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Introduction

Hematopoietic stem cells (HSCs) are endowed with the ability to
self-renew and differentiate, thus sustaining a lifelong supply of
blood cells. Disruption of HSC homeostasis is associated with a
variety of human disorders (1, 2). Faithful maintenance of genome
integrity in hematopoietic stem and progenitor cells (HSPCs) is cru-
cial to hematopoiesis and suppression of blood cancers. One of the
most common inherited bone marrow failure syndromes, Fanconi
anemia (FA), is caused by mutations in one of 23 FA complement
genes. A network of FA proteins cooperates to repair DNA inter-
strand cross-link damage (3) and relieve replication stress (4), result-
ing in progressive HSPC decline and increased leukemia/cancer
incidence (5, 6).

The adaptor protein LNK (SH2B3) is a negative regulator of
HSC homeostasis (7, 8). Lnk”~ mice exhibit elevated blood counts
(9), bone marrow (BM) progenitors (10), and a remarkable more-
than-10-fold increase in HSC numbers with superior self-renewal
ability (7, 11, 12). Lnk~’~ mice are unique in harboring a markedly
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The adaptor protein LNK/SH2B3 negatively regulates hematopoietic stem cell (HSC) homeostasis. Lnk-deficient mice

show marked expansion of HSCs without premature exhaustion. Lnk deficiency largely restores HSC function in Fanconi
anemia (FA) mouse models and primary FA patient cells, albeit protective mechanisms remain enigmatic. Here, we uncover
a role for LNK in regulating translesion synthesis (TLS) during HSC replication. Lnk deficiency reduced replication stress-
associated DNA damage, particularly in the FA background. Lnk deficiency suppressed single-strand DNA breaks, while
enhancing replication fork restart in FA-deficient HSCs. Diminished replication-associated damage in Lnk-deficient HSCs
occurred commensurate with reduced ATR/p53 checkpoint activation that is linked to HSC attrition. Notably, Lnk deficiency
ameliorated HSC attrition in FA mice without exacerbating carcinogenesis during aging. Moreover, we demonstrated that
enhanced HSC fitness from Lnk deficiency was associated with increased TLS activity via REV1and, to a lesser extent,

TLS polymerase eta (). TLS polymerases are specialized to execute DNA replication in the presence of lesions or natural
replication fork barriers that stall replicative polymerases. Our findings implicate elevated use of these specialized DNA
polymerases as critical to the enhanced HSC function imparted by Lnk deficiency, which has important ramifications for stem

expanded HSC pool with multilineage reconstitution and serial
transplantability without premature exhaustion (13). We previous-
ly reported that loss of Lnk partially restores HSC function in both
FA mouse models and human HSPCs from FA patients (14, 15).
Importantly, LNK does not directly participate in interstrand cross-
link DNA repair; rather, its loss ameliorates replication stress (14).
The mechanisms by which Lnk deficiency reduces FA severity and
promotes HSC fitness remain to be established.

DNA replication stress, defined as the slowing or stalling of rep-
lication forks, is considered an emerging hallmark of cancer and a
major contributor to genomic instability (16). It is also prevalent in
early mammalian development, resulting in genome instability and
aneuploidy, constituting a barrier to development (17). Important-
ly, replication stress is a potent driver of stem cell functional decline
(18). Besides exogenous DNA-damaging agents, endogenous sources
of replication stress arise from spontaneous DNA lesions, nucleotide
imbalance/depletion, RNA-DNA hybrids, transcription-replication
conflicts, or difficult-to-replicate genomic features, including fragile
sites, repetitive DNA, and secondary DNA structures (19).

DNA damage tolerance (DDT) mechanisms play a key role in
maintaining genome stability against exogenous and endogenous
stress. DDT utilizes specialized DNA polymerases to bypass DNA
lesions, allowing complete replication without replication fork col-
lapse, thus preventing severe DNA damage (20). One such DDT
mechanism is translesion synthesis (TLS), where replicative DNA
polymerase is temporarily replaced by one of the TLS polymerases
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that can replicate across DNA lesions. The human genome encodes
17 DNA polymerases (Pols) (21). While Pols alpha (a), delta (3),
epsilon (g), and gamma (y) are responsible for replicating the bulk of
nuclear and mitochondrial DNA, the rest specialize in translesion
and repair synthesis. TLS is a mechanism whereby specialized DNA
polymerases tolerate various DNA lesions to allow for the contin-
uation of DNA replication (22). Even though TLS polymerases
have higher intrinsic error rates than replicative polymerases, they
increase genome stability and reduce tumorigenesis ostensibly
because they allow replication to proceed across blocking lesions
that otherwise create replication fork collapse and chromosome
breaks, which bear far worse consequences (21). TLS polymerases
are best characterized by the Y family, encompassing Pols kappa
(1), eta (), iota (1), and REV1. TLS is mediated by 2 overlapping
but distinct pathways, K'®-monoubiquitination of proliferating
cell nuclear antigen (PCNA; a DNA sliding clamp and DNA poly-
merase processivity factor) and REV1, to recruit TLS polymeras-
es to replication forks (20). TLS polymerases insert bases opposite
the lesion as an “inserter.” Extension from the incorporated base is
largely carried out by B-family polymerase Pol zeta ({) complex via
REV1 (19). RevI~ and PcnaX'*R single-mutant mice are grossly nor-
mal but show compromised HSPC functions (23, 24). RevI™~ Pcna-
K16k double-mutant mice are embryonic lethal from hematopoietic
failure, indicating a critical role for TLS in hematopoiesis (25).

While best studied for their ability to bypass physical lesions
on the DNA, accumulating evidence suggests a non-canonical role
for TLS polymerases in coping with various natural replication fork
barriers and alleviating replication stress (21, 26, 27). One notable
example is Poln, which replicates efficiently and accurately past
ultraviolet (UV) pyrimidine dimers. Mutations in the POLH gene
that encode Poln are responsible for the variant form of xeroderma
pigmentosum (XP-V), a rare autosomal recessive disorder charac-
terized by extreme sensitivity to sunlight and a very high incidence
of skin cancer (28). Importantly, recent evidence implicates a role
for Poln in maintaining chromosomal stability and preventing com-
mon fragile site breakage during the unperturbed S phase, irrespec-
tive of UV damage, implicating it in the resolution of other stresses
(29-31). The non-canonical activities of Poln derive from its enzy-
matic capacity to accommodate a variety of altered DNA struc-
tures, including sequences that form hairpins or G-quadruplexes
at common fragile sites or telomeric DNA structures (32). These
DNA replication impediments would otherwise block replicative
DNA Pols (6 and ¢). Thus, Poln mitigates replication stress and
promotes genome stability in S-phase cells by carrying out DNA
synthesis at difficult-to-replicate regions of the genome that form
natural replication fork barriers (32).

In this study, we performed a comprehensive investigation on
how Lnk deficiency ameliorates HSC defects associated with FA
and how Lnk deficiency increases HSC fitness in general. Our work
uncovered a role for the LNK-regulated TLS polymerases in con-
trolling HSC expansion upon replication stress. Our data suggest
that the loss of Lnk promotes TLS activities to facilitate DNA repli-
cation and reduce replication-associated DNA damage, thus reduc-
ing ATR/p53 checkpoint activation and HSC attrition. The mech-
anisms by which Lzk inhibition alleviates endogenous replication
stress and promotes HSC fitness have important ramifications for
stem cell therapy and regenerative medicine in general.
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Results

Lnk deficiency reduces DNA damage in Fancd2”'~ HSPCs at the steady
state and upon replication stress. HSPC decline in FA patients is
attributed to elevated DNA damage. To explore the mechanisms
by which Lnk deficiency ameliorates HSPC defects associated with
FA, we set out to examine DNA damage at the steady state and
upon replication stress under various conditions.

We first measured the phosphorylation of H2AX (pSer139),
or YH2AX, a common DNA damage marker, in both HSPC (LSK)
and HSC (SLAM LSK) populations at the steady state using flu-
orescence-activated cell sorting (FACS). Fancd2~~- HSPCs indeed
had significantly increased YH2AX as compared with wild-type
(WT) controls, while Lnk”’~ HSPCs showed significantly lower
yH2AX levels than those of Fancd2”-. Notably, loss of Lnk sig-
nificantly reduced the yYH2AX level in Fancd2’- HSPCs (Figure
1A). To precisely assess YH2AX on the DNA, we developed a
FACS strategy to quantify chromatin-bound yH2AX in HSCs in
different cell cycle stages in vivo (Figure 1B). We injected EAU
(5-ethynyl-2'-deoxyuridine) into mice 2 hours before BM harvest.
BM cells were subjected to Triton-based pre-extraction to remove
soluble YH2AX before fixation. The cells were stained with anti-
bodies against HSC surface markers and yH2AX followed by Click
chemistry—based EdU staining for the cell cycle. Fancd2”- HSCs
showed increased percentage YH2AX" cells and chromatin-bound
yH2AX levels in the S phase compared with WT, while Lnk defi-
ciency significantly reduced them (Figure 1B). Proliferation-asso-
ciated stress is a major cause of DNA damage. To test whether
deficiency of Lnk reduces replication-associated DNA damage in
ex vivo culture, we purified LSK cells and cultured them in medium
containing a cocktail of cytokines, then examined yYH2AX" nucle-
ar foci by immunofluorescence or FACS. A higher mean fluores-
cence intensity of YH2AX foci was observed in Fancd2”- HSPCs,
with the majority of the cells having more than four YH2AX foci,
indicative of prolonged DNA damage in Fancd2”- HSPCs. Impor-
tantly, Lnk’~ and Fancd2”~ Lnk”~ HSPCs had reduced yH2AX
foci (Figure 1C). We also measured the yYH2AX levels at different
time intervals using FACS. HSPCs exposed to x-ray irradiation
were analyzed in parallel as a positive control. Fancd2”~ HSPCs
had significantly increased YH2AX levels that peaked at day 5.
Importantly, the loss of Lnk significantly reduced the yH2AX
levels at all time points (Figure 1D). The majority of HSCs are
quiescent at the steady state. However, in response to stress sig-
nals such as transplantation into lethally irradiated animals,
HSCs exit quiescence and undergo extensive proliferation and
differentiation. To gain insights into replication-associated DNA
damage in vivo, we measured DNA damage of the donor cells in
the short term and long term after BM transplantation (BMT) (Fig-
ure 1E). At days 6 and 10 of short-term BMT, donor Fancd2~'~ cells
showed significantly increased yH2AX levels compared with those
of WT. Notably, loss of Lnk significantly reduced the YH2AX lev-
els in Fancd2”’~- HSPCs (Figure 1F). Similar results were obtained
during long-term replication stress 4 months after BMT (Figure
1G). Furthermore, we examined DNA damage in response to
exogenous replication stressors, hydroxyurea (HU), which depletes
dNTPs, and camptothecin (CPT), which inhibits topoisomerase 1.
Freshly sorted LK (lineage c-Kit*) cells were treated with a graded
dose of HU or CPT for 2 hours, and then the cell lysates were
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Figure 1. Lnk deficiency reduces DNA damage in Fancd2~/- HSPCs at steady state and upon replication stress. (A and B) Comparison of levels of DNA
damage in HSCs and HSPCs at steady state. (A) Quantification of yH2AX (fold change in MFI as normalized to WT) within LSK and SLAM LSK populations
analyzed by flow cytometry. (B) Experimental design, representative flow cytometry plots, and quantification of chromatin-bound yH2AX within the

HSC population. EdU was injected 2 hours before BM harvest, and percentage yH2AX* cells and fold change in MFI of yH2AX within the S phase of HSCs
as determined by EdU* cells are shown. (€) Comparison of levels of DNA damage in HSPCs in ex vivo culture. Experimental design for ex vivo LSK culture,
representative immunofluorescence images of yH2AX foci, and quantification of fluorescence intensity in day 3 HSPCs are shown. IR, irradiated. Original
magnification, x63. (D) LSK cells were cultured, and yH2AX levels were examined by flow cytometry at the indicated days. Left: Quantification of fold
change in MFI of yH2AX in ex vivo-cultured HSPCs. Right: Representative histogram plots for yH2AX in day 5 HSPCs. NIR, non-irradiated. WT cells 2 hours
after 2 Gy x-ray irradiation were used as a positive control. (E-G) Comparison of levels of DNA damage in HSCs and HSPCs upon replication stress in vivo.
(E) Experimental design for yH2AX examination within donor cells of LSK during transplantation-induced replication stress. (F) Quantification of fold
changes in MFI of yH2AX within donor LSK cells, MPPs, and HSCs (SLAM LSK), days 6 and 10 after BMT (short-term hematopoietic stress), and a repre-
sentative histogram plot for yH2AX within donor LSK cells, day 6 after BMT. (G) Fold changes in MFI of yH2AX within donor LSK cells 16 weeks after BMT
(long-term hematopoietic stress). (H) Immunoblots showing the yH2AX level in freshly sorted LK cells treated with HU or CPT for 2 hours. In all relevant
panels, each symbol represents an individual mouse; bars indicate mean values; error bars indicate SEM. P values were calculated using 1-way ANOVA; *P

:

<0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

subjected to Western blotting (WB) for yH2AX. Both drugs
increased YH2AX levels in a dose-dependent manner. The yYH2AX
level was more pronounced in Fancd2~ cells, while Lnk deficiency
reduced it (Figure 1H). Together, these data suggest that Lnk defi-
ciency reduced replication-associated DNA damage in Fancd2~/~
HSPCs during normal hematopoiesis and upon replication stress.

Lnk deficiency moderately promotes survival of Fancd2”'~ mice upon
chronic replication stress, and Lnk deficiency does not synergize with FA
to exacerbate malignancies during aging. Since Lnk deficiency reduc-
es DNA damage upon short-term replication stress, we next
asked whether it would also increase resistance to chronic repli-
cation stress in vivo. Published work from the Milsom laboratory
showed that prolonged forced proliferation by repeated polyinos-
inic-polycytidylic acid (pIpC) injection induces pancytopenia in
Fanca-deficient mice (33). We thus subjected WT, Fancd2™~, Lnk™'",
and Fancd2”~ Lnk~~ mice to an extended pIpC regimen, i.e., pIpC
injection 2 times per week for 4 weeks followed by 4 weeks of rest.
We repeated this treatment for 7 cycles and found that Lnk~~ mice
survived significantly longer than WT mice, while Fancd2”’~ mice
died faster (Figure 2A). Importantly, Fancd2~ Lnk~'~ mice survived
slightly longer than Fancd2”~ mice, and showed no significant dif-
ference in survival compared with WT mice (Figure 2A).

It has been shown that cumulative rounds of replicative stress
in WT mice can precipitate an HSC phenotype akin to accel-
erated aging (33). We directly examined the survival of cohorts
of WT, Fancd2'~, Lnk”~, and Fancd2”~ Lnk~’~ mice during aging.
Complete blood counts revealed significantly elevated platelet
numbers in aged Lnk™’~ mice, similarly to young mice (9, 10, 14).
Fancd2™’~ mice exhibited normal blood counts upon aging, sim-
ilarly to young mice (14, 34). Notably, aged Lnk™'~ mice showed
a significant expansion of white blood cells accompanied by a
slight decrease in red blood cell count (Figure 2B), consistent
with our previous reports (35). We previously showed that aged
Lnk™'~ mice exhibit a myeloproliferative neoplasm-like disease,
then progress to and die from monocytic tumors and, to a less-
er extent, B cell leukemia (35, 36). In accordance, Lnk™~ mice
died slightly earlier than WT mice (Figure 2C). Fancd2™'~ mice
exhibited a similar lifespan to WT mice. Notably, Fancd2’~ Lnk
/~ mice showed reduced myeloid and lymphoid expansion and
amelioration of anemia compared with Lnk™'~ mice (Figure 2B),
although we were not able to do a comprehensive study of the
pathology of the moribund mice. Nonetheless, Fancd2™'~ Lnk™'~
mice showed a similar lifespan to that of Lnk™~ mice (Figure 2C).

Taken together, these data suggest that Lnk deficiency moderate-
ly promotes survival of Fancd2~- mice upon chronic replication
stress, and Lnk deficiency does not synergize with FA to exacer-
bate malignancies during aging.

Lnk deficiency attenuates ATR- but not ATM-mediated DNA damage
response upon replication stress. DNA damage triggers DNA damage
response (DDR), which is coordinated by a network of protein
kinase cascades, with ATM and ATR being two major branches.
The ATM pathway is primarily activated by double-strand DNA
breaks and through checkpoint kinase 2 (Chk2). The ATR pathway
is activated by single-strand DNA breaks, and the ATR function
is dependent on its binding partner ATRIP, which is recruited to
single-stranded DNA upon replication stress and subsequently acti-
vates checkpoint kinase 1 (Chkl). Both pathways activate p53 to
initiate an array of cellular responses, including cell cycle arrest,
apoptosis, checkpoint activation, and DNA repair (37). To examine
whether LNK regulates DDR, we evaluated the activation of the
ATM and ATR pathways in HSPCs. Since the majority of HSCs
are in quiescence or slow in the cell cycle, we administered a sin-
gle dose of pIpC to mice to induce HSCs into the cell cycle and
DNA replication. pIpC increased the percentage of HSCs in the S
phase at 24 hours, as previously shown (33) (Supplemental Figure
1; supplemental material available online with this article; https://
doi.org/10.1172/JCI191713DS1). It activated both ATM and ATR
pathways (Figure 3 and Supplemental Figure 2). Fancd2”~ HSCs
had increased activation of ATR (as indicated by ATRIP and phos-
phorylated Chkl [pChk1]) and ATM (as indicated by pATM and
pChk2) pathways, compared with WT HSCs. Lnk deficiency sig-
nificantly reduced the activation of the ATR but not the ATM path-
way. Importantly, loss of Lnk significantly reduced the activation
of ATRIP and pChk1 (Figure 3, A—C) but not pATM or pChk2 in
the Fancd2-null background (Supplemental Figure 2, A and B). We
next measured DDR upon transplantation-induced proliferative
stress. Total BM cells from different genotypes were transplanted
into lethally irradiated mice, and 4 months after BMT, activation of
ATRIP, pChk1, pATM, and pChk2 was measured within the donor
HSPC population. Fancd2”~- HSPCs had increased ATRIP/pChk1
activation upon transplantation-induced stress. Lnk deficiency sig-
nificantly decreased ATR activation in Fancd2”~- HSPCs (Figure 3,
D-F). To complement our flow cytometry results by biochemical
method to confirm the effect of LNK in regulating the DDR path-
ways, we treated freshly isolated LK cells with HU or CPT, then
subjected these cells to WB analysis with various phospho-specific
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Figure 2. Lnk deficiency moderately promotes survival of Fancd2-/- mice upon chronic replication stress, and combined loss of Lnk and Fancd2 does
not exacerbate malignancies during aging. (A) The top diagram depicts a schematic overview of chronic stress induced by repeated plpC injection.
Mice were injected i.p. with plpC twice per week for 4 weeks, followed by 4 weeks of rest. This 8-week cycle was repeated 7 times. Event-free survival
is graphed in Kaplan-Meier curves. n = 7-9 mice per group. P values are calculated by log-rank analysis. *P < 0.05. (B) Complete blood count analysis

of peripheral blood from WT, Fancd2”/- (D2), Lnk™- (Lnk), and Fancd2”- Lnk~- (DKO) mice, aged between 12 and 18 months. WBC, white blood cell. Each
symbol represents an individual mouse. Horizontal lines indicate mean frequencies, and error bars indicate SEM. P values were calculated using 1-way
ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (C) A cohort of mice was observed for aging analysis. n = 11-16 per group. Event-free sur-

vival is graphed in Kaplan-Meier curves. P values were calculated by log-rank analysis. *P < 0.05, **P < 0.01.

antibodies against the ATM or ATR pathway effectors. Fancd2”’~
progenitors had increased activation of both ATR (as indicated by
pChkl) and ATM (as indicated by p-KAP1) pathways, compared
with WT cells. Lunk deficiency reduced YH2AX and pChk1 but not
p-KAP1 in Fancd2”~ cells (Figure 3, G-I). Taken together, these
data indicate that Lnk deficiency attenuates the ATR pathway acti-
vation upon replication stress induced by endogenous stressors
(pIpC and BMT) as well as exogenous stressors (HU and CPT).
Lnk deficiency attenuates ATR/p53 checkpoint activation upon rep-
lication stress. Upon DNA damage, DDR pathways activate p53,
which in turn triggers multiple downstream effects, including cell

J Clin Invest. 2026;136(1):e191713 https://doi.org/10.1172/JCI1191713

cycle arrest and apoptosis. Because Lnk deficiency reduces the rep-
lication stress—induced DNA damage, we sought to investigate the
effect of Lnk deficiency on p53 activation. p53 was first measured
in HSCs at the steady state using flow cytometry. Fancd2’- HSCs
had significantly increased p53 levels, indicating endogenous stress
and elevated DNA damage in unperturbed hematopoiesis. Notably,
loss of Lnk decreased p53 level in Fancd2”~ HSCs (Figure 4, A and
B). We further analyzed the impact of Lnk deficiency in regulat-
ing the p53 activation during cellular stress. HSPCs were cultured
ex vivo in cytokine-containing medium, and p53 levels were mea-
sured at different time points. Fancd2”~- HSPCs showed significantly
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Figure 3. Lnk deficiency attenuates the activation of the ATR pathway upon replication stress. (A) Experimental design for measuring the activation

of the ATR pathway upon plpC-induced HSPC replication. (B and C) Quantification of fold change in MFI of pCHK1 (Ser345) (B) and ATRIP (C) within LSK,
SLAMLSK HSC, and MPP populations in mice given PBS or plpC. (D) Experimental design for measuring the activation of the ATR pathway within the
donor HSPC population upon transplantation-induced replication. (E and F) Fold change in MFI of ATRIP (E) and pCHK1 (Ser345) (F) within donor LK, LSK,
and MPP populations after 4 months of BMT. (G-1) Freshly isolated LK cells from WT, Fancd2”- (D2), Lnk- (Lnk), and Fancd2”- Lnk”- (DKO) mice were
treated with the indicated concentrations of HU or CPT for 2 hours in SFEM containing SCF, TPO, IL-3, and IL-6, and the cell lysates were subjected to West-
ern blots for different antibodies. The images in I were derived from the same experiment initially shown in Figure 1H (right panel). In all relevant panels,
each symbol represents an individual mouse. Bars indicate mean values, and error bars indicate SEM. P values were calculated using 1-way ANOVA; *P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

higher p53 levels at all the time points, peaking at day 5. Notably,
Lnk deficiency significantly reduced the p53 levels (Figure 4, C and
D). To further examine the effect of Lnk in p53 activation during
replication stress, fresh LK cells were treated with HU and CPT
and then subjected to WB for p53. Fancd2~ cells showed increased
p53 induction in a dose-dependent manner, while Lnk deficiency
reduced it (Supplemental Figure 3). These data correlate with the
YH2AX levels, suggesting that Lnk deficiency reduces the sponta-
neous DNA damage, thus reducing DDR and p53 activation in FA.
p53 plays a significant role in restricting HSC expansion upon
injury (38), and DNA damage-induced p53 is a major reason for
HSPC decline in FA (39). The p53 response is activated in Aldh2/"~
Fancd2”~and Adh5~'~ Fancd2”~HSCs that have elevated endogenous
DNA damage, while p53 deletion rescued this accelerated aging
HSC phenotype (40—42). Knockout of p53 also rescued the HSPC
defects in Fanca”~ mice (43). Moreover, p53 silencing improves
the HSCs’ function in human FA cells (39). Our previous studies
showed that Lnk deficiency restores the phenotypic and functional
HSCs in Fand2~’~- mice (14). We thus compared the HSC transplant
capacity between Lnk and p53 deficiency in FA using competitive
BMT assays (Figure 4E). Both Lnkloss and p53 loss rescued the BM
reconstitution defects of Fancd2~'~ cells, as we did not find a signifi-
cant difference in BM reconstitution ability between Fancd2’~ Lnk
/= and Fancd2”'~ p53”- BM cells (Figure 4, E and F). However, all
p537~and p53~~ Fancd2”~ mice died within 6 months due to T lym-
phoma (data not shown). In contrast, loss of Lnk did not affect the
survival of Fancd2”- BM-transplanted mice, and the Fancd2’~ Lnk
/=~ BM-transplanted mice showed a significantly increased survival
rate compared with p53~/~ Fancd2~- mice (Figure 4G). Notably, loss
of Lnk in Fancd2”~ background maintained the BM reconstitution
ability for about 8 months (Figure 4H). Taken together, these data
indicate that loss of Lnk alleviates replication stress—induced DNA
damage and ATR/p53 activation, thus improving HSC activity.
Lnk deficiency reduces chromatin-bound RPA and single-stranded DNA
in Fancd2”- HSPCs. ATR signaling is activated by the recruitment of
replication protein A (RPA) to single-stranded DNA (ssDNA) gen-
erated through the uncoupling of MCM helicases that continue to
uncoil the DNA strand ahead of the slowed/stalled DNA polymeras-
es upon replication stress (27). Because loss of Lnk attenuates the
ATR pathway activation upon replication stress, we hypothesize that
Lnk deficiency reduces ssDNA breaks that trigger the phosphoryla-
tion of ATR and its substrates. Freshly isolated LK cells were treated
with increasing concentrations of CPT or HU and then subjected
to WB (Figure 5A). As previously reported in cell lines (44), loss of
Faned2 induced the phosphorylation of pSer33-RPA2 and pSer108-
MCM2, markers of replication stress known to be phosphorylated
by ATR, in primary HSPCs. Notably, loss of Lnk reduced their phos-
phorylation in Fancd2”’~ cells. Persistent replication stress leads to
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severe DNA damage and ATM activation. Indeed, Lnk deficiency
also attenuated pSer4/8-RPA2, which is a known ATM substrate
(Figure 5A and Supplemental Figure 4A).

We next measured the accumulation of RPA2 on the chro-
matin of the nascent DNA strand from endogenous stress in vivo.
We injected EdU into mice 2 hours before BM harvesting, and the
chromatin-bound RPA?2 levels were measured in the HSC and mul-
tipotential progenitor (MPP) populations by flow cytometry (Figure
5B and Supplemental Figure 4B). As expected, MPPs exhibited a
higher percentage of RPA2* cells than HSCs, since MPPs are more
proliferative than HSCs. A significantly increased RPA2 level was
observed in both HSCs and MPPs of Fancd2”~ mice. Notably, loss
of Lnk significantly reduced the RPA2 accumulation in both HSCs
and MPPs (Figure 5, C and D). During replication stress, RPA2 is
recruited to and binds ssDNA generated by stressed or stalled repli-
cation forks; thus it peaks at the S phase. To further dissect how the
loss of Lnk regulates the RPA2 recruitment at the replication fork,
we quantified RPA2 levels in different phases of the cell cycle (Fig-
ure 5E). In MPPs, chromatin-bound RPA2 reached the highest level
in the S phase, with Fancd2”’~ mice showing a significant increase
in comparison with WT. Interestingly, in HSCs, Fancd2~'~ cells had
elevated RPA2 levels in the G,/G, phase. Notably, Lnk deficiency
reduced the RPA2 accumulation in both HSCs and MPPs in differ-
ent cell cycle stages (Figure 5F).

The elevated RPA2 level in the G,/ G, phase of Fancd2”~ HSCs
could be due to unrepaired DNA damage in the G,/M phase of the
previous cell cycle. We thus directly assessed the proportion of cells
with ssDNA generated from endogenous replication stress in vivo.
Sixteen-hour BrdU labeling coupled with antibody staining under
non-denaturing conditions was used to measure the ssDNA on the
nascent DNA strands. Two hours of EdU labeling at the end of
BrdU labeling allowed us to evaluate the ssDNA generated in dif-
ferent phases of the cell cycle (Figure 6A and Supplemental Figure
5A). Replication stress induced by pIpC or IR increased the propor-
tion of ssDNA, as expected (Supplemental Figure 6A). Fancd2”'~
HSCs had a higher proportion of cells with ssDNA compared with
WT, and this difference was the most pronounced in the S phase
(Figure 6, B and C). Importantly, loss of Lnk significantly reduced
ssDNA percentage in Fancd2’- HSCs (Figure 6, A—C). Together,
these data suggest that Lnk deficiency reduces chromatin-bound
RPA and ssDNA breaks at the replication forks, leading to reduced
ATR activation during endogenous stress.

Lnk deficiency suppresses ssDNA gaps and promotes replication fork
recovery at the stalled forks in Fancd2”~ HSPCs. Unrepaired DNA breaks
delay or prevent replication restart once DNA damage reagents are
removed; thus, we examined replication restart upon stress. Cultured
HSPCs were pulsed with BrdU to label nascent DNA at the replica-
tion fork and then subjected to HU for 1 hour to induce replication
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Figure 4. Lnk deficiency reduces p53 activation in Fancd2/- HSPCs. (A) Quantification of p53 levels (fold change in MFI) within LSK cells, SLAM LSK HSCs,
and MPPs analyzed by flow cytometry. WT, Fancd2”- (D2), Lnk”- (Lnk), and Fancd2”/- Lnk”- (DKO) mice are shown. (B) Representative histogram plots for
p53 in the LSK population. WT mice 1 hour after 10 Gy total-body x-ray irradiation were used as a positive control. (C) Quantification of p53 (fold change

in MFI) in ex vivo-cultured LSK cells of different genotypes at the indicated days. NIR, non-irradiated. (D) Representative histogram plots for p53 in LSK
cells. WT cells 2 hours after 2 Gy x-ray irradiation were used as a positive control. IR, irradiated. (E) Experimental design for competitive BMT. (F) The left
panel shows the donor chimerism in the peripheral blood over time, and the right panel shows the percentage of donor reconstitution 16 weeks after
transplantation. (G) Survival curves of the transplanted mice as in F. (H) Donor chimerism in the peripheral blood of the recipient mice after 32 weeks. In all
relevant panels, each symbol represents an individual mouse. Bars indicate mean values, and error bars indicate SEM. P values were calculated using 1-way

ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

fork stalling and halt S-phase progression (Supplemental Figure 5B).
‘We then washed off HU and labeled cells that were re-entering the S
phase with EJU (Figure 6D). BrdU" cells are measured as cells pres-
ent in the first cell cycle, while BrdU*EdU* cells are measured for the
efficiency of replication fork restart (Figure 6E). There was no sig-
nificant difference in the BrdU incorporation in different groups of
HSPCs, suggesting a comparable proliferation rate among the groups
in the short-term culture. However, Fancd2’~ HSPCs had reduced
percentage EAU* within the BrdU* population, indicating a signif-
icant defect in replication restart upon HU treatment. Importantly,
Lnk loss significantly overcame this defect and restored replication
restart in Fancd2”~ HSPCs to WT levels (Figure 6E).

To directly examine fork stalling versus fork recovery upon
replication stress, we subjected freshly isolated LSK cells to a
fork recovery assay in single-molecule DNA fiber analysis (45,
46). LSK cells were pulse-labeled with IdU (5-Iodo-2'-deoxyuri-
dine) and then subjected to high-dose HU-mediated replication
fork stalling. We then washed off HU and pulsed the cells with
CldU (5-Chloro-2'-deoxyuridine). Single DNA fibers were spread
onto microscope slides before immunofluorescence staining with
antibodies against CldU and IdU to quantify stalled (IdU or red
only) or recovered (IdU-CIdU or red-green) forks. Fancd2~~HSPCs
had significantly increased stalled forks (Figure 6F). Lnk loss sig-
nificantly overcame this defect and restored replication restart in
Fancd2”~-HSPCs to WT levels (Figure 6F).

To directly measure ssDNA gaps in freshly isolated LSK cells,
we performed the S1 nuclease assay using single-molecule DNA
fibers (Figure 6G). We examined HSPC replication under mild rep-
lication, i.e., low-dose HU that slows but does not halt replication.
Replication tracts of LSK cells were sequentially pulse-labeled with
1dU followed by C1dU in the presence of low-dose HU. Nuclei were
then isolated and split into no-S1 and Sl-treated groups. Single
DNA fibers were spread onto microscope slides before immunoflu-
orescence staining with antibodies against IdU and CldU. Since S1
nuclease only cleaves ssDNA, the CIldU length is used to quantify
intact or cleaved DNA fibers, serving as a measure of ssDNA gaps
(46). All 4 groups of HSPCs show similar fiber lengths without
S1 treatment, indicating similar fork speeds. Upon S1 treatment,
Fancd2”- HSPCs exhibited a significant reduction in replication
fork length, indicating elevated ssDNA gaps in mild replication
stress. Importantly, Lnk deficiency significantly suppressed ssDNA
gaps in Fancd2”~- HSPCs (Figure 6G). Thus, our data suggest that
Lnk deficiency promotes replication fork recovery at the stalled rep-
lication forks in high stress and reduces ssDNA gaps and facilitates
replication in Fancd2”’- HSPCs under endogenous or mild stress.
Taken together, our data suggest that Lnk deficiency reduces ssD-
NA breaks and promotes replication fork recovery at the stalled
replication forks in Fancd2’- HSPCs.

J Clin Invest. 2026;136(1):e191713 https://doi.org/10.1172/JCI1191713

The superior reconstituting activity of Lnk”~ HSCs depends on
REVI-mediated TLS. To examine the mechanisms by which L#k loss
ameliorates replication-associated DNA damage, we turned to TLS,
one of the DNA damage tolerance (DDT) mechanisms that utilize
specialized DNA polymerases to bypass DNA lesions or facilitate
replication through replication fork impediments, thus preventing the
stalling of DNA replication and the exacerbation of DNA damage
(20). TLS is mediated by PCNA monoubiquitination or REV1-de-
pendent pathways (20). While REV1 has a catalytic role in TLS, its
major role is to act as a chaperone to recruit other TLS polymerases,
such as Poln, Poly, and Polx, to the sites of DNA stress and to facili-
tate switching between the inserter DNA polymerase and the extend-
er DNA polymerase Poll. The REV1-dependent recruitment of Poln
to stalled forks is particularly important for “on-the-fly” TLS upon
replication barriers (32, 47). Therefore, we first examined the sensi-
tivity of Lnk-deficient HSPCs to REV1 inhibition using a small-mol-
ecule inhibitor, REV1i (JH-RE-06), that disrupts its ability to recruit
Pol¢ (48). We plated WT and Lnk”- BM cells in semi-solid methyl-
cellulose cultures containing a graded dose of REV1i. While REV1
inhibition reduced the clonogenic ability of both WT and Lnk’~- BM
cells, Lnk deficiency conferred reduced sensitivity to REV1i (Figure
7A). We next examined HSC repopulation ability upon REV1 inhi-
bition. HSCs (CD150*CD48 LSK or SLAM LSK cells) from WT
and Lnk~~ mice were sorted into 96-well plates and treated with 5 uM
REVI1i or DMSO vehicle control for 3 days. We then transplanted
each well into each lethally irradiated recipient mouse (Figure 7B).
HSCs appear to be more sensitive to REV1i than progenitors. REV1i
significantly reduced the expansion and repopulation ability of both
WT and Lnk’~ HSCs (Figure 7C). Notably, REV1i reduced Lnk~~
HSC:s to a level similar to that of WT HSCs (Figure 7C). This sug-
gests that the superior reconstituting activity of Lnk’~ HSCs depends
on REV1-mediated TLS.

Lnk-deficient HSCs have increased chromatin-bound Poln, but their
superior reconstituting activity largely does not depend on Poly alone.
REV1 recruits multiple specialized TLS DNA polymerases, such
as Poln, that play pivotal roles in mitigating a wide range of DNA
replication impediments during DNA replication. Examination
of our prior genome-wide gene expression data (13) revealed
that the mRNA expression level of various DNA polymerases is
unchanged in Lnk”~ HSCs compared with WT HSCs. We thus
examined the protein level of TLS polymerases in Lnk’~ HSCs.
Because of the antibodies’ availability for intracellular flow cytom-
etry, we examined Poln and Pol31. We found that Lnk”~HSCs had
increased chromatin-bound Poln but not Pold1 (a replicative DNA
polymerase), implicating their enhanced TLS activity through Poln
(Figure 8, A and B). To test that, we assessed whether HSCs are
sensitive to Po/H depletion in vivo using the viral infection/BMT
model using 2 different sShRNAs to Po/H (Figure 8, C-F). Sorted
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Figure 5. Lnk deficiency reduces chromatin-bound RPA in Fancd2- HSPCs. (A) Experimental scheme and immunoblots showing the levels of various
DDR proteins in freshly sorted LK cells treated with CPT in the presence of cytokines (SCF, TPO, IL-3, IL-6). The images in the middle panel were derived
from the same experiment initially shown in Figure TH (right panel). (B-D) Comparison of chromatin-bound RPA2 levels in HSPCs upon plpC-induced repli-
cation stress. (B) Experimental design. (C) Representative flow cytometry plots. IR-induced RPA2 in WT mice was used as a positive control. (D) Quantifi-
cation of the percentage (left panels) and MFI (right panels) of chromatin-bound RPA2 levels in HSC and MPP populations. WT, Fancd2”- (D2), Lnk’- (Lnk),
and Fancd2”- Lnk”- (DKO) mice are shown. (E) Representative flow cytometry plot showing different cell cycle stages and histogram plot for chroma-
tin-bound RPA2 within EdU* HSCs (S phase) from different mouse groups. (F) Percentages of chromatin-bound RPA2* cells in different cell cycle stages of
HSCs and MPPs. In all relevant panels, each symbol represents an individual mouse. Bars indicate mean values, and error bars indicate SEM. P values were
calculated using 1-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

LSK cells from WT and Lnk”~ mice were infected with lentiviruses  the peripheral blood of recipient mice to examine HSC activity in
expressing microRNA-30-based shRNA against Po/H or luciferase  vivo. Po/H depletion in WT HSCs significantly reduced stem cell
(Luc) with mCherry as a marker, followed by transplantation into  repopulating ability; in contrast, Lnk”~ HSCs were more resistant
lethally irradiated recipient mice (Figure 8D). The 4 experimental  to Po/H depletion by both shRNAs, exhibiting reconstitution abil-
groups had similar infection rates at the time of transplantation, as ity superior to that of WT HSCs (Figure 8, E and F). Notably, the
shown by percentage mCherry* cells (Supplemental Figure 6). We  stronger Po/H depletion via shPo/H#1 moderately reduced Lunk”~
quantified percentage mCherry* cells in the donor population of = HSCs, but only in the short-term transplants (Figure 8F). REV1
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Figure 6. Lnk deficiency reduces ssDNA breaks and promotes replication fork recovery at stalled replication forks in Fancd2- HSPCs. (A) Experimen-
tal design of the procedure to measure ssDNA in vivo. (B) Quantification of total ssDNA within HSCs and MPPs. (C) Representative flow plot showing

cell cycle stages and percentage of ssDNA in different cell cycle phases of HSCs and MPPs. (D) Schematic outline of the experimental procedure for fork
restart assay by flow cytometry. (E) Cultured LSK HSPCs from WT, Fancd2”'- (D2), Lnk~ (Lnk), and Fancd2”- Lnk"- (DKQO) mice were subjected to the fork
restart assay. Left: Representative flow plots of the restarted replication upon HU-induced fork stalling in cultured LSK HSPCs. Right: Percentages of EdU*
cells from BrdU* cells of cultured HSPCs. (A-E) In all relevant panels, each symbol represents an individual mouse. Bars indicate mean values, and error
bars indicate SEM. P values were calculated using 1-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (F) Freshly isolated primary LSK
cells were subjected to fork recovery assay upon HU-mediated replication stalling using single-molecule DNA fibers. Top left: Experimental overview of
the assay. Right: Representative images of DNA fibers. White arrows indicate stalled replication forks (red only); recovered forks show red-green tracks.
The frequencies of the stalled replication forks upon high-dose HU are plotted. One hundred seventy-five to 300 fibers were analyzed per group. Similar
results were obtained from 2 biological repeats. Statistical significance by Fisher’s exact test is shown. Scale bar: 20 um. (G) Experimental scheme and
representative DNA fibers from the D2 group are shown for the S1 nuclease assay to examine ssDNA fibers. Fresh LSK cells from WT, Fancd2”- (D2), Lnk”
(Lnk), and Fancd2”- Lnk”- (DKO) mice were pulsed with CldU for 20 minutes followed by IdU in the presence of low-dose HU for 40 minutes. Right: Ratios
of 1dU to CldU DNA fibers; horizontal lines indicate geometric mean. Two hundred to 500 fibers were analyzed per group. P values were calculated using
Kruskal-Wallis test; ****P < 0.0001. Similar results were obtained from 2 biological repeats.

recruits other TLS polymerases, such as Poli and Polk, in addition
to Poln, implicating redundant roles of different TLS polymerases
in mediating the superior ability of Lnk’~ HSCs to mitigate repli-
cation stress during regeneration.

Discussion

The adaptor protein LNK is a critical negative regulator of HSC
expansion (7, 10-12, 49). We previously showed that loss of Lnk
restores mouse and human FA HSPCs by alleviating replication
stress (14, 15). Understanding LNK regulatory functions in pro-
moting HSC fitness will likely reveal fundamental aspects of stem
cell biology. This study uncovers a role for LNK in regulating TLS
polymerases to control HSC expansion. Lnk deficiency mitigates
replication-associated DNA damage. This phenotype is more pro-
nounced in the FA background, even in the absence of exogenous
DNA damage insults. We show that Lnk deficiency suppresses
ssDNA breaks and improves replication fork restart, leading to
reduced ATR/p53 checkpoint activation that is linked to HSC attri-
tion. Mechanistically, enhanced HSC fitness due to Lnk deficiency
is associated with increased TLS activity via REV1 (Supplemen-
tal Figure 7). The mechanisms by which Lzk inhibition alleviates
endogenous replication stress and promotes HSC fitness have
important ramifications for other types of BM failure syndromes as
well as stem cell therapy in general.

This work uncovers that HSPCs utilize TLS DNA polymerases
to help alleviate replication stress and promote stem cell fitness.
Our data suggest that REV1 and, to a lesser extent, Poln activities
contribute to the enhanced HSC fitness observed in Lnk’~ HSCs.
There are multiple overlapping but distinct TLS pathways and mul-
tiple TLS polymerases; thus, inhibiting one arm of the TLS path-
ways does not completely block TLS activity. We hypothesize that
Lnk deficiency has enhanced overall TLS activity, which makes
Lnk-deficient HSPCs less sensitive to partial TLS inhibition, i.e.,
Poln knockdown. Moreover, our data do not exclude other TLS-in-
dependent mechanisms of mitigation of replication stress by Lnk
deficiency. Polh™'~ mice display no overt defects, except alterations
in antibody hypermutation in B cells (50). XP-V patients with
POLH mutations are not known to develop BM failure or leukemia
(51, 52). HSPC phenotypes in Pol/i™’~ mice have not been reported.
RevI”~ mice are infertile but grossly normal. Rev/”~ mice showed
compromised BMT ability, although it was examined on a mixed
background (23). These germline knockout mice may experience
compensation during hematopoietic development; thus, HSPC

phenotypes would only be manifested upon stress. Our data using
shRNA depletion or acute pharmacological inhibitor in adult BM
HSCs, subjecting HSCs to culture and transplantation-associated
stress, may account for a more pronounced phenotype. REV1 and
Poln function in overlapping but distinct TLS pathways, and REV1
recruits other TLS polymerases such as Polt and Polk, in addition to
Poln; thus, reducing TLS through one of them may not completely
negate the HSC fitness associated with Lnk deficiency. Therefore,
it will be important to formally interrogate the potential redundant
roles of REV1, Poln, and other TLS polymerases in regulating HSC
regenerative activity and upon stress in mouse models.

TLS is a type of DDT mechanism that enables specialized
TLS polymerases to continue replication in the presence of
lesions that otherwise block the replicative polymerases Pols and
Pole. Continued replication, although with an increased error
rate, is considered to be better than prolonged fork stalling and
fork collapse, which are associated with deleterious DNA dam-
age and structural changes (deletion, insertion, rearrangement),
thus genome instability. Recent studies reveal the non-canonical
role of TLS polymerases, in particular Poln, that play important
roles in DNA synthesis at undamaged DNA but difficult-to-rep-
licate regions of the genome such as common fragile sites; the
generation of immunoglobulin diversity during somatic hyper-
mutation in memory B cells; processing of R-loops during repli-
cation-transcription conflict; and maintenance of telomere length
through the alternate lengthening of telomeres (ALT) pathway
(32). These canonical and non-canonical functions of TLS are
crucial mechanisms to protect the genome.

DDT pathways also include template switching, fork reversal,
and repriming, besides TLS. K!'“monoubiquitination of PCNA
upon DNA lesions is the molecular trigger to switch from the rep-
licative polymerase to the specialized TLS polymerases, to allow
the replisome to progress while tolerating DNA damage. Disrup-
tion of PCNA K'®-monoubiquitination reduces the recruitment
of multiple TLS polymerases. Pcna®'%*® mice show a strong HSC
transplant defect, reminiscent of premature aging and stressed
hematopoiesis (24). Notably, PCNA is involved in multiple DDT
mechanisms; K!®-monoubiquitination is involved in TLS, while
K'#4-polyubiquitination is involved in template switching (20), both
of which contribute to K'®-PCNA’s role in HSPCs. Studies of mice
deficient in PrimPol, a specialized DNA polymerase for repriming,
revealed the requirement of PrimPol for efficient HSC amplifica-
tion and BM reconstitution (53). DDT warrants continuation of
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replication through bypassing the impediment to replicate without
gaps or repriming downstream of the impediment, then filling ssD-
NA gaps after replication (20). TLS polymerases are increasingly
being recognized as key players in all DDT mechanisms to mitigate
replication stress, critically contributing to genome stability and cel-
lular fitness (21). Overall, the role of the complex DDT pathways in
HSCs emphasizes a need for future investigations.

We previously showed that LNK directly interacts with phos-
phorylated JAK2 and dampens TPO/MPL/JAK2 signaling in con-
trolling HSC self-renewal (12). Our data in this report suggest that
LNK directly or indirectly impacts TLS. However, Lnk deficiency
may also influence alternative DNA repair pathways. Indeed, TPO
was shown to increase DNA repair efficiency in HSCs through an
enhanced non-homologous end joining (NHEJ) mechanism upon
IR (54, 55). Thus, increased NHEJ and/or homologous recombi-
nation in the absence of Lnk may help FA or TLS-deficient HSC
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survival. It remains to be formally tested whether LNK plays a role
in other types of DNA repair in physiologically relevant cells. LNK
is a cytoplasmic adaptor protein that is not known to associate
with chromatin (12, 36, 56, 57). However, we cannot exclude the
possibility that a small fraction of LNK proteins exert functions
in the nucleus. The elucidation of how LNK impacts TLS and the
recruitment of TLS polymerases to the stressed replication forks is
a subject of ongoing investigation.

Our results suggest that enhancing TLS activity could increase
HSC functions by reducing replication-associated DNA damage.
One concern regarding enhancement of TLS activity is its error-
prone nature in replication through non-damaged DNA templates.
Whole-genome sequencing of cells lacking components of TLS,
such as REV1 or PCNA-Ub, or PrimPol, suggests that TLS and
DDT in general protect the genome from deletions and large rear-
rangements at the expense of spontaneous base substitutions (58).
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Figure 8. Lnk-deficient HSCs have increased chromatin-bound Polr, and their superior reconstituting activity in part depends on Poly. (A) Representa-
tive flow cytometric histogram plots for chromatin-bound Poln (left) and Pold1 (D1, middle) in the HSCs of WT and Lk~ mice. YH2AX/DAPI flow plots are
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erase (Luc) as a control and subsequently transplanted into lethally irradiated recipient mice. (D) Schematic illustration of the lentiviral transduction/BMT
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TLS contributes to genetic variance in the human genome. Future
studies should conduct in-depth investigations of potential genom-
ic alterations/mutations affected by enhancement of TLS activity.
Nonetheless, our work sheds light on amelioration of replication
stress to promote HSC fitness in healthy and disease settings. It also
serves as the basis for the future development of small molecules
to modulate TLS activities for stem cell therapy. It is important to
note that Lnk deficiency reduces DNA damage-mediated ATR/
p53 checkpoint activation, preventing HSPC attrition in FA mice
upon acute and chronic replication stress. This remarkable ability
contrasts with the loss of p53, which was also shown to improve
HSC activity in FA. Loss of the tumor suppressor p53 is associated
with carcinogenesis and lymphoma in mice. Notably, we show that
the combined loss of Lnk and Fancd2 does not reduce survival or
increase hematologic malignancies of mice with single Lnk knock-
out during aging. Understanding mechanisms by which Lnk defi-
ciency mitigates replication stress and suppresses DNA damage—
induced HSC attrition will facilitate the development of strategies
that have the dual benefit of enhancing HSC fitness and simultane-
ously reducing genome instability.

Methods
Sex as a biological variable. Our study examined male and female ani-
mals, and similar findings are reported for both sexes.

Mice. Fancd2~'~ mice were generously provided by Alan D’An-
drea (Dana-Farber Cancer Institute, Boston, Massachusetts, USA)
(34), and Lnk™~’~ mice were obtained from Tony Pawson (Samuel
Lunenfeld Research Institute, Toronto, Ontario, Canada) (10).
Tp53~~ mice (stock 002101) were purchased from The Jackson
Laboratory (59). Both male and female mice (2—6 months old) were
used in this study. SJL (CD45.1) mice were purchased from The
Jackson Laboratory and bred in our facilities. SJL (CD45.1) mice
were crossed with C57BL/6J (CD45.2) mice to generate CD45.1/
CD45.2 F, mice. All the animal studies were conducted under a
protocol approved by the Institutional Animal Care and Use Com-
mittee of the Children’s Hospital of Philadelphia.

Hematology and flow cytometry of HSPCs and lineage cells. Periph-
eral blood was collected from the retro-orbital sinus in heparin-
ized tubes. Complete blood count was measured using a Hemavet
950 (Drew Scientific). For lineage analysis by FACS, blood cells
were lysed using RBC lysis buffer (StemCell Technologies Inc.)
and stained with different fluorochrome-conjugated anti-CD45.1
(A20), -CD45.2 (104), -Gr-1 (RB6-8C5), -Macl (M1/70), -CD19
(eBio1D3), and -CD3 (17A2) antibodies (from Biolegend or eBio-
sciences). Lineage samples were stained with PI, and acquisition
was performed using a FACSCanto II flow cytometer (BD Biosci-
ences). All the data were analyzed using FlowJo.

HSPC staining was conducted as described previously (60).
Briefly, cells were quickly lysed with RBC lysis buffer and then
stained with biotin-conjugated anti-Gr-1 (RB6-8C5), -Macl
(M1/70), -B220 (RA3-6B2), -CD19 (eBiolD3), -Terl19 (TER-
119), -CD5 (53-7.3), -CD4 (GK1.5), and -CD8 (53-6.7) antibodies,
in combination with APC-Cy7-c-Kit (2B8), PerCP-Cy5.5-Scal
(E13-161.7 or D7), FITC-CD48 (HM48-1), and PE-Cy7-CD150
(TC15-12F12.2), for 30 minutes on ice (all from Biolegend
or eBiosciences unless otherwise noted), followed by second-
ary staining with streptavidin-PE-Texas red (1:50; Invitrogen
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SA1017). Different HSPC subpopulations were defined as
HSCs (Lin Scal*c-Kit*Flk2-CD150*CD48") and MPPs (CD150-
CD48*'LSK) (61). Cells were resuspended in DAPI-containing
buffer and subjected to flow analysis on a FACS Fortessa (BD
Biosciences) or Cytek Aurora flow cytometer.

Flow cytometry of intracellular antigens. Briefly, single-cell sus-
pensions of BM cells were obtained from the hind limb togeth-
er with pelvic bones. Cells were enriched for lineage negative
(Lin") using the Lineage Cell Depletion Kit (Miltenyi Biotec).
Bead-labeled cells were separated by autoMACS Pro (Miltenyi
Biotec) according to the manufacturer’s instructions. Lin~ cells
were first stained with Live/Dead Fixable Aqua (Invitrogen)
followed by surface staining for HSPCs. After surface staining,
cells were fixed with Cytofix/Cytoperm buffer (BD Bioscienc-
es) for 20 minutes at 4°C, followed by washing with 1x Perm/
Wash buffer (BD Biosciences). Cells were further incubated with
Permeabilization Buffer Plus (BD Biosciences) for 10 minutes at
4°C. After washing with 1X Perm/Wash buffer, cells were further
incubated with intracellular antibodies for 2 hours at room tem-
perature in the dark, with anti-pCHK1 (1:200; Invitrogen MAS5-
15145), anti-ATRIP (1:200; Invitrogen PA1-519), PE—anti-pATM
(Ser1981) (1:100; BioLegend 651204), PE—anti-pCHK2 (Thr68)
(1:100; BioLegend 12-9508-42), AF488-yH2AX (1:100; BioLeg-
end 613406), and AF488-p53 (1:50; Cell Signaling Technology
2015S). For the unconjugated antibodies, cells were further incu-
bated with rabbit AF647 secondary antibody (1:250; Invitrogen
A-21244) for 30 minutes at room temperature. After washing,
cells were resuspended in 1X Perm/Wash buffer and acquired on
a BD Fortessa flow cytometer.

For the detection of chromatin-bound proteins, 5-ethynyl-2'-
deoxyuridine (EdU; 1 mg) was injected into the mice i.p. for 2
hours. Mice were sacrificed, and c-Kit* cells were isolated using
CD117 microbeads (Miltenyi Biotec) and stained with PerCP-
Cy5.5-Scal (D7) and APC-Cy7-CD48 (HM48-1) cell surface mark-
ers for 30 minutes at 4°C. For pre-extraction, cells were washed
once with PBS and incubated with ice-cold pre-extraction buffer
(PBS containing 0.2% Triton X-100) for 1 minute on ice before
fixation. Fixation was performed using Cytofix/Cytoperm buffer
(BD Biosciences) for 20 minutes at 4°C. Cells were permeabilized
using 1x Perm/Wash buffer (BD Biosciences). Click-iT reaction
was performed according to the manufacturer’s protocols using
AF647 azide, triethylammonium salt (A10277) to stain EJU. For
the intracellular staining, cells were incubated for 2 hours at room
temperature with anti-RPA2 (1:100; Abcam ab76420), AF488-
yH2AX (1:100; BioLegend 613406), AF488-BrdU (MoBU-1)
(1:50; Invitrogen B35110), anti-DNA polymerase n (1:200; Abcam
ab236450), and anti-POLD]1 (1:200; Abcam ab186407). For RPA2
staining, cells were further incubated with rabbit AF488 secondary
antibody (1:250; Invitrogen A-21244) at room temperature for 30
minutes. The stained cells were washed, resuspended in 1x Perm/
Wash buffer containing DAPI (1 pg/mL), and acquired on a BD
Fortessa flow cytometer.

For ssDNA detection, 5-bromo-2'-deoxyuridine (BrdU; 2 mg)
(Invitrogen) was injected into mice i.p. for 16 hours, followed by
EdU (1 mg) for the last 2 hours. HSPC staining and pre-extraction
were performed as described above. BrdU and EdU dual staining
was performed using the BrdU flow kit (BD Biosciences), except
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DNase I digestion was omitted, followed by EdU staining (Thermo
Fisher Scientific C10419) per the manufacturer’s recommendations
and analysis by flow cytometry.

BM transplantation. For competitive primary BMT, 0.3 x 10°
total BM cells (CD45.2) were mixed with an equal number of com-
petitors (CD45.1/CD45.2) and retro-orbitally injected into lethally
irradiated recipient mice (CD45.1). Peripheral blood samples were
collected at 4-week intervals, and donor reconstitution was ana-
lyzed using flow cytometry. After 16 weeks of primary transplan-
tation, recipient mice were sacrificed, and BM cells were enriched
for Lin~ using the Lineage Cell Depletion Kit (Miltenyi Biotec).
Cells were first stained with Live/Dead Fixable Aqua (Invitrogen),
followed by surface staining. Intracellular staining was performed
to determine intracellular proteins within the donor HSPC popu-
lations. For the short-term hematopoietic stress, 15 x 10°¢ total BM
cells (CD45.2) were transplanted into lethally irradiated recipient
mice (CD45.1). Mice were sacrificed on day 6 and day 10 after
BMT and stained for flow cytometry.

Western blot. For Western blot, the cell pellets were directly
lysed in 1x LDS sample buffer (Invitrogen) with a reducing agent
(Invitrogen) and sonicated for homogenization. Samples were
boiled at 90°C for 10 minutes, and then the standard Western blot
protocol was followed. Membranes were incubated with primary
antibodies overnight at 4°C, followed by HRP-conjugated sec-
ondary antibodies against rabbit or mouse for 1 hour at room tem-
perature. Membranes were developed with ECL (Thermo Fisher
Scientific 34095), and images were captured by KwikQuant Imag-
er. The antibodies used in this study were anti-yH2AX (1:1,000;
Millipore 05-636), anti—histone H3 (1:1,000; Cell Signaling Tech-
nology 3638S), anti-PCNA (1:1,000; Cell Signaling Technology
13110S), anti-RPA2 (1:1,000; Cell Signaling 2208), anti—-pSer4/8§
RPA2 (1:1,000; Bethyl A300-245A), anti-pSer33 RPA2 (1:1,000;
Bethyl A300-246A), anti—-pSer108 MCM2 (1:1,000; Bethyl A300-
094A), anti-MCM2 (1:1,000; Bethyl A301-191A), anti—pSer824
KAPI (1:1,000; Bethyl A300-767A), anti-KAP1 (1:1,000; Beth-
yl A300-274A), anti-actin (1:2,000; Santa Cruz Biotechnology
sc-8432), anti-p53 (1:1,000; Cell Signaling Technology 2524S),
anti-pSer345 CHKI1 (1:1,000; Invitrogen MAS5-15145), anti-
CHKI1 (1:1,000; Cell Signaling Technology 2360S), and anti—
DNA polymerase 1 (1:200; Abcam ab236450).

Viral transduction of LSK cells and BMT. Sorted LSK cells from
WT and Lnk’~ mice were cultured for 2 days in SFEM medium
(Stemcell Technologies Inc.) supplemented with 10% FBS (SAFC
Biosciences) and cytokines (100 ng/mL mSCF, 20 ng/mL mTpo,
20ng/mL FLT3L, 20 ng/mL IL-6). Lentivirus expressing microR-
NA-30-based shRNA to luciferase (Luc) or Po/H with mCherry as
a marker was preloaded twice into a 12-well plate coated with
RetroNectin (TaKaRa T100B) (62). The shRNA sequences were:
shPolh#t1l, CGCATTTGGTGTCACTAGAAAC, and shPolh#2,
CCCAGATCTTCTCCTGGCACAA. Cultured LSK cells were
transferred to the lentivirus-preloaded plates and incubated for
1 more day. At day 3, 0.3 X 10° cultured LSK cells (CD45.2)
were mixed with 0.6 X 10° Scal-depleted competitor BM cells
(CD45.1/CD45.2) and injected into recipient mice (CD45.1) that
were irradiated with a split dose of 10 Gy. A small fraction of
infected cells was kept for 1 more day to evaluate the viral infec-
tion efficiency (56). After BMT, peripheral blood samples were
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collected every 4 weeks, and the reconstitution of mCherry* cells
within total peripheral blood and mCherry* percentages within
CDA45* donors were analyzed using LSR Fortessa flow cytometry.

HSC sorting and transplantation. HSC purification and BMT were
performed as described previously (14). Briefly, Lin* cells were first
depleted using a Lineage Cell Depletion Kit (Miltenyi Biotec cata-
log 130-090-858). Lin™ cells were then stained with APC—Cy7—c-Kit
(2B8), PerCP-Cy5.5-Scal (E13-161.7 or D7), FITC-CD48 (HM48-
1), and PE-Cy7-CD150 (TC15-12F12.2). One hundred fifty HSCs
(CD150*CD48 LSK) were sorted into a round-bottom 96-well plate
on a FACSAria Fusion sorter (BD Biosciences). HSCs were cul-
tured for 3 days in 5 pM REV1i or DMSO as a control. Cells from
each well were mixed with 0.6 x 10° Scal-depleted competitor BM
cells (CD45.1/2) and injected retro-orbitally into lethally irradiated
recipient mice (CD45.1). Peripheral blood samples were collected
every 4 weeks, and donor reconstitution was analyzed on a FACS
Fortessa or Cytek Aurora flow cytometer.

Colony assays. Mouse BMs were plated in semi-solid methylcel-
lulose culture (Stemcell Technologies Inc.) according to the man-
ufacturer’s recommendations with M3434 medium. The colony
numbers were scored 7-12 days later.

pIpC injection. For repeated pIpC injection, 5 mg/kg pIpC (Invi-
voGen) was administered i.p. The administration regimen was 2
times per week for 4 weeks, followed by 4 weeks of rest, and this
8-week cycle was repeated 7 times. For a single pIpC injection to
induce HSC into the cell cycle, 2 mg/kg was administered i.p.

Fork restart flow cytometry assay. Sorted LSK cells were cul-
tured for 3 days in SFEM medium supplemented with 10% FBS
together with various cytokines: mSCF (100 ng/mL), mTPO (20
ng/mL), mIL-6 (20 ng/mL), and mIL-3 (20 ng/mL) (PeproTech
Inc.). After 3 days, cells were pulsed with 10 uM BrdU (Invi-
trogen) for 10 minutes to label the S-phase cells. Cells were
washed once with IMDM containing 10% FCS and incubated
with hydroxyurea (HU; 0.5 mM) (MilliporeSigma) for 1 hour to
halt the S-phase progression. Cells were washed twice and fur-
ther incubated with EdU (10 uM) (Click Chemistry Tool) for 1
hour to assess the ability to restart the replication within S-phase
cells (BrdU"). Cells were immediately fixed and stained with cell
surface PerCP-Cy5.5-Scal (D7) and APC-Cy7-CD48 (HM48-1)
antibodies. BrdU and EdU dual staining was performed using
the BrdU flow kit (BD Biosciences) with anti-BrdU (Invitrogen
MoBU-1) antibody, followed by EdU staining (Thermo Fisher
Scientific C10419) per the manufacturer’s recommendations, and
analyzed by flow cytometry.

Single-molecule DNA fiber assay. Fork recovery and ssDNA gap
assays of single-molecule DNA fibers were performed similarly
to published protocols (63, 64). Briefly, freshly isolated LSK cells
were recovered in cytokine-containing medium for 1 hour before
fiber assay. For the fork recovery assay, replicating DNA was first
labeled by a 20-minute pulse with 50 uM CldU (MilliporeSigma),
followed by the addition of 2 mM HU (MilliporeSigma) for 1
hour to stall replication. Cells were then washed and pulsed with
250 uM IdU (MilliporeSigma) for 20 minutes. For S1 nuclease
assay, replicating DNA was first labeled by a 20-minute pulse
with 50 pM Cl1dU, followed by a 40-minute pulse with 250 uM
ClIdU in the presence of 20 pM HU. Cells were then collected,
washed with CSK buffer (100 mM NaCl, 10 mM MOPS, 3 mM
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MgCl, pH 7.2, 300 mM sucrose, 0.25% Triton X-100), and sub-
jected to a 30-minute treatment with or without S1 nuclease. For
both assays, cells were lysed directly on silane-coated slides and
then tipped to 30° to spread single DNA fibers. Slides were subse-
quently fixed, and DNA denatured and neutralized. Slides were
incubated with anti-CldU (rat, Abcam) and IdU (mouse, BD
Biosciences) primary antibodies, followed by goat anti-rat AF488
and goat anti-mouse AF568 (Invitrogen) secondary antibodies.
DNA fibers were captured using a X100 or X60 objective on a
Nikon Eclipse 80i fluorescent microscope and quantified using
ImageJ software (Fiji).

Immunofluorescence. Ex vivo—cultured HSPCs were fixed with
4% paraformaldehyde for 20 minutes at 4°C and washed with PBS.
Fixed cells were permeabilized with 0.2% Triton X-100 for 5 min-
utes on ice. Cells were washed and stained with anti-mouse YH2AX
antibody (1:200; Millipore 05-636) for 2 hours at room temperature,
followed by 3 washes with PBS. Cells were stained with anti-mouse
Cy3 secondary antibody (715-165-150, Jackson ImmunoResearch)
for 30 minutes at room temperature. Cells were washed twice, and
nuclei were stained with DAPI. Stained cells were spun onto glass
microscope slides and visualized using fluorescent microscopes. All
the captured images were analyzed using Fiji software.

Statistics. For all cell culture, colony-forming cell assays, and
BMT assays, 2-tailed Student’s ¢ tests or ANOVA with multiple
comparisons were performed. Graphs are presented as mean *
SEM or mean * SD. For DNA fiber ratios in the DNA fiber assays,
the Kruskal-Wallis 1-way ANOVA test was used for non-paramet-
ric data, and comparisons between individual groups were calculat-
ed using Dunn’s multiple-comparison post-test in Prism (GraphPad
Software Inc.). Statistical significance was determined by 2-tailed
Student’s ¢ test, and a P value less than 0.05 was considered statis-
tically significant.

Study approval. All the animal studies were performed under a
protocol approved by the Institutional Animal Care and Use Com-
mittee of Children’s Hospital of Philadelphia (2024-0781).
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Data availability. Please refer to the Supporting Data Values
file containing all of the underlying values for the data present-
ed in the article. There are no large datasets or computer codes
associated with this work.
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