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DNA damage tolerance (DDT) enables bypassing of DNA lesions
during replication, thereby preventing fork stalling, replication
stress, and secondary DNA damage related to fork stalling. Three
modes of DDT have been documented: translesion synthesis (TLS),
template switching (TS), and repriming. TLS and TS depend on site-
specific PCNA K164 monoubiquitination and polyubiquitination,
respectively. To investigate the role of DDT in maintaining hema-
topoietic stem cells (HSCs) and progenitors, we used PcnaK164R/K164R

mice as a unique DDT-defective mouse model. Analysis of the com-
position of HSCs and HSC-derived multipotent progenitors (MPPs)
revealed a significantly reduced number of HSCs, likely owing to
increased differentiation of HSCs toward myeloid/erythroid-
associated MPP2s. This skewing came at the expense of the number
of lymphoid-primed MPP4s, which appeared to be compensated for
by increased MPP4 proliferation. Furthermore, defective DDT de-
creased the numbers of MPP-derived common lymphoid progenitor
(CLP), common myeloid progenitor (CMP), megakaryocyte-erythroid
progenitor (MEP), and granulocyte-macrophage progenitor (GMP)
cells, accompanied by increased cell cycle arrest in CMPs. The HSC
and MPP phenotypes are reminiscent of premature aging and
stressed hematopoiesis, and indeed progressed with age and were
exacerbated on cisplatin exposure. Bone marrow transplantations
revealed a strong cell intrinsic defect of DDT-deficient HSCs in recon-
stituting lethally irradiated mice and a strong competitive disadvan-
tage when cotransplanted with wild-type HSCs. These findings
indicate a critical role of DDT in maintaining HSCs and progenitor
cells, and in preventing premature aging.
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Hematopoietic stem cells (HSCs) are able to maintain a steady
population level over long periods through self-renewal. In

addition, HSCs are pluripotent and can give rise to most special-
ized hematopoietic lineages (1, 2). Functionally distinct hemato-
poietic precursor subsets have been identified based on expression
markers and functional transplantation analyses (3–5). These sub-
sets are defined as long-term HSC (LT-HSC), short-term HSC
(ST-HSC), multipotent progenitor 2–4 (MPP2, MPP3, and MPP4),
common lymphoid progenitor (CLP), common myeloid progeni-
tor (CMP), megakaryocyte-erythroid progenitor (MEP), and
granulocyte-macrophage progenitor (GMP) (Table 1). The Line-
age−, Sca-1+, cKit+ (LSK) subset contains LT-HSC, ST-HSC,
MPP2, MPP3, and MPP4. The hematopoietic stem and pro-
genitor cell (HSPC) compartment comprises LT-HSC, ST-HSC,
MPP2, and MPP3. The Lineage−, cKit+, Sca-1− (LKS−) subset
includes CMP, MEP, and GMP.
During aging, the HSC potential declines, and HSC differenti-

ation is skewed toward the erythroid/myeloid-associated MPP2
lineage, seemingly at the expense of lymphoid-associated MPP4
and CLP (6). Consequently, lymphocyte production decreases and
the functionality of the lymphoid system declines with aging. This
age-related phenomenon of decreased lymphoid functionality,

termed immunosenescence, is thought to be initiated in aging
HSCs (7, 8).
Defects in DNA damage repair pathways progressively impair

the fitness of HSCs and are linked to premature aging (7, 9–12). In
addition, replicative stress has been implicated in HSC decline and
aging (13). During S phase, DNA is copied by replicative poly-
merases epsilon and delta on the leading and lagging strands,
respectively (14, 15). However, these replicative polymerases can
be stalled by replication blocks, such as DNA lesions, G4 stacks,
ribonucleotide misincorporation, and RNA/DNA hybrids that
persist into or arise during S phase (16-18). To bypass such rep-
lication blocking lesions or structures and prevent secondary DNA
damage due to prolonged fork stalling, three principle modes of
DNA damage tolerance (DDT) are distinguished: translesion
synthesis (TLS), template switching (TS), and repriming (19–23).
PCNA K164-specific modifications are key to the ability to
efficiently switch between a replicative mode and a damage-
tolerant mode of DNA replication. In mammals, PCNA K164
can be sumoylated; however, sumoylation is not K164-specific
(24). In contrast, DNA damage-induced monoubiquitination
at lysine 164 of PCNA (PCNA-Ub) is site-specific and highly
conserved.
PCNA-Ub facilitates efficient polymerase switching to a dam-

age tolerant Y-family TLS polymerase that can accommodate
non-Watson/Crick base pairs within their enlarged catalytic cen-
ters, enabling replication to continue across a lesion, albeit more
error-prone. PCNA K164 polyubiquitination (PCNA-Ubn) signals
TS when the intact genetic information of the sister chromatid
provides the template for an error-free bypass of the fork-stalling
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lesion. PCNA K164-independent mechanisms of TLS recruitment
(e.g., the Y-family TLS polymerase REV1) can recruit other
Y-family TLS polymerases to stalled forks (25-28). In Saccharo-
myces cerevisiae, a DDT-independent role of PCNA K164 modi-
fication has been suggested to play a minor role in lagging strand
synthesis under unperturbed conditions (29), although that study
could not exclude differential DDT activity on the leading vs.
lagging strand in response to endogenous DNA damage
and replication blocking lesions (19). In mammals, TLS is the
predominant pathway, and PCNA-Ub–mediated TLS can be
readily observed on DNA damage induction, whereas PCNA-

Ubn–mediated TS seems less frequent (30, 31). Recent re-
search has highlighted the relevance of PCNA K164-dependent
DDT in genome maintenance and its critical activity within the
DNA damage response network (32–38); however, the overall
relevance of these DDT pathways in the rapidly renewing he-
matopoietic system remained to be defined.
In this study, we investigated the role of DDT in HSC and pro-

genitor cells. The contribution of DDT in the maintenance of HSCs
was determined by analyzing the bone marrow (BM) of DDT-
deficient PcnaK164R/K164R mice (34). Detailed analyses of the he-
matopoietic compartment of DDT-defective PcnaK164R/K164R mice

Table 1. Hematopoietic progenitor and HSC subsets and their markers

Subset Subpopulations Markers

LSK HSPC, LT-HSC, ST-HSC, MPP2, MPP3, MPP4 Lineage−, Sca-1+, cKit+

HSPC LT-HSC, ST-HSC, MPP2, MPP3 Lineage−, Sca-1+, cKit+, CD135−

LT-HSC Lineage−, Sca-1+, cKit+, CD135−, CD150+, CD48−

ST-HSC Lineage−, Sca-1+, cKit+, CD135−, CD150−, CD48−

MPP2 Lineage−, Sca-1+, cKit+, CD135−. CD150+, CD48+

MPP3 Lineage−, Sca-1+, cKit+, CD135−, CD150−, CD48+

MPP4 Lineage−, Sca-1+, cKit+, CD135+

LKS- CMP, GMP, MEP Lineage−, Sca-1−, cKit+

CMP Lineage−, Sca-1−, cKit+, CD34int, CD16/32int

GMP Lineage−, Sca-1−, cKit+, CD34+, CD16/32+

MEP Lineage−, Sca-1−, cKit+, CD34−, CD16/32−

CLP Lineage−, Sca-1int, cKitint, CD135+, CD127+
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Fig. 1. PCNA K164R mutation leads to a HSC and progenitor defect. (A) Gating of hematopoietic precursor and HSC subsets in 2-mo-old WT and PcnaK164R/K164R

mice. (B–E) Quantification of hematopoietic subsets in WT and PcnaK164R/K164R femora. Merged data from two experiments are shown, with a total of six mice per
genotype. The t test was applied to calculate P values. *P > 0.05; ***P > 0.001; ****P > 0.0001.
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revealed a critical contribution of DDT in determining the fitness
of HSC and their progeny. A selective skewing of hematopoiesis
toward the myeloid/erythroid-biased MPP2 in the LSK compart-
ment indicated that defective DDT greatly accelerates aging of the
hematopoietic compartment in PcnaK164R/K164R mice. These find-
ings highlight the relevance and critical contribution of DDT
analogous to DNA repair within the DNA damage response net-
work, as well as the importance of DDT in safeguarding long-term
tissue homeostasis.

Results
DDT Is Required to Maintain HSCs and Progenitor Cells. To investigate
the relevance of DDT in maintaining HSCs and progenitors, we
analyzed DDT-deficient mice with a PcnaK164R/K164R mutation.
The distinct hematopoietic subsets were quantified using defined
gating strategies and markers (3) (Table 1 and Fig. S1A). Fol-
lowing this strategy, the MPP1 subset is included in LT-HSCs.
In young adult mice (age 2 mo), the total number of nucleated

cells per femur was comparable in WT and PcnaK164R/K164R mice;
however, significant differences were found in various hemato-
poietic subsets. The LSK population in the BM was decreased by
2.1-fold, from 41 × 103 in WT compared with 19 × 103 cells per
femur in PcnaK164R/K164R mice (Fig. 1 A and B). In the femora of
PcnaK164R/K164R mice, LT-HSC was decreased by 1.4-fold, ST-HSC
was decreased by 5.3-fold, and MPP4 was decreased by 4.4-fold. In
contrast, the MPP2 subset was selectively increased by 2.1-fold in
the PcnaK164R/K164R mice (Fig. 1 B and C).
The more differentiated LKS− progenitor subset was also de-

creased, by 2.5-fold, in the PcnaK164R/K164R mice (Fig. 1D and Fig.
S1A). Compared with WT, in PcnaK164R/K164R mice the CMP

compartment decreased by 2.1-fold, GMP decreased by 1.9-fold,
and MEP decreased by 4.0-fold. Furthermore, the CLP com-
partment decreased by 2.4-fold (Fig. 1E). MPP4 and CLP con-
tribute primarily to lymphocytes (3). Given the decreased
MPP4 and CLP in the PcnaK164R/K164R mice, we examined B and T
lymphocyte development in these mice (Fig. S1 B–D). Using well-
defined markers to trace lymphocyte differentiation (39), we
found no major effects on B cell or T cell development. Similarly,
splenic B cell and T cell populations remained largely unaffected,
although B cells were slightly reduced.
To establish whether the defects in HSCs and other progenitor

populations are due to increased DNA damage, we assayed the
percentage of γH2AX-positive cells per subset (Figs. S2 A–F and
S3). Because γH2AX increases during S/G2, we corrected for
cell cycle status; i.e., percentages were calculated as γH2AX-
positive cells in S/G2 of all cells in S/G2. γH2AX was slightly
increased in all populations, although to a significant extent only
in PcnaK164R/K164R LSK S/G2 cells, compared with WT.
In summary, the foregoing data indicate an important function of

DDT in maintaining the HSC and progenitor populations in the BM.
Furthermore, the decreases in ST-HSC and MPP4 combined with
the increase of MPP2 is highly reminiscent of previously reported
findings of hematopoietic regeneration and premature aging (3, 6).

DDT Deficiency Is Associated with Increased Proliferation and Cell Cycle
Arrest in Distinct Hematopoietic Progenitor Subsets. Based on our
findings of decreased numbers of cells in progenitor compart-
ments and equal total BM cell numbers, we reasoned that the LSK
and LKS− progenitor compartments should increase proliferation
to compensate for the decrease in progenitor cells. To examine
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Fig. 2. Defective DDT leads to increased proliferation and cell cycle arrest in different hematopoietic subsets. (A) Percentage of S/G2 cells in WT and PcnaK164R/K164R

in 2-mo-old mice. Combined data from two experiments are shown. (B) Percentage of EdU-positive cells in WT and PcnaK164R/K164R BM. Mice were treated with EdU
for 24 h. Pooled data of two experiments are shown. The t test was used to calculate P values. *P > 0.05; **P > 0.01; ***P > 0.001; ****P > 0.0001.
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whether the compromised early hematopoiesis in PcnaK164R/K164R

mice leads to a compensatory proliferation or DDT deficiency-
related cell cycle arrest at S/G2, we measured the chromatin
content in HSCs and progenitor cells. In PcnaK164R/K164R BM cells,
the percentage of cells in S/G2 was increased by 1.6-fold in the
LSK population, by 1.6-fold in the HSPC population, and by 1.7-
fold in the MPP4 population (Fig. 2A and Fig. S4). The increased
percentage of S/G2 cells in the LSK and HSPC of PcnaK164R/K164R

is most likely related to a selective increase in MPP2 cells per
femur, which had a very high percentage of cells in S/G2. In
contrast, within the HSPC population, no subset differed signifi-
cantly in terms of percentage of cells in S/G2.
In the case of MPP4, the increase in S/G2 cells could be caused

by increased proliferation or cell cycle arrest. To distinguish be-
tween these possibilities, we injected mice with the thymidine
analog 5-ethynyl-2′-deoxyuridine (EdU) for 16 h. EdU incorpo-
ration into DNA enables quantification of actively proliferating
cells. Following this approach, we observed that the frequency of
EdU-positive cells in the MPP4 compartment was increased in
PcnaK164R/K164R mice, supporting that idea that increased pro-
liferation compensates for the lack of MPP4s (Fig. 2B and Fig.
S5). The increased EdU incorporation in PcnaK164R/K164R LSK and
HSPC compared with WT is likely relates to the presence of highly
proliferative MPP2 precursors and their increased cell numbers in
PcnaK164R/K164R mice.
In contrast to LSK, LKS− (1.2-fold) and CMP (1.3-fold)

populations exhibited an increased S/G2 percentage and a re-
duced frequency of EdU-positive cells in PcnaK164R/K164R mice
(Fig. 2 A and B and Fig. S5). These data suggest that the failure
to tolerate endogenous DNA damage leads to an increased cell
cycle arrest in the LKS− compartment of PcnaK164R/K164R mice.
In summary, these distinct alterations in the percentage of

cells in S/G2 and EdU incorporation in LSK and LKS− subsets
caused by the PcnaK164R/K164R mutation suggest that the BM
subsets of these mice have differ in terms of endogenous repli-
cation impediments, sensitivity to DNA damage, and response to
DNA damage signaling.

The Hematopoietic System of DDT-Deficient Mice Is Extraordinarily
Sensitive to Cisplatin. Primary cell lines derived from PcnaK164R/K164R

mice are highly sensitive to cisplatin (CsPt) (30, 35, 40). To quantify
the sensitivity of PcnaK164R/K164R BM to interstrand and intrastrand
cross-links, mice were injected i.v. with 0.8 mg/kg CsPt or mock-
treated with PBS, and the BM was analyzed after 2 d. The dose
used here was relatively low, because the maximal tolerable dose
used in C57BL/6J mice is 6 mg/kg CsPt, which is 7.5-fold lower.
In WT mice, the total number of BM cells remained un-

affected on low-dose CsPt treatment (Fig. 3 A and B). Patho-
logical analysis of BM revealed that administration of low-dose
CsPt at a concentration of 0.8 mg/kg did not visibly affect BM
hematopoiesis in WT mice. Likewise, vehicle controls in both
WT and PcnaK164R/K174R mutant mice showed no visible changes
when mock-treated with PBS. In contrast, the PcnaK164R/K164R

mutant mice showed massively disturbed myelopoiesis, erythro-
poiesis, and thrombopoiesis (Fig. 3A and Fig. S6). In particular,
the erythropoietic population was greatly depleted.
Flow cytometry analysis of HSCs and progenitor cells revealed

that in WT mice, only the CMP (1.3-fold decrease) and MEP
populations (3-fold decrease) were affected on CsPt exposure,
indicating that the myeloid/erythroid lineage is particularly sensi-
tive to CsPt in WT mice (Fig. 3 and Fig. S6).
In line with the pathological analysis, counting total BM cells in

PcnaK164R/K164R mice, CsPt treatment reduced the number of nu-
cleated BM cells per femur from 18 × 106 in mock-treated mice to
10 × 106 in CsPt-treated mice, an 1.8-fold decrease (Fig. 3B and
Fig. S6). Most remarkably, HSCs and progenitor cells were sig-
nificantly affected. The LSK (57-fold), HSPC (41-fold), LT-HSC
(52-fold), ST-HSC (335-fold), MPP2 (4-fold), MPP3 (32-fold),

and MPP4 (102-fold) populations were severely diminished after
CsPt treatment in PcnaK164R/K164R mice compared with CsPt-treated
WT mice (Fig. 3 C and D and Fig. S6A). In the LKS− progenitors,
the CMP (940-fold), GMP (219-fold), and MEP (1,755-fold) pop-
ulations were all significantly reduced in PcnaK164R/K164R mice after
treatment compared with the treated WT control mice (Fig. 3E and
Fig. S6A). As expected, the subsets most strongly affected by CsPt
were those with a higher S/G2 percentage, with the exception of
ST-HSC and MPP2. ST-HSCs were decreased the most and
MPP2 was decreased the least, suggesting that ST-HSCs can
rapidly differentiate to MPP2 on stress to secure erythropoiesis.
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Fig. 3. The hematopoietic system strongly depends on DDT for tolerating
cross-linking agents. (A) H&E-stained sternum of WT and PcnaK164R/K164R in-
jected with PBS or CsPt. (Original magnification, 20×; scale bar, 50 μm.) (B–E)
Number of nucleated cells per femur at 2 d after injection of 0.8 mg/kg CsPt
or PBS. One representative experiment out of two experiments is shown.
*P > 0.05; **P > 0.01; ***P > 0.001; ****P > 0.0001.
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In summary, the hematopoietic defect of DDT-deficient mice
could be exacerbated by replication stress induced by CsPt. The
PCNA K164 ubiquitination defect rendered HSC, MPP, and
LKS−-subsets highly sensitive to cross-linking agents. Not all
hematopoietic subsets were equally impaired, however. In par-
ticular, ST-HSC, CMP, and MEP showed the largest fold change
on CsPt exposure in both WT and PcnaK164R/K164R mice.

DDT Strongly Contributes to HSC Fitness. To determine the func-
tionality of HSCs in PcnaK164R/K164R mice, we performed com-
petitive BM transplantations. BM cells were transplanted by i.v.
injection of a 1 × 106 1:1 mixture of Ly5.1 WT with Ly5.2 WT or
PcnaK164R/K164R BM cells into irradiated Ly5.1 recipient mice. By
applying the Ly5.1/Ly5.2 discrimination system, we determined
the relative fitness of DDT-proficient and -deficient HSCs by
measuring their contribution to the B lymphocytes, T lympho-
cytes, and granulocytes. In all three subsets, we observed that in
the WT vs. WT setting, the contribution of Ly5.2 WT reached
the expected plateau at 50–60% after 10 wk (Fig. 4 A–C and Fig.
S7); however, in the PcnaK164R/K164R vs. WT setting, the contri-
bution of Ly5.2 PcnaK164R/K164R was dramatically reduced. After
2 wk, there was a small contribution of Ly5.2 PcnaK164R/K164R

cells to granulocytes and B cells, which might have arisen from
differentiated progenitor cell populations. Their contribution
further decreased to <5% after 5 wk and remained <5% for up
to 20 wk.

In contrast, Ly5.2 PcnaK164R/K164R T cells start with a 50%
contribution at 2 wk, likely derived from CLPs that populate the
thymus (39). Similar to granulocytes and B cells, after 5 wk, the
contribution of PcnaK164R/K164R also decreased to <5%.
At 20 wk after transplantation, we examined the BM and

found that the population of HSCs containing LSK and more
differentiated LKS− in the Ly5.2 PcnaK164R/K164R was almost
absent, whereas WT Ly5.2 contributed 50%, as expected (Fig.
4D). These results indicate a severe defect in the transplantation
capacity of PcnaK164R/K164R HSCs. These data also suggest that
PcnaK164R/K164R HSCs are rapidly outcompeted by the WT HSCs
or, alternatively, that PcnaK164R/K164R HSCs have difficulty in
reaching the HSC niche.
To evaluate these hypotheses, we performed noncompetitive

BM transplantations by i.v. injection of 2 × 106 Ly5.2 WT or
PcnaK164R/K164R BM cells into irradiated syngeneic Ly5.1 recipient
mice. After 2 wk and 4 wk, we assessed their transplantation ca-
pacity on the basis of Ly5.2 cells at different stages of hemato-
poiesis. In this noncompetitive BM transplantation assay, WT BM
cells were much more effective in repopulating the depleted BM.
After 2 wk, the femurs of WT reconstituted recipient mice con-
tained 15 × 106 Ly5.2-positive cells, compared with only 6 × 106

cells in the femurs of PcnaK164R/K164R reconstituted recipient (Fig.
4E). This 2.5-fold reduction in reconstitution activity likely relates
to intrinsic differences in the transplantation efficiency of
PcnaK164R/K164R BM cells. This defect was even more pronounced
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when analyzing HSCs containing LSK and HSPCs (Fig. 4F and
Fig. S8 A–F). In addition, the LKS−, CMP, GMP, and MEP
progenitor population numbers were much lower after 2 wk in
mice reconstituted with PcnaK164R/K164R BM. Even though the BM
cellularity of PcnaK164R/K164R reconstituted recipients improved
substantially after 4 wk, major differences remained in terms of
defined BM precursor subsets. Of note, the observed differences
at 2 wk after transplantation are not likely explained by preexisting
differences in the initial subset composition of transplanted BM
cells, because these differences greatly exceeded the preexisting
differences.
In summary, these data indicate a severe intrinsic repopulation

defect of PcnaK164R/K164R HSCs. This defect likely explains our
observations in the competitive BM reconstitution assays.

DDT Deficiency Results in Premature Aging of the Early Hematopoietic
Compartment. During aging, the number of MPP2 cells increases
and the number of MPP4 cells progressively decreases in the BM
(6). This suggests a priority for producing MPP2 at the expense of
MPP4, because MPP2 cells are important precursors for the es-
sential myeloid/erythrocyte lineage, and MPP4s are the precursors
of the less important lymphoid lineage. In this way, oxygen supply is
safeguarded. Interestingly, already after 2 mo, PcnaK164R/K164R mice
showed an increased in MPP2 and a decrease in MPP4 cells. This
phenotype caused by defective DDT is consistent with accelerated
aging, presumably owing to increased replication stress. If this
hypothesis is correct, then this phenotype would be expected to be

further enhanced during aging. Thus, we compared the cellularity
of the hematopoietic subsets of WT and PcnaK164R/K164R at age
9–10 mo (Fig. 5 A–E). Comparing 2-mo-old and 9- to 10-mo-old
PcnaK164R/K164R and WT mice revealed further increases in fold
changes in the ST-HSC, MPP4, and CLP subsets; however, MPP2
remained higher in the PcnaK164R/K164R mice throughout this period
(Fig. S9). In contrast, in the LKS− subsets, aging did not increase
the initial difference. This suggests that during stressed hemato-
poiesis, the maintenance of LKS− cells is a priority, because these
cells contain the essential erythroid progenitors.
In summary, defective DDT leads to accelerated aging of the

hematopoietic system, characterized by an increased selective
skewing toward the MPP2 subset in LSK, primarily at the ex-
pense of the MPP4 subset.

Discussion
Although the role of DNA repair in HSC maintenance has been
established, the contribution of DDT to HSC and progenitor
maintenance has remained unclear. Here we report an elegant
model for studying stressed hematopoiesis and demonstrate a
critical cell-intrinsic role for DDT in maintaining adult HSCs and
early hematopoiesis. PcnaK164R/K164R cells are defective in TLS
and TS, leading to increased replication stress and sensitivity to
fork-stalling DNA lesions. In 2-mo-old mice, the PcnaK164R/K164R

mutation caused reduced cellularity of LSK, LT-HSC, ST-
HSC, MPP4, LKS−, CMP, GMP, MEP, and CLP subsets in
the BM of mice. In contrast, the lack of PCNA K164-dependent
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DDT was associated with a selective increase in the myeloid/
erythroid–associated MPP2 in PcnaK164R/K164R mice. This in-
crease is likely due to increased stress-induced differentiation
of HSCs, which reduces the number of HSCs, toward MPP2 at
a cost of the number of MPP4 cells (3, 41, 42).
Our cell cycle and cell proliferation studies reveal an increased

percentage of S/G2 cells and increased EdU incorporation in
MPP4, suggestive of compensatory proliferation to counteract
the strong loss of these lymphoid-primed progenitor cells. Be-
cause MPP4 mainly contributes to the lymphoid lineage, the
increased proliferation could explain the unaffected B cell and
T cell development in PcnaK164R/K164R mice. In contrast, LKS−

and CMP progenitors had an increased proportion of S/G2 cells
combined with lower EdU incorporation in PcnaK164R/K164R

mice, pointing to a cell cycle arrest caused by increased fork
stalling and secondary DNA damage due to defective DDT.
To determine whether the BM defect of PcnaK164R/K164R mice

could be enhanced by exogenous DNA damage, mice were ex-
posed to CsPt. Although WT BM subsets were marginally af-
fected, PcnaK164R/K164R HSC and progenitor subsets were almost
depleted. This marked hypersensitivity to DNA damage in mice
deficient for PCNA K164-dependent DDT further highlights the
relevance of DDT in maintaining hematopoiesis and HSCs.
Aging is characterized by a selective skewing of hematopoiesis

toward the myeloid/erythroid-associated MPP2 in the LSK subsets
in aged mice (6). Therefore, the skewing toward MPP2 in the LSK
compartment of PcnaK164R/K164R mice is likely related to accelera-

ted aging induced by increased replication stress due to defective
DDT. We hypothesize that stress-induced regeneration, like rep-
lication stress, of the hematopoietic system results in a shifted
differentiation toward MPP2. This model is in line with previous
reports documenting a shift toward MPP2 in the LSK compart-
ment on stress-induced regeneration of the hematopoietic system
(3). This skewing is further increased during aging. While the dif-
ferentiation bias was already evident in 2-mo-old PcnaK164R/K164R

mice, this bias increased further at age 9–10 mo. This finding
supports the notion of accelerated aging in the PcnaK164R/K164R

BM. Apparently, the capacity to tolerate DNA damage and pre-
vent replication stress is critical to maintaining homeostasis in the
BM compartment. The failure to tolerate DNA damage strongly
accelerates aging of the BM compartment, indicating an important
function of PCNA K164-dependent DDT in HSC maintenance.
Defects in DNA repair pathways (9) and increased replication
stress (13) have been identified as potent drivers of premature
HSC aging, which is in line with our findings.
In our model of stressed hematopoiesis due to deficient DDT

in PcnaK164R/K164R mice, HSCs shifted differentiation from
mainly to MPP4 in WT to MPP2 in PcnaK164R/K164R (Fig. 6).
Of note, Rad18-deficient mice do not show a decrease of LSK

cells (43). This likely is related to the existence of alternative
E3 ligases targeting PCNA K164 (44, 45). Alternatively, an un-
known PCNA K164 modification may play a role in maintaining
HSCs and progenitor cells. An additional phenotype of PcnaK164R/
K164R mice is infertility due to the complete absence of germ cells
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(34). The infertility, the BM phenotype, and the sensitivity to cross-
linking agents are shared phenotypes with Fanconi anemia (FA)
mouse models (46–48). Future research should examine the con-
tribution of PCNA K164-dependent DDT in the FA pathway.
The FA pathway is involved in the repair of interstrand cross-

links (49, 50). DDT pathways, on the other hand, likely tolerate a
myriad of replication blocks. These replication blocks may in-
clude base damages such as deamination, methylation, and oxi-
dation; intrastrand and interstrand cross-links induced by
endogenous and exogenous genotoxins; G4 stacks; RNA-DNA
hybrids; and ribonucleotide misincorporation (16-18, 51, 52).
Consequently, DDT-impaired HSCs are likely to be sensitized to
this complex spectrum of lesions. For survival, PCNA K164-
deficient DDT HSCs are assumed to depend on alternative
DDT pathways, such as REV1-dependent DDT. Given the im-
pact of a DDT defect on HSCs, it is likely that other stem cells,
especially those in highly proliferative compartments, are sensi-
tive as well. Further research is needed to examine the sensitivity
of other tissue stem cells and the relevance of DDT for tissue
homeostasis.
In conclusion, this study reports the relevance of DDT in

preventing premature aging in the hematopoietic compartment
and safeguarding HSC functionality. These data highlight DDT
as important arm of the DNA damage response network.

Methods
Mice and Breeding. The PcnaK164R/K164R knock-in mouse model has been de-
scribed previously (34). All mice were kept on C57BL/J6 background under
specific pathogen-free conditions. PcnaK164R mice were maintained hetero-
zygous. All experiments were approved by the Animal Experimental Com-
mission of the Netherlands Cancer Institute and performed in accordance
with Dutch and European guidelines.

Antibodies. Antibody specifications are listed in Table S1.

Flow Cytometry.
Hematopoietic precursor subset analysis. Mice were killed at the indicated age
(2 mo or 9–10 mo), and BM from femora was flushed out using a 21-gauge
syringe with cold PBEA buffer (1× PBS 0.5% BSA, 2 mM EDTA, and 0.02%
sodium azide). The samples were kept on ice. We used 5 × 106 cells per
staining. BM cells were first stained with a biotinylated lineage + antibody
mix for 30 min and then washed twice in PBEA buffer. For quantifying stem
cells and MPP populations, cKit-APC, Sca-1-PerCp/Cy5.5, CD48-FITC, CD135-
PE, CD150-PE/Cy7, and streptavidin-APC/Cy7 were used. For quantifying LKS−

progenitor populations, cKit-APC, CD34-FITC, CD16/32-PE/Cy7, streptavidin-
APC/Cy7, and Sca-1-Pacific Blue were used. To quantify CLPs, cKit-APC,
CD127-PerCp/Cy5.5, CD135-PE, streptavidin-APC/Cy7, and Sca-1-Pacific Blue
were used. Cells were washed twice with PBEA and then resuspended in 400
μL of PBEA. For stem cells and MPP, DAPI was used as life/dead staining,
whereas for LKS− and CLP, propidium iodide (PI) was used. All measurements
were performed with a BD LSRFortessa cell analyzer (BD Biosciences).
Analyses were performed using FlowJo version 10.0.8r1.
Cell cycle analysis of BM populations. Cell surface staining was performed as
described above. Samples were incubated in Cytofix/Cytoperm (BD Biosciences)
for 15min. Cellswerewashedusing Permwash andharvested in PBEA containing
10 μg/mL DAPI. Analyses were performed using FlowJo version 10.0.8r1.
Assessing yH2AX levels of BM populations. Cell surface staining was performed
as described above. BM cells were first labeled with biotinylated Lin+ anti-

body mix. Subsequently, LSK populations were stained with CD135-PE, SCA-
1-PerCp/Cy5.5, cKit-APC, and streptavidin-APC/Cy7. Progenitor populations
were stained with SCA-1-PerCpCy5.5, CD16/32-PE/Cy7, cKit-APC, and
streptavidin-APC/Cy7.

Cells were fixed and permeabilized using Cytofix/Cytoperm (BD Biosci-
ences), then stained with γH2AX antibody for 30 min at room temperature.
Anti-mouse IgG-AF488 was used for the secondary staining. DAPI (10 μg/mL)
was used for chromatin labeling. A nonspecific IgG isotype control served as
a negative control. Analyses were performed using FlowJo version 10.0.8r1.
B and T development. The lymphocyte composition and precursor subsets in
thymus and bone marrow were analyzed as described previously (19).
In vivo EdU incorporation assay. Here 200 μL of 10 mM EdU in PBS was injected
i.p. After 16 h, BM was isolated as described above. The Click-iT Plus EdU
Flow Cytometry Kit AF488 (Thermo Fisher Scientific) protocol was followed.
BM was stained using biotinylated Lineage+ antibody mix, cKit-APC, Sca-1-
PerCp/Cy5.5, CD135-PE, CD150-PE/Cy7, and streptavidin-APC/Cy7, followed
by Alexa Fluor 488 picolyl azide staining. A non–EdU-treated mouse served
as a negative control. Analyses were performed using FlowJo version
10.0.8r1.

Competitive BM Reconstitution. BM was isolated from three Ly5.2 2-mo-old
WT mice and three 2-mo-old Ly5.2 PCNAK164RK164R mice and mixed
1:1 with the BM isolated from one Ly5.1 WT mouse. Thereafter, 1 × 106

Ly5.1/Ly5.2 mixed BM cells were transplanted into lethally irradiated (two
doses of 5.5 Gy, separated by a 3-h interval) Ly5.1 recipient mice. Blood
(50 μL) was obtained after 2, 4, 8, 12, 16, and 20 wk. The contribution in the
blood of Ly5.1 and Ly5.2 cells was assessed using Ly5.1-PE and Ly5.2-PE/Cy7
antibodies. Cells were also stained with Gr1-APC/Cy7, CD3-FITC, CD19-APC,
and CD11b-PerCp/Cy5.5 for subset analysis. DAPI was used for life/death
staining. At 20 wk posttransplantation, the mice were killed, and the BM
was isolated for analysis, as described above using SCA-1-PerCp/Cy5.5, cKit-
APC, streptavidin APC/Cy7, Ly5.1-PE, and Ly5.2-PE-Cy7. Irradiated mice were
treated with Enrobactin for the first 4 wk after irradiation. Analyses were
performed using FlowJo version 10.0.8r1.

Noncompetitive BM Transplantation. The BM of Ly5.2 WT and PcnaK164R/K164R

mice was isolated. Recipient Ly5.1 mice were lethally irradiated (two doses
of 5.5 Gy, separated by a 3-h interval) and transplanted with 1 × 106 WT or
PcnaK164R/K164R BM cells. At 2 wk and 4 wk posttransplantation, BM and
blood were isolated to assess the contribution of the transplanted BM, as
described above. Analyses were performed using FlowJo version 10.0.8r1.

In Vivo CsPt Sensitivity Assay. Mice were injected i.v. with 0.8 mg/kg cisplatin
or PBS. After 2 d, the BM was isolated and analyzed as described above.

Calculations and Statistics. We determined the number of viable cells per
subset by DAPI or PI staining and based on the ratio of subset of interest and
viable population times the number of cells per femur. The number of cells
per femur was standardized to 20 × 106 when no difference in total BM
numbers was found between WT and PcnaK164R/K164R. The t tests were per-
formed using GraphPad Prism version 6.0. In the figures, *P > 0.05; **P > 0.01;
***P > 0.001; ****P > 0.0001.
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