing-based method. His-SUMO-

MmRAD51 and his-SUMO-SMRAD51 were both expressed in the E. coli strain 
BRL(DE3)pLysS. All of  the protein purif ication steps were carried out at 4°C. Protein 
expression was induced in 3 L of  cell culture medium with 0.5 mM isopropyl-1-thio-β-D-

galactopyranoside overnight at 20°C, af ter which the cells were resuspended in PBS with 
350 mM NaCl, 20 mM imidazole, 10% glycerol, 0.5 mg/mL lysozyme, complete protease 
inhibitor (Roche), and 1 mM 4-(2-aminoethyl)benzenesulfonyl f luoride (AEBSF). Then, 

the cells were lysed by sonication, and the insoluble material was removed by 
centrifugation at 150,000 × g for 1 h. The supernatant was incubated with 5 mL of  Ni-
NTA resin (Qiagen) for 2 h. The mixture was poured into an Econo-Column 

Chromatography Column (Bio-Rad), and the beads were washed with 80 mL of  W1 
buf fer (20 mM Tris HCl pH 8, 500 mM NaCl, 20 mM imidazole, 10% glycerol, 0.5% 
NP40) followed by 80 mL of  W2 buf fer (20 mM Tris HCl pH 8, 100 mM NaCl, 20 mM 

imidazole, 10% glycerol, 1 mM DTT). His-SUMO-tagged proteins bound to the beads 
were then resuspended in 8 mL of  W2 buf fer and incubated with SUMO protease at a 
ratio of  1/80 (w/w) for 16 h. The proteins in which the His-SUMO tag was cleaved were 

then recovered in the f lowthrough and directly loaded onto a HiTrap heparin column (GE 
Healthcare). The column was washed with W2 buf fer, and then a 0.1-1 M NaCl gradient 
was applied. Fractions containing purif ied proteins were dialyzed against storage buf fer 

(20 mM Tris HCl pH 8, 50 mM KCl, 0.5 mM EDTA, 10% glycerol, 1 mM DTT, 0.5 mM 
AEBSF), aliquoted and stored at -80°C. The concentrations of  purif ied MmRad51 and 
SMRad51 were calculated using extinction coef f icients of  1.664 × 104 M-1cm-1 and 1.813 

× 104 M-1cm-1 at 280 nm, respectively. 
 

D-Loop assay 

For the D-loop assay, 19 nM molecules (7.5 μM nt) of  a 400 nulcetides ssDNA 
labeled with the Cy5 f luorophore were incubated with MmRAD51, SMRAD51 or both 
(SM:MmRAD51 ratio: 0, 8, 16, 24, 32, 48 and 100%) at a f inal concentration of  25 μM (1 

protein per 3 nt) for 3 minutes at 37°C. RPA was then added to a f inal concentration of  
0.075 μM (1 protein per 100 nt) over a span of  15 minutes in buf fer containing 10 mM 
Tris-HCl (pH 8), 50 mM sodium chloride, 2 mM calcium chloride, 2 mM Magnesium 
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chloride, 1 mM DTT and 1.5 mM ATP. Then, a homologous double-stranded DNA 
(dsDNA) pUC19 plasmid (purchased f rom New England  Biolabs) was added to the 

reaction at a concentration of  16 nM molecules in a f inal volume of  8 μL over a span of  
30 minutes. The total reaction was stopped by the addition of  1% SDS (w/v) plus 25 mM 
EDTA and deproteinized (by 30 minutes of  incubation at 37°C with 2 mg/mL proteinase 

K). The samples were run in a 1.2 % (w/v) agarose gel at 80 V for 35 minutes in 0.5× 
TAE buf fer. Fluorolabeled DNA species were visualized by using a Typhoon FLA 9500 
(GE Healthcare Life Sciences). 

 
TEM analysis of RAD51 filaments 

RAD51 presynaptic f ilaments were assembled on a 5’ DNA junction with a single-

stranded overhang (the construction of  which has been described in (Tavares et al, 
2019) using MmRAD51, SMRAD51 or a mix of  both, as follows: 0.2 µM (36 μM nt) of  5’ 
junction DNA molecules were incubated with MmRAD51, SMRAD51 or both at a f inal 

concentration of  12 μM (1 protein per 3 nt) for 5 minutes at 37°C. RPA was then added to 
a f inal concentration of  0.6 μM (1 protein per 100 nt) over a span of  10 minutes in buf fer 
containing 10 mM Tris-HCl (pH 8), 50 mM sodium chloride, 2 mM calcium chloride, 1 mM 

DTT and 1.5 mM ATP. The reactions were quickly diluted 25× in buf fer, and a 5 μL drop 
was deposited on a 600-mesh copper grid previously covered with a thin carbon f ilm and 
activated with pentylamine by glow discharge using a Dubochet device. Each grid was 

rinsed, positively stained with aqueous 2% (w/v) uranyl acetate, dried careful ly with f ilter 
paper and observed in annular dark-f ield mode using a Zeiss 902 transmission electron 
microscope. Images were captured at a magnif ication of  85,000× with a MegaViewIII 

charge-coupled device (CCD) camera and analyzed with iTEM sof tware (Olymp us Sof t 
Imaging Solution). 

 

Western blotting. 
Cells were lysed in buf fer containing 20 mM Tris HCl (pH 7.5), 1 mM Na2EDTA, 1 mM 

EGTA, 150 mM NaCl, 1% (w/v), 1 mM -glycerophosphate, NP40, 1% sodium 

deoxycholate, 2.5 sodium pyrophosphate, 1 mM NA3VO4, 1 µg/ml leupeptin and 
complete ULTRA Tablets (Roche, Basel, Switzerland). Denatured proteins (20-40 µg) 
were electrophoresed in 9% SDS-PAGE gels or MiniPROTEAN® TGX™ 4-15% Precast 

gels (Bio-Rad, Hercules, CA, USA) transferred onto a nitrocellulose membrane and 
probed with specif ic antibodies. Anti-Vinculin (1/8,000, SPM227, ab18058, Abcam, 
Cambridge, UK), anti-RAD51 (1/1,000, Ab-1, PC130, Millipore, Burlington, MS, USA). 

Immunoreactivity was visualized through an enhanced chemiluminescence detection kit 
(ECL, Pierce). 
 

Measurement of SSA and EJ efficiency by FACS. 
Cells were transfected with the pCBASceI plasmid (Addgene, Watertown, MA, USA, 

#26477) and incubated for 72 hours. Then cells were collected with 50 mM EDTA diluted 

in PBS, pelleted and f ixed with 2% paraformaldehyde for 20 minutes. The percentage of  
GFP-expressing cells was scored by FACS analysis using a BD Accuri C6 f low 
cytometer (BD, Franklin Lakes, NJ, USA). The percentage of  CD4-expressing cells was 

measured af ter incubation for 10 minutes with 1 µl of  anti-CD4 antibody coupled to Alexa 
647 (rat isotype, RM4-5, Invitrogen, Waltham, MA, USA).       
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