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A key property of adult stem cells is their ability to persist in a quiescent state for pro-
longed periods of time. The quiescent state is thought to contribute to stem cell resil-
ience by limiting accumulation of DNA replication-associated mutations. Moreover,
cellular stress response factors are thought to play a role in maintaining quiescence and
stem cell integrity. We utilized muscle stem cells (MuSCs) as a model of quiescent stem
cells and find that the replication stress response protein, ATR (Ataxia Telangiectasia
and Rad3-Related), is abundant and active in quiescent but not activated MuSCs. Con-
currently, MuSCs display punctate RPA (replication protein A) and R-loop foci, both
key triggers for ATR activation. To discern the role of ATR in MuSCs, we generated
MuSC-specific ATR conditional knockout (ATR™?) mice. Surprisingly, ATR ablation
results in increased MuSC quiescence exit. Phosphoproteomic analysis of ATRC
MuSCs reveals enrichment of phosphorylated cyclin F, a key component of the
Skpl-Cull-F-box protein (SCF) ubiquitin ligase complex and regulator of key cell-
cycle transition factors, such as the E2F family of transcription factors. Knocking down
cyclin F or inhibiting the SCF complex results in E2F1 accumulation and in MuSCs
exiting quiescence, similar to ATR-deficient MuSCs. The loss of ATR could be coun-
teracted by inhibiting casein kinase 2 (CK2), the kinase responsible for phosphorylating
cyclin F. We propose a model in which MuSCs express cell-cycle progression factors
but ATR, in coordination with the cyclin F-SCF complex, represses premature stem
cell quiescence exit via ubiquitin—proteasome degradation of these factors.
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Many tissue-specific, adult stem cells persist in a reversible state of cell-cycle arrest,
termed quiescence (1-4). Stem cell quiescence is regulated by multiple factors includ-
ing p53, Rb, cyclin-dependent kinase inhibitors, such as p21 and p27, and Notch sig-
naling (5-10). How these pathways may integrate to maintain stem cell quiescence
remains unclear. Furthermore, it is unclear whether multiple pathways work in parallel
to maintain quiescence or whether select factors are dynamically engaged in response to
intrinsic and extrinsic cues.

Dysregulation or loss of quiescence often results in stem cell depletion and impaired
tissue homeostasis (1, 11), suggesting that quiescence may protect cells from endoge-
nous and exogenous insults to cell integrity. However, it is unclear how the properties
of quiescent cells may confer high levels of resilience, allowing for long-term mainte-
nance of stem cell pools. It has been proposed that the dormant state may protect
stem cells from accumulating DNA replication—associated DNA damage, thereby
ensuring their regenerative capacity in response to injury or other stimuli over the life-
time of an organism (11). Mice harboring engineered mutations in diverse DNA
repair and response pathways display reduced functional potential of stem cells
(12-15), highlighting the importance of genome-protective mechanisms in regenera-
tive potential.

Intrinsic sources of DNA damage, such as reactive oxygen species, telomere erosion,
DNA:RNA hybrids, and other non-B-form DNA, drive the need for efficient DNA
repair (16, 17). These intrinsic sources of damage can enact stress response factors such
as the replication stress response checkpoint kinase ATR (“Ataxia telangiectasia and
Rad3 related”). Canonically, ATR responds to single-stranded DNA (ssDNA) struc-
tures coated by RPA (replication protein A) that are generated during DNA replication
in the S phase of the cell cycle (18-20). ATR can also respond to RPA-coated ssDNA
generated by DNA:RNA hybrids. Such a response is thought to occur at centromeres
during mitosis to promote proper chromosome segregation, suggesting that ATR may
have regulatory roles beyond DNA replication and the S phase of the cell cycle (21).
ATR ablation in adult mice is reported to result in stem and progenitor cell loss, ulti-
mately leading to defects in tissue homeostasis and the onset of aging-associated
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Significance

The replication stress response
protein, ATR, is active in quiescent
muscle stem cells in response to
DNA:RNA hybrids, and this activity
maintains quiescence by ensuring
degradation of key cell-cycle
transition factors by the E3
ubiquitin ligase cyclin F-SCF
complex. This is critical for
understanding how stem cells
regulate a state of prolonged and
reversible cell-cycle arrest and
how genome integrity is
maintained over time. Together,
these studies offer a unique
picture of a molecular mechanism
controlling stem cell quiescence.
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phenotypes (22-24). These studies focused on tissues in which
continuous cellular proliferation is required for organ mainte-
nance, such as hair follicles and thymus, and did not explore
the effects of depletion in quiescent stem cells (22-24). Thus,
the question remains whether there is a role for ATR in quies-
cent stem cell maintenance.

In this paper, we demonstrate that muscle stem cells express
ATR in the quiescent state, and ATR expression is down-
regulated during stem cell activation. ATR expression in the
quiescent cells corresponds to the presence of DNA:RNA
hybrids, presumably triggering ATR to respond as a signal of
DNA damage. Surprisingly, muscle stem cell-specific ATR
ablation results in the loss of quiescence, demonstrating that
ATR activity plays a role in the maintenance of the quiescent
state. We discover a potential link between ATR and the SCF
ubiquitin ligase complex in the maintenance of stem cell quies-
cence via suppression of SCF targets, such as E2F1, a key regu-
lator of cell-cycle transitions. These studies suggest an ATR
response to intrinsic sources of DNA damage in quiescent stem
cells that maintains cellular quiescence by suppressing mecha-
nisms of cell-cycle entry.

Results

We have previously characterized the in vivo transcriptome of
MuSCs using mice that had been engineered to express uracil
phosphoribosyltransferase (UPRT) specifically in MuSCs (25).
When the mice are treated with 4-thiouracil (4tU), the 4tU is
converted by UPRT into 4-thiouridine monophosphate which
is then incorporated into newly transcribed RNA and allows
labeling of RNA in vivo (26). We found that multiple DNA
damage response factors were expressed in quiescent MuSCs
(Fig. 1A). Intriguingly, we also observed that ATR was
expressed in quiescent cells and was down-regulated as cells
exited quiescence and entered the cell cycle (Fig. 14). ATR is
the master regulator of the replication stress response and
responds directly to stalled replication forks and to DNA dam-
age during the S phase of the cell cycle (27). Therefore, it was
curious to find ATR expressed in a quiescent stem cell popula-
tion. We confirmed the presence of ATR in quiescent MuSCs
in muscle sections by measuring ATR fluorescence intensity in
Pax7" MuSCs (Fig. 1B). We observed greater ATR fluores-
cence intensity in Pax7" cells relative to Pax7~ cells. We also
found that ATR protein was expressed in freshly isolated
MuSCs and, like the transcript, declined when these cells acti-
vated to enter the cell cycle (Fig. 1C and SI Appendix, Fig. S1
A and B). In contrast to ATR, ATM (“Ataxia telangiectasia
mutated”), a gene whose protein product is a key mediator of
DNA double-strand break responses, was not expressed in qui-
escent MuSCs but was markedly up-regulated upon activation
(81 Appendix, Fig. S1C). Evidence that ATR is not only
expressed but active in freshly isolated MuSCs was supported
by analysis of the phosphorylation of a key downstream target
of ATR, Chkl (Checkpoint kinase-1). Phosphorylated Chkl
was detectable in quiescent MuSCs but was markedly less prev-
alent in MuSCs activated in vivo or in vitro (Fig. 1D and S/
Appendix, Fig. S1D). These data suggest that ATR is expressed
and active in quiescent MuSCs; however, it is unclear what
stimuli may initiate ATR activity in the quiescent state.

ATR signaling is typically initiated by its recruitment to
ssDNA via the ssDNA binding protein RPA (replication
protein A) (18-20). In addition to recruiting ATR, RPA is
phosphorylated by ATR (28). We observed RPAI foci in

quiescent MuSCs, and, as further evidence of ATR activity, we
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also observed phosphorylated RPA2 (serine 33) foci (Fig. 2 4
and B). Because RPA foci formation is associated with persistent
ssDNA, we sought evidence of structures that may contain
ssDNA in quiescent MuSCs. Transcription coupled R-loops
contain a DNA:RNA hybrid and ssDNA, which recruit RPA
throughout the cell cycle (29). R-loops have been shown to
stimulate ATR activation (21, 29-31). We stained for the
hybrid component of R-loops in freshly isolated MuSCs and
found evidence of hybrid foci (Fig. 2C). This staining was
markedly reduced when the cells were pretreated with
recombinant RNase H to degrade the RNA component and
thus destabilize R-loops (Fig. 20). To determine whether R-loop
accumulation was transcription coupled, we treated MuSCs with
the RNAPII inhibitor a-amanitin to disrupt messenger RNA
transcription, the RNAPI inhibitor actinomycin-D to disrupt
rRNA transcription, or the transcription elongation inhibitor
DRB. The R-loop signal was significantly reduced upon treating
with a-amanitin or DRB, but not actinomycin-D (Fig. 2D),
suggesting that R-loop accumulation is dependent on RNAPII
activity. We noted that hybrid foci colocalized with ATR and
phospho-RPA foci (Fig. 2E), indicating that ATR may be
recruited to R-loops and enact RPA phosphorylation.

We next sought to determine why R-loops accumulate in
quiescent cells and whether a causal link existed between R-
loops and ATR activation. RNaseH1 enzymatically degrades
the RNA component of DNA:RNA hybrids, thereby ensuring
genome integrity (32—-34). We hypothesized that RNaseH]1 lev-
els may be lower in quiescent relative to activated MuSCs and
thus may limit R-loop resolution. Indeed, Western blot and
immunofluorescence analysis revealed a significant increase in
RNaseH1 as MuSCs activated (Fig. 3 A and B). This increase
in RNaseH1 corresponded to a decline in hybrid fluorescence
intensity during activation (Fig. 3B). These data suggest that
RNaseH]1 levels are below the threshold necessary to efficiently
resolve R-loops in quiescent MuSCs, and, as the cells activate,
they increase RNaseH1 production, which subsequently
degrades DNA:RNA hybrids.

To explore whether disrupting R-loop resolution would
affect ATR signaling, we knocked down RnaseH1 in MuSCs
using a lentiviral construct expressing short hairpin RNA tar-
geting RnaseH1 (shRNaseH1) or a scrambled nontargeting
control. Confocal microscopy revealed a significant reduction
in RNaseH1 mean fluorescence intensity upon transduction of
shRNaseH1 relative to the nontargeting control (Fig. 3 C and
D). We observed an increase in hybrid fluorescence intensity
upon RNaseH1 knockdown (Fig. 3 C and D). Western blot
analysis also revealed that levels of phosphorylated Chkl and
phosphorylated RPA2 were increased in shRNaseH1 trans-
duced cells (Fig. 3 £ and F), suggesting that ATR activity
increases in response to reduced RNaseH1 levels and increased
R-loop accumulation.

R-loops are structurally and functionally associated with
G-quadruplex DNA structures, which are formed from hydro-
gen bonding of guanine tetrads (35, 36). When G-quadruplex
structures were stabilized by treatment of the cells with pyridos-
tatin (PDS) (37), we observed an increase in both hybrid foci
and RPA phosphorylation (S/ Appendix, Fig. S2 A-C). RPA
phosphorylation follows ATR recruitment (38, 39). Thus, we
next asked whether PDS-induced RPA phosphorylation was
dependent on ATR. The ATR-specific small-molecule inhibitor
(i) VE821 (ATR) reduced phospho-RPA signal intensity, even
in the presence of PDS (87 Appendix, Fig. S2 Band (), suggest-
ing that stabilized G-quadruplex and R-loop-induced RPA
phosphorylation was dependent on ATR. Furthermore, PDS

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental

Atr
Chek1
Atm
Chek2
Trp531
Cdc25a-
Cdc25¢
Cdc25b-

|| Compressed Z

Crop

C Quiescent Activated
' 15+
%
o & [
= =
< 510—
i
=
x 97
_ =
o <
S
04
+
X S
= &
< & &
3 9
(e e

*
3—.
& 6 ?
=]
T 1
= °
r
< 2 i
0 1 1
Pax7+ Pax7-

. *
&1 o
=
=
< 104
Chk1 x10
Q
. oA °
Vinculin o 54
p-Chk2 5
[)
o o- T
"9
025\ ¥
) oy
R XN
X 9
o 2o

Fig. 1. ATR is expressed and active in quiescent MuSCs. (A) A heatmap depicting mean reads per million mapped reads (RPKM) values of select DNA damage
response factors from nascent transcription sequencing in quiescent and activated MuSCs (n = 4 and n = 3 mice, respectively). (B) A representative compressed
Z-stack confocal image of muscle section stained for ATR (red) and Pax7 (white) is shown (Top), with a cropped area (dotted blue box in Top) shown (Bottom). The
quantification shows ATR mean fluorescence intensity (MFI) from Pax7-positive (Pax7+) and Pax7-negative (Pax7-) cells in muscle sections (n = 4; mean + SD; Stu-
dent’s t test with Welch's correction. (Scale bars, 10 pm.) (C) A representative immunofluorescence image of quiescent and activated MuSCs stained for ATR is
shown (Left). The quantification (Right) shows ATR MFI (n = 4; mean + SD; Student's ¢ test with Welch's correction. (Scale bars, 5 pm.) (D) Phosphorylated checkpoint
kinase-1 (p-Chk1) was detectable at high levels in quiescent MuSCs but declined in MuSCs activated by in vivo muscle injury. A representative Western blot is
shown (Left) and quantification (Right) of p-Chk1 relative to Chk1 and Vinculin (n = 5; mean =+ SD; Student’s t test with Welch's correction). *P < 0.05.

treatment resulted in significant increase of phosphorylated
Chkl relative to control cells (SI Appendix, Fig. S2D).
Together, these data suggest that stabilizing G-quadruplex
structures and subsequently increasing R-loop levels results in
ATR activation in quiescent MuSCs.

To explore whether degradation of R-loops would affect
ATR signaling, we overexpressed RNaseH1 in MuSCs using a
lentiviral construct. Confocal microscopy revealed a significant
increase in RNaseH1 mean fluorescence intensity and a
decrease in hybrid fluorescence intensity in cells transfected
with the RNaseH1 lentivirus (Fig. 3 G and H). Western blot
analysis revealed that levels of Chk1l and RPA2 phosphorylation
were decreased in RNaseH1-overexpressing cells (Fig. 3 7 and
J), suggesting that ATR activity decreases in response to R-loop
degradation. Together, these findings suggest that modulating
R-loop levels alters ATR activity.

To explore the functional role of ATR in quiescent MuSCs,
we generated mice in which ATR could be conditionally
deleted specifically in this cellular population. We bred mice
that have a tamoxifen-inducible Cre allele (CreER™) in the
Pax7 locus with a strain in which the kinase domain of the
ATR gene is flanked by loxP sites (40). The latter strain also
has YFP knocked into the Rosa locus, allowing us to track
MuSCs in which ATR is knocked out by YFP expression.

Tamoxifen administration resulted in efficient knockout of
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ATR in MuSCs in the ATR™? strain (Fig. 44 and S7
Appendix, Fig. S3 A-C), and this was associated with reduced
levels of phospho-Chkl in those cells (Fig. 4B), confirming the
loss of ATR activity.

Following deletion of ATR in MuSCs, we isolated YFP*
MuSCs and tested for any changes in quiescence and activation
characteristics. Quiescent MuSCs are marked by the expression
of Pax7, notch intracellular domain (NICD), and calcitonin
receptor (CalcR) (10, 41-43). As MuSCs activate, they begin
to express myoblast determination protein 1 (MyoD) (44, 45).
We observed a significant decrease in the percentage of Pax7™*
cells and an increase in the percentage of MyoD™ cells from
ATR™'~ mice relative those from ATRY " mice (Fig. 4 Cand
D). Notch signaling is important for maintaining MuSC quies-
cence, and degradation of the NICD corresponds to a transi-
tion from G1 to S phase of the cell cycle (10, 46). ATR™~
MuSCs displayed a significant reduction in the percentage of
NICD? cells relative to ATRYT MuSCs (Fig. 4F). In contrast
to Pax7 and NICD, CalcR was not significantly altered upon
ATR ablation (SI Appendix, Fig. S3D), possibly due to CalcR
not being lost until late activation (43). These data suggest that
conditionally ablating ATR results in MuSCs displaying charac-
teristics of activated cells.

We next examined muscles for any changes in

MuSC phenotypes. We first injected ATR™? and ATR

ulescent
mice
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Fig. 2. R-loops can be detected in MuSCs. (A) A representative immunofluorescence image of quiescent MuSCs stained for RPA1 is shown (Top). The single cell in
the dotted box is shown at higher magnification (Bottom). (B) A representative immunofluorescence image of quiescent MuSCs stained for phospho-RPA2 serine
33 (p-RPA2) is shown (Top). Cells in the dotted box are shown at higher magnification (Bottom). (C) A representative immunofluorescence image is shown (Left) and
quantification (Right) of hybrid MFI from freshly isolated MuSCs, untreated or treated with recombinant RNase H (n = 3; mean + SD; Student's t test with Welch's
correction). (D) Quantification of mean hybrid MFI from MuSCs treated with dimethyl sulfoxide (DMSO), a-amanitin, actinomycin-D, or DRB (5,6-dichloro-1-beta-
ribo-furanosyl benzimidazole) for 4 h prior to fixation (n > 4; mean + SD; one-way ANOVA with multiple comparisons testing). (E) ATR and phospho-RPA2 colocal-
ize with hybrid foci. A representative immunofluorescence image of quiescent MuSCs preextracted and stained for ATR, p-RPA2, and hybrids is shown (Top), with
the cell in the dotted box shown at higher magnification (Bottom). ns = not significant, **P < 0.01, ***P < 0.001. (Scale bars, 5 pm.)

intraperitoneally with the nucleotide analog 5-ethynyl-2'-deoxy-
uridine (EdU). Intriguingly, we observed a higher percentage of
YFP* EdU* MuSCs in tibialis anterior (TA) muscle sections
obtained from ATR®® mice and in freshly isolated ATR™~
MuSCs extracted from bulk hindlimb muscles (Fig. 4 Fand G),
indicating that ATR™™ MuSCs spontaneously exit quiescence
in vivo. We also observed a highe{x]}%ercentage of Ki67* MuSCs
in ATRKC compared to ATR mice (Fig. 4H), further
confirming ATR™'~ MuSCs have an increased propensity to
exit quiescence and enter the cell cycle. Indeed, MuSCs from
ATR™® mice had an increase in RNA content by Pyronin-Y
and RNAselect staining compared with those from ATR¥T
mice (S] Appendix, Fig. S3 E and F), consistent with ATR™/~
MuSCs transitioning from a quiescent GO state with low
RNA content to a G1 state or other state in the cell cycle
with higher RNA content (47).

We next asked whether pharmacological inhibition of ATR
would also affect quiescence exit ex vivo. Once released from
quiescence, the majority of MuSCs typically start incorporating
EdU at ~36 h to 48 h in vitro, with small subsets of early acti-
vators incorporating EdU by 24 h (44). Consistent with our
analysis of activation characteristics and in vivo findings, we
noted a significant increase of EdU incorporation in cells

4 0of 12 https://doi.org/10.1073/pnas.2115638119

treated for 24 h with an ATR inhibitor in culture (S Appendix,
Fig. S3G). We next wished to understand the relationship
between increased or decreased R-loop levels and quiescence
exit. We thus tested the effects of decreased or increased RNa-
seH1 expression as a way of modulating R-loop levels, on
MuSCs maintained in quiescence ex vivo. RNaseH1 knock-
down reduced EdU incorporation, and RNaseH1 overexpres-
sion resulted in increased EdU incorporation in MuSCs after
24 h of activation (S Appendix, Fig. S3 H and 1). These data
further suggest that ATR may actively prevent quiescence exit,
and that R-loops act as a barrier to quiescence exit.

A previous study had shown that ubiquitous deletion of
ATR in adult mice resulted in depletion of proliferating prog-
eny of stem cells in multiple tissues, but no phenotype was
reported in quiescent stem cells (23, 24). Analysis of the num-
ber of Pax7" cells 3 d to 5 d post tamoxifen revealed that
deletion of ATR in MuSCs led to an increase in the Pax7*
cell numbers in TA muscles of ATR® mice (S7 Appendix,
Fig. S4 A and B), consistent with our data that ATR™'~
MuSCs break quiescence and begin to proliferate. However,

longer-term monitoring of Pax7* cells in muscle section revealed
a gradual decline of MuSCs in ATR®C mice relative to
ATRYT mice (87 Appendix, Fig. S4C). Consistent with this

pnas.org
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stem cell depletion upon ATR ablation, we noted increased ter-
minal deoxynucleotidyltransferase-mediated dUTP nick end
labeling positivity in freshly isolated ATR™'~ MuSCs (S7
Appendix, Fig. S4D). However, we did not observe a significant
increase in YH2AX or ATM (S Appendix, Fig. S4 E and BP),
potentially suggesting that loss of ATR in quiescent MuSCs
enacts apoptosis pathways unrelated to DNA double-strand
breaks. We next injured TA muscles of ATRYT and ATR™C

mice
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Fig. 3. Altering R-loop levels via RNaseH1 knockdown
or overexpression results in concomitant ATR
responses. (A) A representative Western blot is shown
(Top) and quantification (Bottom) of RNaseH1 relative
to H3 from FI MuSCs and from MuSCs activated for
18, 24, and 48 h (n = 3; mean + SD; one-way ANOVA
with multiple comparisons testing). (B) Representative
immunofluorescence images (Left) and MFI quantifica-
tion (Right) of FI MuSCs and of MuSCs activated for 24
and 48 h and stained for RNaseH1 and hybrids. (Scale
bars, 5 pm.) (C) A representative immunofluorescence
image of MuSCs transduced with either nontargeting
ShRNA (shScramble) or shRNA targeting RNaseH1
(shRNaseH1) and stained for RNaseH1 and hybrids.
(Scale bars, 5 pm.) (D) Quantification of mean RNa-
seH1 MFI (Left) and mean hybrid MFI (Right) (n = 4;
mean + SD; Student's t test with Welch's correction).
(E) Representative Western blot of MuSCs transduced
with shScramble or shRNaseH1 and stained for RNa-
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Quantification of RNaseH1 relative o-tubulin (Left),
p-Chk1 relative Chk1 (Middle), and p-RPA2 relative
RPA2 (Right) from MuSCs transduced with shScramble
or shRNaseH1 (n = 4; mean =+ SD; paired t test). (G) A
representative immunofluorescence image of MuSCs
transduced with either GFP or RNaseH1 and stained
for RNaseH1 and hybrids. (Scale bars, 5 pm.) (H)
Quantification of mean RNaseH1 MFI and mean
hybrid MFI (n = 3; mean + SD; Student's ¢t test with
Welch's correction). (/) Representative Western blot of
MuSCs transduced with GFP or RNaseH1 and stained
for RNaseH1, p-Chk1, Chk1, p-RPA2, RPA2, and
a-tubulin. () Quantification of RNaseH1 relative
a-tubulin (Left), p-Chk1 relative Chk1 (Middle), and
p-RPA2 relative RPA2 (Right) from MuSCs transduced
GFP or RNaseH1 (n = 4; mean + SD; paired t test); ns,
not significant, *P < 0.05, **P < 0.01, ***P < 0.001,
**¥%%P < 0.0001.

R¥C mice exhibited impaired

regeneration, indicated by increased frequency of smaller fibers
and reduced mean CSA (87 Appendix, Fig. S4 G and H). These
findings indicate that ATR loss is detrimental to the long-term
maintenance of quiescent stem cells and can hinder muscle
regeneration after injury.

The exit from quiescence that we observed upon ATR ablation
was unexpected. Therefore, we wished to understand the mecha-
nism by which ATR maintains MuSCs in the quiescent state.
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Fig. 4. ATR ablation in MuSCs results in quiescence exit. (A) Efficient knockout of ATR was detected by three-dimensional confocal microscopy in muscle
sections. A representative compressed Z-stack confocal image of muscle section from ATRYT and ATR® mice stained for ATR (red) and Pax7 (white) is
shown (Left) with quantification of ATR MFI in MuSCs (Right) (n = 4; mean + SD; Student’s t test with Welch’s correction). (Scale bars, 5 pm.) (B) Diminished
p-Chk1 in ATR™® MuSCs was observed as shown by the representative Western blot (Left) and quantification of multiple blots (Right) (n = 4; mean + SD; Stu-
dent's t test with Welch's correction). (C) A decrease in the percentage of Pax7* cells was observed in freshly isolated ATR®® MuSCs relative to ATRYT MuSCs
(n > 4; mean + SD; Student's t test with Welch's correction). (D) An increase in the percentage of MyoD™ cells was observed in freshly isolated ATR® MuSCs
relative to ATR"T MuSCs. Representative images of MyoD* cells are shown (Left) and quantification of percentage of MyoD* MuSCs (Right) (n > 5; mean +
SD; Student’s t test with Welch's correction). (F) A decrease in percentage of NICD* cells was observed in freshly isolated ATR™® MuSCs relative to ATRYT
MuSCs. Representative images of NICD* cells are shown (Left) and quantification of percentage of NICD* MuSCs (Right) (n > 5; mean + SD; Student’s t test
with Welch's correction) (Scale bars, 5 pm). (F) Increased percentage of EQU*/YFP* MuSCs were observed in ATR“® mouse TA muscle sections. A representa-
tive muscle section from ATR™WT and ATRX® mouse is shown (Left) and quantification of EJU*/YFP* MuSCs is on the Right (n = 5; mean + SD; Student’s t test
with Welch's correction). Yellow arrows indicate YFP* MuSCs. (Scale bar, 25 pm.) (G) An increase in percentage of EdU* cells was observed in freshly isolated
ATR™© MuSCs relative to ATR"T MuSCs, from mice injected intraperitoneally once daily for 3 d with EdU. Representative images of EdU* cells isolated from
ATR™T and ATR® mouse are shown (Left) and quantification of EAU* MuSCs (Right) (n > 5; mean + SD; Student’s t test with Welch's correction). (H) An
increase in percentage of Ki67* freshly isolated MuSCs was observed in ATR®® mice relative to ATRYT mice (n = 4; mean + SD; Student's t test with Welch's
correction). *P < 0.05, **P < 0.01, ***P < 0.001.

Canonically, ATR regulates cell-cycle progression through its kinase ~ in ATR™'™ cells (ST Appendix, Fig. S5A). To assess the signifi-

activity and the subsequent phosphorylation cascade that it enacts.  cance of phosphopeptide changes between ATR™? and ATRY '
Thus, we next sought to determine potential phosphoryladon =~ MuSCs and to normalize the averaged spectral intensities
events downstream of ATR that may control quiescence in MuSCs.  obtained from two separate phosphoproteomic experiments, we
In order to obtain an unbiased assessment of the phosphoproteome  utilized a step-by-step regression analysis termed model-based

regulated by ATR, we conducted a phosphoproteomic screen of  analysis of proteomic data (MAP) (48). Using MAP normaliza-
MuSCs from ATR™® and ATRY' mice to test for differential  tion, phosphopeptide intensity scores were rescaled to fit the
phosphoprotein profiles and potential downstream mediators of ~ step-by-step regression-based model (S/ Appendix, Fig. S5B).
ATR. Proteins were subjected to phosphopeptide enrichment via ~ Utilizing MAP-normalized phospho%ecg)tides, we established a
column purification followed by liquid chromatography coupled to  phosphoproteome signature for ATR“™- MuSCs.

mass spectrometry. Of 727 enriched phosthTopeptides, 276 (38%) Consistent with our findings that ATR™® MuSCs have an
were detected in both ATR™® and ATRY" MuSCs, 146 (20%) increased propensity to exit quiescence and enter the cell cycle,
were enriched in wild-type MuSCs, and 305 (42%) were enriched “cell division,” “cell cycle,” and “regulation of cell cycle” were
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Fig. 5. Phosphoproteomic analysis of ATR"T and ATR®“® MuSCs identifies pathways associated with quiescence. (A) A bar plot representing GO term enrich-
ment of the significantly up-regulated phosphopeptides following MAP normalization from ATR®® MuSCs. Colors and bar length represent —log10 of Kolmo-
gorov-Smirnov value. (B) Top proteins from phosphoproteomic screen identified in GO term analysis as “Cell Division” are represented as a heatmap. CCNF
(cyclin F) and other enriched proteins are highlighted. (C) Volcano plot of phosphopeptides following MAP normalization from ATR"T and ATR®® MuSCs.
Cyclin F is again highlighted as one of the most enriched phosphoproteins in ATR®® MuSCs. (D) Immunoprecipitation of cyclin F reveals the cyclin F phos-
phorylation state was altered upon loss of ATR activity. A representative Western blot is shown (Left) of immunoprecipitated (IP) or input samples, blotted
for phosphoserine/phosphothreonine/phosphotyrosine and cyclin F from MuSCs treated with DMSO or iATR for 4 h. Quantification of phosphorylation rela-
tive cyclin F pulldown is shown (Right) (n = 5; mean + SD; Student’s t test with Welch’s correction). (E) Diminished cyclin F in ATRK® MuSCs was observed by
Western blot, shown as a representative blot (Top) with quantification (Bottom) (n = 4; mean + SD; Student’s ¢t test with Welch’s correction). (F) ATR inhibition
results in rapid cyclin F degradation ex vivo. A Western blot of cyclin F in freshly isolated MuSCs, or in cells treated with DMSO or iATR for 4, 8, or 12 h, is
shown (Top). Quantification of blots is shown (Bottom) (n = 4; mean + SD; two-way ANOVA with multiple comparisons testing; significance relative freshly iso-
lated condition shown). DMSO and iATR treated samples were normalized to freshly isolated condition. *P < 0.05, ***P < 0.001.

found among the top gene ontology (GO) terms from analysis of
phosphopeptides enriched in ATREO cells (Fig. 5A). Shared
within these GO terms and found as one of the most differentially
enriched phosphoproteins in ATR™® MuSCs was the F-box and
cyclin protein family member, cyclin F (CCNF) (Fig. 5 Band Q).
To confirm whether cyclin F phosphorylation state was altered
upon loss of ATR activity, we conducted cyclin F immunoprecipi-
tation and monitored serine/threonine/tyrosine phosphorylation
of cyclin F in cells treated with ATR inhibitor for 4 h, when
cyclin F levels are most comparable between iATR and the con-
trol. In accordance with the idea that loss of ATR activity results
in cyclin F phosphorylation, we observed increased phosphoryla-
tion in the ATR inhibitor—treated MuSCs (Fig. 5D). Phosphory-
lation of cyclin F may alter its function or target it for degradation
(49-51). We found that cyclin F levels were markedly decreased
in ATR®C MuSCs relative to ATRY! MuSCs (Fig. 5F), suggest-
ing that cyclin F is phosphorylated and subsequently degraded

PNAS 2022 Vol.119 No.18 2115638119

upon ATR loss. To test whether cyclin F degradation was a fea-
ture of quiescence exit or unique to the loss of ATR activity, we
monitored cyclin F levels over 12 h post isolation, with or without
ATR inhibitor treatment. Control MuSCs did not display signifi-
cant alterations to cyclin F over the 12-h time course (Fig. 55).
However, cyclin F levels declined after 18 h to 48 h in culture (57
Appendix, Fig. S5C), suggesting that cyclin F degradation may be
a characteristic of later stages of MuSC activation. In contrast, we
observed a progressive decline in cyclin F levels in the ATR
inhibitor—treated MuSCs within 12 h post isolation (Fig. 5F).
These data suggest that ATR actively maintains cyclin F abun-
dance, and, upon ATR loss, cyclin F is phosphorylated and
degraded.

Cyclin F acts as the substrate-binding domain for the
Skp1-Cull-F-box protein (SCF) ubiquitin ligase complex, and
the cyclin F-SCF complex has been shown to directly regulate
key factors involved in cell-cycle transitions, namely, the E2F

https://doi.org/10.1073/pnas.2115638119 7 of 12
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Fig. 6. ATR and the SCF complex promote E2F1 degradation to repress exit from the quiescent state. (4) A representative Western blot of MuSCs transduced with
shCCNF or a scrambled nontargeting control (shCTRL) and blotted for cyclin F, E2F1, and RRM2. (B) Quantification of cyclin F (Left), E2F1 (Middle), and RRM2 (Right)
from MuSCs transduced with shRNA targeting cyclin F shCCNF or shCTRL (n = 4; mean + SD; Student's t test with Welch's correction). (C) Cyclin F knockdown results
in quiescence exit, similar to ATR™®® MuSCs. Quantification of percentage of EdU™ MuSCs transduced with shCTRL or shCCNF and activated for 24 h (n = 8; mean +
SD; Student’s t test with Welch's correction). (D) An increase in percentage of MyoD™ cells was observed in MuSCs transduced with shCCNF relative to shCTRL-
transduced MuSCs (n = 4; mean + SD; Student’s t test with Welch's correction). (E) A decrease in percentage of NICD* cells was observed in MuSCs transduced with
shCCNF relative to shCTRL-transduced MuSCs (n = 4; mean + SD; Student's t test with Welch's correction). (F) Proteasome inhibition results in E2F1 accumulation in
ATR™T MuSCs, matching levels found in ATRC MuSCs. A representative Western blot is shown (Top) and the quantification (Bottom) of E2F1 enrichment relative to
Vinculin in ATRYT and ATR™® MuSCs treated with either DMSO or proteasome inhibitor MG132 (n > 3; mean + SD; two-way ANOVA with multiple comparisons test-
ing). (G) A representative Western blot (Top) and quantification (Bottom) of Cul1 (bottom band) relative to neddylated Cull (top band) enrichment in ATRYT and ATR™®
MusSCs treated with either DMSO or SCF complex inhibitor MLN-4924 (n > 2; mean + SD; two-way ANOVA with multiple comparisons testing). (H) SCF complex inhibi-
tion in ATRYT MuSCs results in E2F1 accumulation matching levels found in ATR® MuSCs. A representative Western blot is shown (Top) and quantification (Bottom)
of E2F1 enrichment relative to Vinculin in ATRYT and ATR™® MuSCs treated with either DMSO or SCF complex inhibitor MLN-4924 (n > 3; mean + SD; two-way
ANOVA with multiple comparisons testing). () SCF complex inhibition in ATRVT MuSCs results in quiescence exit similar to ATR© MuSCs. Quantification of percent-
age of EdU* MuSCs freshly isolated from ATR™T and ATR™® mice treated with either DMSO or MLN-4924 (n > 5; mean + SD; two-way ANOVA with multiple compari-
sons testing). *P < 0.05, **P < 0.01.

family of transcription factors and RRM2 (“ribonucleotide ~ Cyclin F knockdown also resulted in increased EAU incorpora-

reductase M2”) (50, 52-54). To first test whether cyclin F tar-
gets E2F1 or RRM2 for degradation, we knocked down cyclin
F in MuSCs using a lentiviral construct expressing shRNA tar-
geting cyclin F (shCCNF) or a scrambled nontargeting control
(shCTRL). We observed efficient cyclin F knockdown in
MuSCs transduced with shCCNF, and, concurrently, E2F1
and RRM2 levels increased significanty (Fig. 6 A and B).

8 of 12  https://doi.org/10.1073/pnas.2115638119

tion, consistent with increased E2F1 and RRM2 driving cell-
cycle entry (Fig. 60). Similar to ATR™'~ MuSCs, cyclin F
knockdown increased the percentage of MyoD™ and decreased
the percentage of NICD™ cells, further indicating that cyclin F
suppresses quiescent exit (Fig. 6 D and E).

Considering that E2F levels have been shown to fine-tune the
depth of cellular quiescence (55), we focused on E2F1 in
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Fig. 7. Inhibiting CK2 restores cyclin F activity and represses exit from the quiescent state in ATR ablated MuSCs. (A) Exit from quiescence in ATR-inhibited
MuSCs was repressed by CK2 inhibition but not APC inhibition. Quantification of percentage of EQU™ MuSCs treated with DMSO, iATR (5 pM), CK2 inhibitor
CX4945 (iCK2; 5 pM), iIATR+iCK2, APC inhibitor TAME (iAPC; 5 uM), or iATR+iAPC (n > 4; mean + SD; one-way ANOVA with multiple comparisons testing; signif-
icance relative iATR condition shown). (B) Immunoprecipitation of cyclin F revealed that cyclin F phosphorylation upon ATR inhibition was decreased by CK2
inhibition. A representative Western blot is shown (Left) of IP or input samples, blotted for phosphoserine/phosphothreonine/phosphotyrosine and cyclin F
from MuSCs treated with DMSO, iATR (5 pM), CK2 inhibitor CX4945 (iCK2; 5 pM), or iATR+iCK2, for 4 h. Quantification of phosphorylation relative cyclin F pull-
down is shown (Right) (n = 3; mean =+ SD; Student'’s t test with Welch’s correction). (C) Representative Western blot and quantifications of cyclin F and E2F1 in
MuSCs treated with DMSO, iATR (5 pM), or iCK2 (5 pM) for 24 h (n = 4; mean + SD; one-way ANOVA with multiple comparisons testing). (D) Quantification of
the percentage of MyoD™ cells from MuSCs treated with DMSO, iATR (5 pM), CK2 inhibitor CX4945 (iCK2; 5 uM), or iATR+iCK2, for 24 h (n = 3; mean + SD;
one-way ANOVA with multiple comparisons testing). (F) Representative Western blot and quantifications of cyclin F and E2F1 enrichment in ATR"T and
ATR™C MuSCs treated with either DMSO or iCK2 in vivo (n > 3; mean + SD; two-way ANOVA with multiple comparisons testing). (F) Quantification of percent-
age of EQU* MuSCs freshly isolated from ATR"T and ATR® mice treated with either DMSO or iCK2 (n > 3; mean + SD; two-way ANOVA with multiple com-
parisons testing). (G) Immunoprecipitation of cyclin F reveals CK2 binding was altered upon loss of ATR activity. A representative Western blot is shown (Left)
of IP or input samples, blotted for CK2a from MuSCs treated with DMSO or iATR for 4 h. Quantification of CK2 IP relative to Input is shown (Right) (n = 4;
mean + SD; Student’s ¢t test with Welch's correction). (H) A representative Western blot stained for phospho-CK2«, CK2a, and a-tubulin is shown (Left) and
quantification of phospho-CK2a enrichment relative to CK2a from ATR™T and ATR®® MuSCs is shown (Right) (n = 4; mean + SD; Student’s ¢ test with Welch's
correction). (/) Quantification of CK2« enrichment relative to o-tubulin from ATRYT and ATR®“® MuSCs (n = 4; mean + SD; Student's t test with Welch's correc-
tion). *P < 0.05, **P < 0.01, ***P < 0.001.
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subsequent experiments. If E2F1 abundance in quiescent MuSCs
is controlled by its ubiquitination and subsequent proteasomal
degradation, we expected that inhibiting the proteasome would
result in E2F1 accumulation. Indeed, ex vivo treatment of wild-
type MuSCs with the proteasome inhibitor, MG132, resulted in
significant accumulation of E2F1 (Fig. 6F). Proteasome inhibition
did not further increase E2F1 levels in ATR ™~ MuSCs (Fig. 65).
These data suggest that E2F1 protein in MuSCs is degraded by
the proteasome in an ATR-dependent manner.

To test, in vivo, whether the cyclin F-SCF complex is responsi-
ble for targeting E2F1 for degradation, we treated ATR™® and
ATR¥" mice with the neddylation inhibitor MLN-4924, which
inhibits the cullin RING ligase (CRL) subunit of the SCF com-
plex. Treatment with MLN-4924 significantly reduced Cull ned-
dylation relative to vehicle-treated controls (Fig. 6G), indicating
efficient in vivo inhibition of the CRL complex. Similar to ex vivo
proteasome inhibition, in vivo CRL inhibition resulted in a signif-
icant increase of E2F1 levels in ATRY" MuSCs but not in
ATRHC MuSCs (Fig. 6H). Consistent with increased E2F1 lev-
els, in vivo CRL inhibition increased the percentage of EAU*
MuSCs from ATRYT mice relative to untreated ATRY' mice
(Fig. 6]). In contrast, CRL inhibition in ATR™ mice did not
result in a significant difference in EAU incorporation relative to
untreated ATRC mice (Fig. 61). Taken together, these data indi-
cate that inhibiting the cyclin F~SCF complex in ATRY" mice
can phenocopy ATR ™'~ MuSCs in terms of E2F1 levels and pro-
pensity to enter the cell cycle.

Based on these findings, we predicted that restoring cyclin F lev-
els and SCF complex activity would rescue the loss of quiescence
phenotype of ATR™'~ MuSCs by reducing E2F1 levels. Casein
kinase II (CK2) dependent phosphorylation as well as anaphase
promoting complex (APC) dependent ubiquitination and degrada-
tion can control cydlin F protein levels (51, 56). CK2 phosphoryla-
tion of cyclin F can also mediate the ubiquitin ligase activity of the
SCF complex (50). To first investigate whether either CK2 or APC
lie downstream of ATR in promoting MuSC quiescence, we mea-
sured EdU incorporation of MuSCs treated ex vivo with the CK2-
specific inhibitor, CX-4945, or the APC-specific inhibitor, TAME,
in addition to ATR inhibition. We found that CK2 inhibition, but
not APC inhibition, significantly reduced quiescence exit relative to
MuSCs treated with the ATR inhibitor alone (Fig. 7A4). Further-
more, CK2 inhibition restored cyclin F phosphorylation, and cyclin
F and E2F1 protein abundance to wild-type levels even in the pres-
ence of the ATR inhibitor (Fig. 7 B and (). Inhibiting CK2 also
significantly reduced the percentage of MyoD™ MuSCs treated
with the ATR inhibitor (Fig. 7D). These data suggest that inhibit-
ing CK2 in vitro can rescue many of the phenotypes associated
with ATR loss in MuSCs.

To determine whether inhibiting CK2 would impact cyclin
F levels, E2F1 accumulation, and MuSC \%?iescence in
ATR® mice, we treated ATR®C and ATR mice with
CX-4945 to inhibit CK2. In ATR¥" mice, in which, presum-
ably, CK2 activity is low, cyclin F-SCF activity is high, and
E2F1 levels are low, further inhibiting CK2 activity with the
CK2 inhibitor did not further reduce E2F1 levels or affect
MuSC quiescence (Fig. 7 E and F). By contrast, treatment of
ATR™ mice with CX-4945 led to a restoration of cyclin F
levels, a reduction of E2F1 levels, and a maintenance of quies-
cence (Fig. 7 Eand F).

To determine how ATR might control cyclin F levels via CK2,
we first asked whether ATR inhibition altered CK2 binding to
cyclin F and found that ATR inhibition increased CK2a enriched
in the cyclin F immunoprecipitate (Fig. 7G). We then asked
whether ATR inhibition might impact CK2 phosphorylation,
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since CK2a posttranslational modifications can modulate its sub-
strate selectivity (57, 58). Indeed, there was a significant reduction
in CK2a phosphorylaton upon ATR ablation and MuSC activa-
tion (Fig. 7H and SI Appendix, Fig. S6A). We next asked whether
ATR controlled CK2 protein abundance or overall activity in any
way. We did not observe any change to CK2a levels in either
ATR® MuSCs or activating MuSCs (Fig. 71 and SI Appendix;
Fig. S64). Our phosphoproteomic analysis did enrich unique pep-
tides for potential CK2 targets other than cyclin F, but we did
not observe any bias in terms of the number of peptides enriched
toward either ATRY! or ATRHC (57 Appendix, Fig. S6B). Fur-
thermore, ATR knockout did not significantly alter phosphoryla-
tion of key CK2 substrates, p-catenin and AKT (87 Appendix, Fig.
S6E). To test for CK2 activity more generally, we measured the
abundance of proteins containing the CK2 phosphorylation con-
sensus sequence (pS/pTDXE motif). We noted a significant
reduction in the pS/pTDXE motif-containing proteins upon CK2
inhibition with CX-4945 (SI Appendix, Fig. S6C). However, we
did not observe any change in abundance of phosphorylated puta-
tive  CK2 target proteins in either ATR™'™ or ATR
inhibitor—treated MuSCs (87 Appendix, Fig. S6 C and D). These
data support the hypothesis that ATR maintains MuSC quies-
cence by a regulatory cascade that suppresses cyclin F-SCF targets
in MuSCs (SI Appendix, Fig. S6F). In the absence of ATR, CK2a
phosphorylation is decreased, increasing its binding to cyclin F
without altering the overall activity of CK2, increasing cyclin F
phosphorylation, and targeting cyclin F for degradation. Conse-
quently, cyclin F-SCF activity is reduced, leading to an increase
in E2F1 levels and markers of activation such as MyoD, and an
increased propensity of MuSCs to exit the quiescent state and

enter the cell cycle (S Appendix, Fig. S6F).

Discussion

In this study, we have discovered an unexpected role of ATR in
maintaining quiescence of a stem cell population. This appears to
be independent of the role of ATR in mediating the response to
replicative stress, but the expression and activation of ATR are
associated with the accumulation of R-loops in quiescent MuSCs.
Intriguingly, when ATR is ablated in quiescent MuSCs, the cells
spontaneously exit the quiescent state and enter the cell cycle.
This transition appears to be due to the inhibition of the cyclin
F-SCF ubiquitin ligase complex in ATR™~ MuSCs, leading to a
stabilization of cyclin F-SCF target proteins, such as E2F1, and
thus promoting cell-cycle entry. These findings suggest that ATR
activity is a regulator of quiescence by suppressing cyclin F-SCF
targets via this regulatory cascade.

MuSC quiescence is actively maintained by multiple path-
ways. The first demonstration of active regulation of quiescence
was the finding that deletion of the transcriptional regulator of
the Notch signaling pathway, RBP-], led to spontaneous activa-
tion of quiescent MuSCs (10). This has subsequently been
shown to be due, at least in part, to the regulation of the
Col5a1 gene by the Notch pathway (59). Another regulator
that was found to promote MuSC quiescence is the microRNA,
miR-489 (60). This microRNA was found to promote quies-
cence by suppressing the expression of the protooncogene, Dek.
When miR-489 was inhibited, Dek expression increased and
promoted the proliferation of myogenic progenitors. Another
microRNA, miR-708, was subsequently also found to regulate
MuSC quiescence by targeting the transcript of the focal adhe-
sion protein, Tensin3 (61). Clearly, multiple parallel pathways
integrate to promote MuSC quiescence. The findings of the
role of ATR in promoting quiescence appear to work in parallel

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115638119/-/DCSupplemental

to those already described, but there may be cross-talk at the
level of expression of genes related to cell-cycle entry.

Consistent with previous studies in proliferating cells (62-64),
DNA:RNA hybrid accumulation in quiescent MuSCs is depen-
dent on RNAPII activity. However, the question of why persistent
R-loops form in lowly transcribing cells such as quiescent MuSCs
remains unclear. Generally, R-loop accumulation is linked to high
transcription rates; however, high RNA levels do not ensure
R-loop formation, and others have shown that accumulation of
RNA in the nucleus is not sufficient to cause R-loop accumulation
(65-67). R-loops are regulated by multiple factors at the level of
formation and resolution (68). The most notable of these are the
RNaseH enzymes which degrade the RNA component of
DNA:RNA hybrids (32-34). Quiescent MuSCs express low levels
of RNaseH1 which is up-regulated during activation (25). Thus
R-loops may escape degradation and result in ATR activation in
quiescent MuSCs. Our work indicates that stabilization of R-loops
during quiescence leads to increased ATR activity and perturbed
cell-cycle entry. We propose that ATR activity preserves the quies-
cent state untl sufficient RNaseH1 is expressed, R-loops are
resolved, and the cell can properly transition to the next phase of
the cell cycle. In this regard, a recent study in yeast is relevant in
showing that RNaseH1 responds to R-loops throughout the cell
cycle (69), although this study did not explore RNaseH1 expres-
sion in cells that were in a quiescent state. At present, we do not
have data to explain, mechanistically, how RNaseH1 expression
remains low in quiescent MuSCs or is increased during the activa-
tion process. Clearly, studies that reveal how steady-state levels of
RNaseH1 transcript and protein are regulated in quiescent and
activating MuSCs, or in other quiescent cells, will be of great
interest.

Whereas ATR is studied primarily in terms of the response to
replicative stress in the S phase (70), R-loop-responsive roles of
ATR have also been reported. For example, ATR promotes faith-
ful chromosome segregation during mitosis by detecting R-loops,
coordinates with RNA helicases to prevent aberrant hybrid accu-
mulation and replication—transcription collisions, and protects
against R-loop induced double-strand breaks (21, 31, 71). ATR
also guides other cell-cycle phase transitions. A recent study
revealed a role for ATR in enforcing an S-to-G2 checkpoint (72).
During S phase, ATR prevents the accumulation of mitosis fac-
tors. When ATR is inhibited, cells prematurely enter mitosis,
resulting in underreplicated DNA and DNA damage. In order to
ensure a proper S-to-G2 transition, ATR suppresses the phosphor-
ylation and activity of the mitotic transactivator, FoxM1 (72). In
this regard, our work also establishes ATR as a suppressor of
premature cell-cycle transitions, although, in our case, it is a GO-
to-G1 transition. In addition, we also establish a noncanonical
signaling role for ATR in this suppressive capacity that links regu-
lation of cyclin F via CK2 to quiescence maintenance. There also
may be some interplay between ATR, FoxM1, and the SCF com-
plex in that FoxM1 binds to promoters of the Skp2 and Cksl
subunits of the SCF complex and is required for their expression
(73). Through the SCF complex, FoxM1 inhibits p21 and p27
expression and thereby controls the G1/S transition (73, 74).
Intriguingly, others have linked FoxM1 to quiescence regulation
in hematopoietic stem cells (75), although it is unexplored
whether the SCF complex is involved in this pathway.

Germline inactivation of ATR is embryonic lethal (76, 77),
and ATR ablation during neural development results in the

1. T.H.Cheung, T. A. Rando, Molecular regulation of stem cell quiescence. Nat. Rev. Mol. Cell Biol.
14, 329-340(2013).

2. C.T.J.van Velthoven, T. A. Rando, Stem cell quiescence: Dynamism, restraint, and cellular idling.
Cell Stem Cell 24, 213-225 (2019).

PNAS 2022 Vol.119 No.18 2115638119

specific loss of neural progenitors (78). In adult animals, ATR
depletion results in premature aging phenotypes driven by a
loss of progenitor cells in tissues where active cycling is required
for maintenance (23, 24). Our work expands on the role of
ATR in proliferating cells into the unexpected realm of quies-
cent stem cells, and we propose that this quiescent-specific role
for ATR protects stem cells from premature activation, which
may leave the cells vulnerable to intrinsic drivers of DNA dam-
age, such as R-loops. E2F1 levels have been proposed as a rheo-
stat for cell expansion or cell death (79). Upon DNA damage
induction, E2F1 cooperates with p53 to promote antiapoptotic
signaling pathways (80), and E2F1 overexpression leads to apo-
ptosis (81). Recent work has also linked the SCF complex to
E2F regulation and cell fate decisions (54). Thus, by coordinat-
ing with the SCF complex and modulating E2F1 levels, ATR
may prove to be a guardian of quiescent stem cells.

Methods

Musc Isolation. For MuSC isolation, we followed the previously described proto-
col (82), with the following modifications: Hind-limb muscles were separately
digested with collagenase Il for 1 h in 10 mL of medium (Ham's F-10 [HyClone]
supplemented with 10% horse serum and 1% penicillin/streptomycin). Tissues
were washed with fresh medium, spun down at 500 x g for 5 min, taken up in 10
mL of medium with collagenase Il and dispase, and incubated for 30 min. Mono-
nucleated cells were stained for 1 h with anti-CD31 (MEC 13.3, BD Bioscience),
anti-CD45 (30-F11, BD Bioscience), anti-VCAM (429, BD Bioscience), and muscle
regeneration anti-Sca-1 antibodies (D7; Biolegend) (all at 1:75) and sorted using a
BD Fluorescent Activated Cell Sorting (BD-FACS Aria Il and Ill). Purity was confirmed
by resort or by Pax7 immunofluorescence stain. MuSCs from Pax7*t®+:Rosa®" ™+
mice were purified by gating mononuclear eYFP-positive cells using a BD-FACS Aria
I or BD-FACS Avia Ill. Flow cytometry and/or FACS was done with instruments in the
Palo Alto Veterans Institute for Research (PAVIR) FACS Core, which is supported by
the US Department of Veterans Affairs (VA), PAVIR, and NIH.

EdU Incorporation Assay. T0 assess the percentage of MuSCs exiting quies-
cence in culture, FACS-isolated MuSCs were plated with 5 uM EdU (Thermo
Fisher). After 24 h, cells were fixed and stained with the Click-T EdU Imaging Kit
(Thermo Fisher) and DAPI. Percentage EdU* was calculated as the number of
EdU™* over total DAPI* cells. To assess EdU incorporation in vivo, mice were
injected intraperitoneally with 10 mg/mL EdU in phosphate-buffered saline. Mice
were injected once daily for three subsequent days with 100 pL of EdU solution.
Extended materials and methods are provided within S/ Appendix.

Data and Materials Availability. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the publicly acces-
sible Proteomics Identifications Database (PRIDE) partner repository with the
accession number PXD028432.

Correspondence and requests for materials should be addressed to rando@
stanford.edu.
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