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Profilin-1 regulates DNA replication forks in a
context-dependent fashion by interacting
with SNF2H and BOD1L

Cuige Zhu 1, Mari Iwase1, Ziqian Li1,2, Faliang Wang 1, Annabel Quinet1,3,
Alessandro Vindigni 1,4 & Jieya Shao1,4

DNA replication forks are tightly controlled by a large protein network con-
sisting of well-known core regulators and many accessory factors which
remain functionally undefined. In this study, we report previously unknown
nuclear functions of the actin-binding factor profilin-1 (PFN1) in DNA replica-
tion, which occur in a context-dependent fashion and require its binding to
poly-L-proline (PLP)-containing proteins instead of actin. In unperturbed cells,
PFN1 increases DNA replication initiation and accelerates fork progression by
binding and stimulating the PLP-containing nucleosome remodeler SNF2H.
Under replication stress, PFN1/SNF2H increases fork stalling and functionally
collaborates with fork reversal enzymes to enable the over-resection of
unprotected forks. In addition, PFN1 binds and functionally attenuates the PLP-
containing fork protector BODL1 to increase the resection of a subset of
stressed forks. Accordingly, raising nuclear PFN1 level decreases genome sta-
bility and cell survival during replication stress. Thus, PFN1 is amulti-functional
regulator of DNA replication with exploitable anticancer potential.

DNA replication is one of the most complex and tightly regulated
cellular processes by virtueof its essential role in biological inheritance
of all living organisms. This has become increasingly evident since the
development of high-throughput approaches, most notably iPOND
(Isolation of Proteins on Nascent DNA) assay, which discovered hun-
dreds of proteins physically present at the replication forks1–4.
Although the functional importance of most of these proteins for DNA
replication are currently unknown, in-depth characterization of a few
of them offered intriguing new insights into the complex regulatory
mechanisms of DNA replication under normal and stressed
conditions5–9. Since DNA replication defects cause genome instability,
dissecting the mechanisms naturally governing DNA replication fork
plasticity and stability may uncover therapeutically relevant clues for
developing effective anticancer treatments.

DNA replication forks undergo frequent reversal during replica-
tion stress10–14. As an adaptive response, fork reversal allows replication
forks to cope with DNA lesions by reversing their course11,15. Several
DNA translocases and helicases including SMARCAL1, HLTF, ZRANB3,
and FBH1 catalyze the reversal of model DNA fork structures in vitro
and their loss of function in cells reduces the formation of reversed
forks visualized by electron microscopy11,16–22. However, since in vivo
fork reversal occurs in the context of chromatin and nascent DNA is
densely chromatinized23, it remains unclear whether the DNA remo-
deling activities of the currently known enzymes are sufficient for fork
reversal or their functional cooperation with other chromatin remo-
deling enzymes is required.

Though serving to mitigate replication stress, fork reversal bears
the inherent risk of causing genomic instability due to the generation
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of one-ended double-strandedDNAbreaks. A number of proteins have
been found to protect the reversed nascent DNA against deleterious
over-resection by DNA nucleases such as MRE11, DNA2, and
EXO16,19,24–27. While some of these fork protectors have well-known
DNA repair functions such as BRCA1/2, FANCD2, and RIF19,19,24,26–31,
others like ABRO1 and VHL were not functionally connected to gen-
ome maintenance prior to the discovery of their fork-protective
effects32,33. Of particular note, recent studies identified BOD1L, a pre-
viously uncharacterized large nuclear protein, as an essential fork-
protective factor during replication stress by physically and function-
ally interacting with histone methyltransferase SETD1A and increasing
histone H3 lysine 4 (H3K4) methylation needed for FANCD2-
dependent nucleosome remodeling6,34. Despite the apparent differ-
ences in their mechanisms of action, these proteins protect stressed
forks either by stabilizing RAD51 nucleofilaments on nascent DNA or
controlling the access or activities of DNA resecting nucleases15.
Interestingly, itwas recently reported that at least two fork remodeling
pathways generate distinct types of fork intermediates that are selec-
tively stabilized by different fork-protective proteins. Specifically, fork
remodeling by the SNF2-family DNA translocases SMARCAL1, ZRANB3,
and HLTF triggers excessive nascent DNA degradation in the absence
of BRCA2, FANCD2, and ABRO1, while forks remodeled by FBH1 are
specifically degraded in the absence of BOD1L, VHL, and several other
FA proteins19,35. Thus, the complexity of fork-regulatorymechanisms is
due not only to the vast number of regulators but also their intricate
functional relationships.

Despiteourexpandingknowledgeof thecoreplayers in replication fork
maintenance, our understanding of how they are functionallymodulated by
accessory factors remains relatively limited. Several findings including the
inhibitoryphosphorylationof SMARCAL1byATRkinase36 and the functional
limitation of RAD51 by the single-stranded DNA binding protein RADX8,37,38

exemplified the tight functional control of the core fork regulators, but the
molecular events regulating many of them are currently unknown. In this
study, we report previously unrecognized nuclear functions of the small
actin-binding factor profilin-1 (PFN1) as a regulator of DNA replication under
bothnormalandstressedconditions. Identifiedmore than fourdecadesago,
the actin-binding protein PFN1 was extensively characterized for its cyto-
plasmic function in actin polymerization and dynamics39. However, its
nuclear functions remained completely unknown until our recent discovery
that it physically interacts with the poly-L-proline (PLP)-containing ENL pro-
tein in the Super Elongation Complex (SEC) and functionally inhibits the
transcriptional elongation of various pro-cancer genes40. Not only did our
priorfindingreconcile the long-standingparadoxofPFN1asbothanessential
protein and a tumor suppressor, it also implicated other yet-unknown
activities of nuclear PFN1 due to its ability to bind PLPs that are present in
differentproteins41,42. In thiswork,by leveragingexisting iPOND/MSandPFN1
interactome data, we uncover context-dependent roles of nuclear PFN1 in
regulatingDNAreplication forksundernormalandstressedconditionsvia its
physical and functional interactions with the PLP-containing nucleosome
remodeling enzyme SNF2H and fork-protective factor BOD1L.

Results
PFN1 is important for unperturbed DNA replication
In search of additional nuclear functions of PFN1, we found in a pub-
lished iPOND/MS study that PFN1, but not other profilin isoforms or
actin itself, interacts with newly synthesized but not mature DNA in
four different cell lines4. Our iPOND/WB experiments confirmed that
endogenous PFN1, but not actin, binds nascent but not mature DNA in
HEK293T cells (Fig. 1a and Supplementary Fig. 1a). This was further
validatedby EdU-Click-coupledproximity ligation assay (PLA)19,43 using
HA-PFN1-transfected HeLa cells (Fig. 1b, c). Interestingly, a separation-
of-function mutation S137D, which specifically blocks PFN1 binding to
poly-L-proline (PLP)-containing proteins but not actin40,44,45, abolished
HA-PFN1 interactionwith nascentDNA. In contrast, the Y59Amutation,
which abolishes actin-binding but not PLP-binding of PFN145,46, did not

affect the interactionbetween PFN1 andnascentDNA.Next,we asked if
PFN1 functionally regulates DNA replication. We used two shRNAs to
silence PFN1 in the untransformed human mammary epithelial MCF-
10A cells, synchronized them in late G1 phase by double thymidine
block, and subsequently released them into S phase. By collecting
released cells at different time points and performing DNA content
analysis by flow cytometry, we discovered that cells with PFN1
knockdown progressed through S phase at a slower rate than control
cells, and their G2/M entry was consequently delayed (Fig. 1d). This
suggested that PFN1 may be important for DNA synthesis, the lack of
which delays S phase completion.

To test the role of PFN1 in DNA replication, we next performed
single-molecule DNA fiber assay by pulsing cells with IdU and CIdU
sequentially47. By quantifying the tract lengths of dual-colored fibers,
we found that PFN1 knockdown significantly decreased DNA replica-
tion speed in multiple human cell lines including MCF-10A, HEK293T,
HeLa and breast cancer MCF-7 and MDA-MB-231 (Fig. 1e, f, Supple-
mentary Fig. 1b and Supplementary Fig. 1c). This was also confirmed in
a PFN1-null mouse chondrocyte cell line40,48 whose DNA fiber lengths
were significantly shorter than those in wild typemouse chondrocytes
or upon reconstitution with human PFN1 (Supplementary Fig. 1d and
Supplementary Fig. 1e). Conversely, overexpressing PFN1 in MCF-10A
and MCF-7 cells significantly increased fork speed (Fig. 1e, g, Supple-
mentary Fig. 1f and Supplementary Fig. 1g). Notably, the actin-binding-
deficient PFN1(Y59A)mutant45,46 was equally active aswild type PFN1 in
promoting DNA replication. In contrast, the PLP-binding-deficient
mutant PFN1(S137D)44,45 was completely inactive. Since S137D abol-
ishes PLP-binding by mimicking Ser137 phosphorylation, we also
examined the effect of the phospho-resistant PFN1(S137A) mutant.
Consistent with its constitutive ability to bind PLPs, PFN1(S137A) pro-
moted DNA replication to a higher degree than PFN1(WT) (Fig. 1g and
Supplementary Fig. 1f). The same separation-of-function effects were
also observed in the PFN1-null mouse chondrocytes where WT vs.
mutant PFN1 were re-expressed (Supplementary Fig. 1d, e). Further-
more, PFN1 knockdown and rescue in MCF-10A cells confirmed the
loss-of-function of S137D (Fig. 1h and Supplementary Fig. 1h). Collec-
tively, our data suggested that PFN1 is important for DNA replication in
a PLP-dependent manner.

Since PFN1 is present throughout the cell, we next tested whether
its effect on DNA replication directly stems from its nuclear function.
By expressing previously characterized PFN1 constructs fused with a
nuclear localization sequence (NLS) or nuclear export sequence
(NES)40,44, we observed that DNA replication was promoted by nuclear
but not cytoplasmic PFN1 and the effect of NLS-PFN1 was abolished by
S137Dmutation (Fig. 1i). To confirm that the pro-replication activity of
nuclear PFN1 can be observed on the endogenous level, we exploited
the fact that its nuclear export is tightly regulated by exportin-6
(XPO6). XPO6 is a highly specific nuclear exporter of which the only
known cargo thus far is the PFN1/actin complex, andprior studies from
us and others showed that XPO6 loss causes nuclear retention of both
PFN1 and actin40,49. Indeed, XPO6 knockdown or knockout increased
DNA fiber tract lengths in MCF-10A and MCF-7 cells (Fig. 1j, Supple-
mentary Fig. 1i, and Supplementary Fig. 1j), supporting the positive
regulation of DNA replication by nuclear PFN1. Importantly, XPO6
knockdown in the PFN1-nullmousechondrocyte cells could not trigger
a biologically (though statistically) significant increase in DNA fiber
tract length until after PFN1 was re-expressed (Supplementary Fig. 1k,
l). Collectively, our data uncovered a previously unknown role of
nuclear PFN1 in the regulation of DNA replication fork speed, which
depends on its interaction with PLP-containing proteins.

PFN1 and SNF2H function together to promote DNA replication
Replication of chromatinized DNA requires nucleosome remodeling
which is particularly important for dense heterochromatin regions.
Heterochromatin replication typically occurs in late S-phase and this
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process depends on chromatin relaxation by ATP-dependent remo-
deling enzymes50. Interestingly, by examining the nuclear patterns of
EdU incorporation into replicating DNA51–53, we found that PFN1
knockdown significantly decreased the percentage of cells in late
S-phase while PFN1 overexpression in a PLP-dependent fashion
showed an opposite effect (Fig. 2a), implicating that PFN1 may be

important for chromatin relaxation. Consistent with this idea, limited
chromatin digestion by micrococcal nuclease (MNase), which pre-
ferentially cuts within inter-nucleosomal linkers, showed that PFN1
knockdown decreased chromatin accessibility in MCF-10A cells, as
evidenced by the upshift of the digested DNA species towards higher
molecular weights (Supplementary Fig. 2a, e). Conversely, PFN1
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Fig. 2 | PFN1 and SNF2H function together to promote DNA replication.
aPercentages of EdU-labeled (10μM, 25min) PFN1 knockdownandoverexpressing
MCF-10A cells in late S-phase. Data are mean ± SEM of n = 3 independent experi-
ments containing about 3000 cells per group. P-values were based on One-Way
ANOVA and Dunnett’s multiple comparisons test. b Anti-HA pulldown using
transfected HEK293T cells. c Anti-GFP pulldown using MCF-7 cells expressing YFP
or YFP-NLS-PFN1. Details for quantification and normalization of SNF2H intensities
are described in theMethods section. d Anti-SNF2H pulldown using parentalMCF-
10A cells. e, f PLA between HA-PFN1 and endogenous SNF2H in HeLa cells. Scale
bar, 5 µm. Around 500 nuclei were quantified as in (1b). g, h DNA fiber analysis in
MCF-10A cells. i, jDNA fiber analysis in HEK293T cells. kDNA fiber analysis inMCF-
7 cells. For (g–k), at least 300 fibers were analyzed per condition. l Percentages of
DNAfibers representingnewlyfiredorigins (CIdUonly andCIdU-IdU-CIdU) inMCF-
10A cells with SNF2H or PFN1 knockdown or PFN1 overexpression. Data are
mean ± SEM of n = 2 independent experiments with around 3000 fibers per group.

P-values were based on One-Way ANOVA analysis and Dunnett’s multiple com-
parisons test.mControl and PFN1 knockdownMCF-10A cells were synchronized in
late G1 by double thymidine block followed or not with 2 h release into S phase.
Cells were lysed with RIPA buffer, and insoluble (chromatin-enriched) vs. soluble
fractions were analyzed by Western blot. n, o MCF-10A cells were lysed with RIPA
and analyzed as inm. Details for protein quantification and normalization are
described in the Methods section. p PLA between endogenous SNF2H and bioti-
nylated EdU in MCF-10A cells with PFN1 knockdown/rescue or overexpression.
Scale bar, 5 µm. PLA intensities were quantified by image J95 and shown as
mean ± SEM of around 200 positive cells per condition. P-values for PLA and DNA
fiber data were based on Kruskal–Wallis test with Dunnett’s multiple comparisons
as in Fig. 1. For all statistical tests, *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001;
ns, not significant. All results were confirmed by at least two independent experi-
ments. Source data are provided as a Source Data file.
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overexpression increased chromatin accessibility, and such an effect
was abolished by the S137D but not Y59A mutation (Supplementary
Fig. 2b, e). Importantly, digestion of BrdU-labeled chromatin followed
by anti-BrdU Western blot revealed that the observed changes in
chromatin accessibility caused by PFN1 knockdown and over-
expression occurred at replication forks (Supplementary Fig. 2c, d).

Interested in finding the PLP-containing protein mediating PFN1
effect on chromatin compactness, we looked for clues within our
recently published interactome data based on NLS-PFN1 pulldown/MS
analysis40. No chromatin remodeling enzymes were identified among
the top 37 high-confidence hits which specifically interact with NLS-
PFN1(WT) but not NLS-PFN1(S137D). However, among the lower con-
fidence hits we found SNF2H/SMARCA5, a well-known ATP-dependent
nucleosome sliding enzyme which contains seven consecutive pro-
lines in its N-terminus (aa 7–13)54,55. Importantly, prior studies found
that SNF2H is essential for heterochromatin replication56, and we
confirmed that SNF2H increased chromatin accessibility similarly to
PFN1 by MNase digestion (Supplementary Fig. 2f–h). By pulldown and
PLA assays, we confirmed that PFN1 and SNF2H interact in a PLP-
binding but not actin-binding dependent manner (Fig. 2b–f).

Next, we examinedbyDNAfiber assaywhether SNF2H functionally
underlies the positive effect of Pfn1 on DNA replication. We observed
that SNF2H knockdown significantly decreased DNA fiber tract length
(Fig. 2g and Supplementary Fig. 3a), and more importantly, prevented
the ability of PFN1 overexpression to increase fiber tract length
(Fig. 2h). Conversely, the decrease in DNA replication caused by PFN1
knockdownwas effectively rescued by SNF2H overexpression, which in
itself increased replication relative to control (Fig. 2i). Nonetheless, co-
overexpression or co-knockdown of PFN1 and SNF2H did not further
promote or inhibit DNA replication compared to single manipulations
alone (Fig. 2j, k), suggesting that they are functionally epistatic. These
data collectively supported the idea that PFN1 positively regulates
SNF2H function during DNA replication fork progression.

A prior study reported that SNF2H promotes MCM loading onto
DNA replication origins and facilitates firing57. Indeed, we detected
reduced frequency of origin firing in SNF2H knockdownMCF-10A cells
by quantifying the percentages of CIdU and CIdU-IdU-CIdU fibers
(Fig. 2l). Interestingly, PFN1 phenocopies SNF2H and promotes origin
firing in a PLP-dependent fashion (Fig. 2l). Cellular fractionation
showed that chromatin levels of MCM3 and PCNA were decreased by
PFN1 and SNF2H knockdown and increased by PFN1 overexpression in
a PLP-dependent manner (Fig. 2m–o, Supplementary Fig. 3b and
Supplementary Fig. 3c). EdU-PCNA PLA showed reduced level of PCNA
onnascentDNA inPFN1 knockdowncells and the effectwas rescuedby
wild typebut not S137Dmutant of PFN1 (SupplementaryFig. 3d, e). The
PLP-dependent effects of PFN1 on chromatin association of PCNA and
MCM3 occurred in the absence of their corresponding changes on the
protein or mRNA levels (soluble fractions in Fig. 2m–o, and Supple-
mentary Fig. 3b, c and f). Similar to the dominant effect of SNF2H over
PFN1 on replication fork speed (Fig. 2h), SNF2H loss abolished the
ability of PFN1 overexpression to increase MCM3 on chromatin
(Fig. 2o). Interestingly, there appeared to be mutual dependence of
chromatin-binding between PFN1 and SNF2H since depleting either
protein inhibits chromatin-binding of the other (Fig. 2n, o, and Sup-
plementary Fig. 3b). Using EdU-SNF2H PLA, we further confirmed that
PFN1 indeedpromotes SNF2Hbinding tonascentDNA in a PLP-binding
but not actin-binding-dependent manner (Fig. 2p). Taken together,
these results suggested thatPFN1 binds SNF2Handpositively regulates
SNF2H function as a nucleosome remodeling factor to decondense
chromatin and promote both DNA replication origin firing and fork
progression.

PFN1 increases the stalling of stressed DNA replication forks
Given the importance of PFN1 for normal DNA replication, we next
investigated whether it also plays a role in fork regulation during

replication stress. We labeled MCF-10A cells first with IdU, induced
global replication stress with hydroxyurea (HU), and subsequently
labeled with CIdU. Quantification of the relative abundance of distinct
types of fibers revealed that the percentage of HU-induced stalled
forks (IdU only) was significantly decreased in PFN1 knockdown cells
while the frequency of restarted forks (dual-color) was increased
(Fig. 3a). Conversely, PFN1 overexpression, in a PLP-dependent fash-
ion, increased the frequency of HU-induced fork stalling and
decreased fork restart (Fig. 3b). By examining the relative shortening
of theCIdU tracts afterHU treatment, we found that it was significantly
attenuated in PFN1 knockdown cells while exacerbated in PFN1 over-
expressing cells in a PLP-dependent fashion which was mimicked by
XPO6 knockdown (Fig. 3c–e, and Supplementary Fig. 4a–c). Similar
PLP-dependent effect of PFN1 on the relative shortening of post-HU
CIdU tracts was also observed in MCF-7 cells (Supplementary Fig. 4d).
These data collectively indicated that, contrary to its positive regula-
tion of unperturbed fork progression, nuclear PFN1 increases the
stalling of stressed forks.

Consistent with the fork stalling phenotype detected byDNA fiber
analysis, we observed corresponding changes in single-stranded DNA
(ssDNA) levels basedon in situ staining for total RPA32 (in S-phase cells
indicated by EdU) and pSer4/8-RPA32 and non-denaturing BrdU label-
ing. Data from both approaches showed that PFN1 increases the per-
centages of ssDNA-positive cells upon HU treatment in a PLP-
dependent manner (Fig. 3f, g, and Supplementary Fig. 4e, f). By Wes-
tern blot, we detected decreased and increased HU-induced ATR sig-
naling (ATR autophosphorylation andCHK1 andRPAphosphorylation)
in response to PFN1 knockdown and overexpression, respectively
(Fig. 3h, Supplementary Fig. 4g and Supplementary Fig. 4h). This
finding is consistent with the increasing effect of PFN1 on the number
of fired origins and the consequent buildup of ATR-activating ssDNA/
dsDNA junctions due to stress-induced fork stalling58,59.

Given the close functional relationship between PFN1 and SNF2H
during normal replication, we next examined whether SNF2H pheno-
copies PFN1 under replication stress. Indeed, in HU-treated cells,
SNF2H knockdown decreased the frequency of stalled forks, increased
the frequency of restarted forks, decreased the relative shortening of
post-HU tract lengths, and lowered CHK1 phosphorylation level
(Fig. 3i, and Supplementary Fig. 4i–k), all of whichmimic the effects of
PFN1 loss. Further, EdU-SNF2H PLA showed that, as in unperturbed
cells (Fig. 2p), PFN1 increased SNF2H level at stressed forks upon HU
treatment in a PLP-dependent fashion (Fig. 3j, Supplementary Fig. 4l
and Supplementary Fig. 4m). These data suggested that PFN1 and
SNF2H function together to promote stalling of stressed forks.

PFN1 decreases the stability of stressed DNA replication forks
Many studies showed that stalled replication forks undergo nuclease
attack in the absenceof proper protection15. Todetermine if PFN1plays
a role in the stability of stalled forks, we first examined the relative
changes in the pre-HU IdU tract lengths in the aforementioned (IdU-
HU-CIdU) DNA fiber experiments (Fig. 3c–e). We found that PFN1
overexpression, in a PLP but not actin-binding-dependent manner,
increased the shortening of pre-HU IdU tract lengths which was phe-
nocopied by XPO6 loss (Supplementary Fig. 5a–c) whereas PFN1
knockdown prevented their shortening (Supplementary Fig. 5d).
These data suggested that PFN1 increases the degradation of nascent
DNA at stress-induced stalled forks. To more accurately test this, we
sequentially labeled MCF-10A and MCF-7 cells with IdU and CIdU,
treated them with HU, and quantified the ratios of CIdU/IdU tract
lengths of dual-color fibers to assess nascent DNA degradation47. Data
based on this experimental scheme completely agreed with those
based on pre-HU tract length, and we further showed that the fork-
protective effect of PFN1 knockdown could be reversed byWT but not
the S137D mutant of PFN1 (Fig. 4a–c, and Supplementary Fig. 5e–g).
Simultaneous treatment of HU and chemical inhibitors of MRE11
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(Mirin)60 and DNA2 (C5)61, twomain DNA nucleases involved in stalled
fork resection, significantly rescued PFN1-induced nascent DNA
degradationwith C5 beingmore effective thanMirin (Fig. 4d). Further,
similar to untagged PFN1 overexpression and XPO6 knockdown, NLS-
PFN1, in a PLP-dependent manner, increased HU-induced nascent
DNA degradation while NES-PFN1 showed no effect (Fig. 4e). Thus,
nuclear PFN1 promotes nascent DNA degradation at stressed replica-
tion forks.

RAD51 is a central stabilizer of stalled replication forks by
forming nucleofilaments on ssDNA and protecting nascent DNA from
nucleolytic degradation15,62,63. To determine if the fork-destabilizing

effect of PFN1 involves RAD51, we used several methods to detect
RAD51 on DNA. First, we performed in situ RAD51 foci staining in
mock or HU-treated MCF-10A cells which were labeled or not with
EdU. Within all cells (Supplementary Fig. 5h, i) or EdU-positive S-
phase cells (Fig. 4f–h), the HU-induced increase of RAD51 foci was
reduced by PFN1 overexpression in a PLP-binding but not actin-
binding-dependent manner and conversely augmented by PFN1
knockdown. Next, we performed iPOND/WB assay usingmock or HU-
treated HEK293T cells. HU expectedly increased the binding of
RAD51 to nascent DNA but decreased that of PCNA. Though showing
little effect on the low basal level of RAD51 on nascent DNA in
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unperturbed cells, PFN1 overexpression significantly reduced RAD51
level on nascent DNA in HU-treated cells (Fig. 4i). Notably, total
RAD51 protein level was not reduced by PFN1 (input, Fig. 4i) although
RAD51mRNA was upregulated by PFN1 which required both PLP and
actin-binding (Supplementary Fig. 5j, k). Transcription of several
additional genes (BRCA1, ATR, CHK1) functionally important during
DNA replication stress response was either not significantly affected
by PFN1 or in a way concordant with the PLP-dependent fork-desta-
bilizing effect of PFN1 (Supplementary Fig. 5j, k). Interestingly,
iPOND/WB showed a similarly increasing effect of PFN1 on the basal
interaction of PCNA with nascent DNA as the EdU-PCNA assay (Sup-
plementary Fig. 3d, e). However, in HU-treated cells, the already
reduced PCNA on nascent DNA was further decreased by PFN1,
consistent with its worsening effect on fork stalling known to trigger
PCNA loss from nascent DNA1,3. Last, we performed EdU-RAD51 PLA
using HU-treated PFN1 knockdown/rescue and overexpression MCF-
10A cells which further confirmed that PFN1 lowers the level of RAD51
on nascent DNA in a PLP-dependent manner (Fig. 4j–l). Taken toge-
ther, our data suggested that PFN1 increases stressed fork degrada-
tion by destabilizing RAD51.

PFN1 increases genome instability during replication stress
Prolonged stalling of stressed forks and excessive nucleolytic resec-
tion can cause fork collapse and genome instability. Consistent with
the aforementioned fork stalling and over-resection phenotypes of
PFN1, we detected elevated levels of HU-induced γH2AX, a marker for
DSB, in PFN1 overexpressing MCF-10A cells while it was significantly
reduced by PFN1 knockdown (Fig. 5a, b). Using metaphase spread, we
found that PFN1, in a PLP-dependent manner, increased the numbers
of HU-induced chromosomal aberrations in HeLa and MCF-7 cells
while PFN1 knockdowndecreased them (Fig. 5c, d, and Supplementary
Fig. 6a). Since recent studies causally linked replication fork instability
and accumulation of extranuclearDNA,we examinedwhether they can
be affected by PFN1. First, we quantified micronuclei formation in
mock or HU-treated MCF-7 and HeLa cells. We found that HU-caused
increase of micronuclei formation was reduced by PFN1 knockdown
and increased by its overexpression in a PLP-dependent fashion
(Fig. 5e, f, and Supplementary Fig. 6b). Notably, co-treatment with
Mirin and C5 abolished the relative effects of PFN1 knockdown and
overexpression, consistent with fork resection being the source of the
phenotypes (Fig. 5e, f). Second, we treated BrdU or EdU-labeled HeLa
cells with HU and quantified cytosolic DNA by denaturing immunos-
taining or click reaction. We found that PFN1 overexpression, in a PLP-
dependent fashion, significantly increased cytosolic DNA levels while
PFN1 knockdown decreased them (Fig. 5g–i, and Supplementary
Fig. 6c). Consistent with that micronuclei and cytosolic DNA can trig-
ger innate immune response64,65, PFN1 overexpression, in a PLP but not
actin-binding-dependentmanner, also elevated theHU-inducedmRNA
increase of type I interferons and interferon-stimulated genes (Fig. 5j),

which were conversely decreased by PFN1 knockdown (Fig. 5k and
Supplementary Fig. 6d). Last, clonogenic assays using multiple cell
lines showed that PFN1 overexpression increased cellular sensitivity to
HU in a PLP-dependent manner which was phenocopied by XPO6
knockdownwhile PFN1 knockdown increased cellular resistance to HU
(Fig. 5l, m, and Supplementary Fig. 6e–g). Taken together, these data
showed that nuclear PFN1 impairs genome integrity and cellular sur-
vival upon replication stress.

PFN1 binds BOD1L and suppresses its fork-protective activity
Since fork destabilization by PFN1 depends on its ability to bind PLPs,
we reasoned that a PLP-containing regulator of fork stability may
underlie the effect of PFN1. Examination of our published NLS-PFN1
interactome revealed that BOD1L, an essential fork-stabilizing
protein6,34, was a high-confidence PLP-containing PFN1 interactor.
Bearing two tandem clusters of six consecutive prolines in its N-ter-
minus, BODL1 interacted specifically with wild type but not S137D
mutant of NLS-PFN1 in our prior pulldown/MS analysis40. BOD1L
depletionwas shown to trigger severe fork andgenomedestabilization
upon replication stress which phenocopies the gain of nuclear PFN1
including DNA2-dependent over-resection of nascent DNA, ssDNA and
micronuclei accumulation, chromosomal breakage, and reduced cell
survival6,34. First, we sought to validate their physical interaction. Due
to its large size (3051aa), BOD1L is prone to fragmentation and difficult
to detect biochemically. However, using PLA between endogenous
BOD1L and HA-PFN1, we confirmed their PLP but not actin-binding-
dependent interaction (Fig. 6a, b).

Next, we used DNA fiber assay to examine the functional rela-
tionship between PFN1 and BOD1L. In unperturbed cells, BOD1L
knockdown did not alter DNA fiber tract lengths or affect the ability of
PFN1 overexpression to increase them (Fig. 6c and Supplementary
Fig. 7a), suggesting that BOD1L does not underlie PFN1 function during
normal DNA replication.When cellswere treatedwithHU after IdU and
CIdU labeling, BOD1L knockdown reduced CIdU/IdU ratio, consistent
with its reported fork-protective function (Fig. 6d and Supplementary
Fig. 7b). However, BOD1L knockdown could not further increase PFN1-
induced fork degradation (Fig. 6d and Supplementary Fig. 7b), sug-
gesting that functional inhibition of BOD1L is a major mechanistic
underpinning of the fork-destabilizing effect of PFN1. In contrast,
knocking down BRCA1 and BRCA2 worsened HU-induced fork degra-
dation in both control and PFN1-overexpressing cells (Fig. 6e, Sup-
plementary Fig. 7c and Supplementary Fig. 7d), indicating that PFN1
does not inhibit the fork-protective abilities of BRCA1/2. Consistent
with the theory that PFN1 functionally suppresses BOD1L, EdU-BOD1L
PLA showed that PFN1 overexpression significantly inhibited HU-
induced fork recruitment of BOD1L in a PLP-dependent manner
(Fig. 6f). Conversely, BOD1L level at stressed forks was significantly
increased by PFN1 knockdown which was fully reversed by wild type
but not S137D mutant of PFN1 (Fig. 6g, h). Collectively, these data

Fig. 3 | PFN1 increases the stalling of stressed DNA replication forks.
a, b Percentages of DNA fibers representing stalled (IdU only) and restarted forks
(dual IdU-CIdU) in MCF-10A cells sequentially labeled with 25 μM IdU and 250μM
CIdU for 30minwith 2 hHU treatment in themiddle. Data representmean± SEMof
n = 2 independent experiments with around 2000 fibers per group. c–e Ratios of
CIdU tract lengths in dual-labeled (IdU-CIdU)MCF-10A cells with andwithout HU in
the middle. HU was used at 5mM in c and 2mM in d and e. CIdU labeling imme-
diately followed IdU under the no-HU condition. Individual CIdU tract lengths of
HU-treated fibers were normalized to mean CIdU lengths of untreated fibers. For
c–e, at least 300fiberswere analyzedper condition. f Percentages of pSer4/8-RPA32-
positive MCF-10A cells following HU exposure (4mM, 4 h) and immuno-
fluorescence staining. g Same cells as in (f) were labeled with 10 μM BrdU for 24 h,
treated with 4mM HU for 4 h, and immuno-stained for BrdU under native condi-
tions. Percentages of BrdU-positive cells were analyzed by ImageJ. Data in f, g are

mean ± SEM of n = 3 independent experiments with around 3000 cells per group.
h Western blot analysis of whole cell extracts of MCF-10A cells after HU (5mM)
exposure. Equal amounts of proteins from control and PFN1 knockdown cells were
loaded on separate gels but analyzed in parallel under identical conditions.
Phospho-proteins were normalized to GAPDH. i Percentages of stalled and restar-
ted forks in MCF-10A cells labeled with IdU and CIdU with HU treatment in the
middle as in a, b. Data are mean ± SEM of n = 4 independent experiments with
around 3000 fibers per group. j PLA between endogenous SNF2H and EdU inMCF-
10A cells after 2 h HU treatment. PLA intensities of around 200 positive cells per
condition were analyzed and shown as mean ± SEM. P-values in (a, b, f, g, i) were
based on One-Way ANOVA and Dunnett’s multiple comparisons test. P-values in
(c, d, e, j) were based on Kruskal–Wallis test with Dunnett’s multiple comparisons.
For all statistical tests, *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001; ns, not sig-
nificant. Source data are provided as a Source Data file.
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suggested that PFN1 physically interacts with BOD1L and functionally
inhibits its fork-protective activity during replication stress, leading to
excessive nascent DNA degradation.

PFN1 and SNF2H are required for over-resection of stres-
sed forks
Fork reversal occurs frequently during replication stress and generates
fork intermediates that are protected by RAD51 nucleofilaments11,15.

Although both BRCA2 and BOD1L promote RAD51 binding to nascent
DNA, recent studies suggested that they selectively protect reversed
forks generated by different enzymes. While SMARCAL1 and several
other DNA translocases generate reversed forks needing protection
from BRCA2, forks remodeled by the DNA helicase FBH1 are specifi-
cally protected by BOD1L19,35. We confirmed this by showing that FBH1
or SMARCAL1 knockdown in HU-treated MCF-10A cells rescued
fork degradation caused by BOD1L or BRCA2 loss, respectively

RAD51

PCNA

Histone
H3

No E
dU

Vec
tor

PFN1
Vec

tor
+H

U

PFN1+
HU

Cha
se
No E

dU

Vec
tor

PFN1
Vec

tor
+H

U

PFN1+
HU

Cha
se

Input iPOND

sh
C

trl
sh

PF
N

1#
3

RAD51/EdU
/DAPIRAD51/DAPI EdU/DAPI

shCtrl shPFN1#3

PFN1 PFN1WT S137D

shPFN1#3

a b c

fe

d

PLA: RAD51/EdU

hg

#
of

PL
A

Fo
ci

/N
uc

le
us

(H
U

2m
M

2h
)

Ctrl

PFN1
WT

0

20

40

60

80

****

i j

0.0

0.5

1.0

1.5

2.0

2.5

0.51 0.70 0.52 0.740.75

shPFN1
PFN1

-
-

#1 #3 #3 #3
- - WT S137D

**** **** ****ns

Vec
tor

NLS
-P

fn1

NLS
-P

fn1
S13

7D

NES-P
fn1

0.0

0.5

1.0

1.5

2.0

0.68 0.61 0.78
****

0.80

****
****

sg
Ctrl

sg
XPO6#

1

sg
XPO6#

2
0.0

0.5

1.0

1.5

2.0

0.75 0.67 0.63
**** ****

k
#

of
PL

A
Fo

ci
/N

uc
le

us
(H

U
5m

M
2h

)

0

40

80

120
**** ns** **

shPFN1
PFN1

-
-

#1 #3 #3 #3
- - WT S137D

l

Vec
tor WT

S13
7A
S13

7D
Y59

A
0

1

2

3

HUIdU CIdU

**** **** ****ns
0.92 0.58 0.47 0.90 0.56

PFN1

1.0 1.8 0.4 0.1 00

1.0 1.1 3.4 2.3 0.50

R
at

io
of

C
Id

U
/I

dU

R
at

io
of

C
Id

U
/I

dU

R
at

io
of

C
Id

U
/I

dU

R
at

io
of

C
Id

U
/I

dU

R
at

io
of

C
Id

U
/I

dU

Vec
tor

-H
U HU

HU+M
irin

HU+C
5

HU+M
irin

+C
5

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

HU/Mirin/C5IdU CIdU

0.53 0.77 1.010.88

PFN1 WT

0.91
**** * ns ns

p=0.0012

p=0.0023

p=0.0310p=0.0346

p=0.0377 p=0.0010

p=0.0398

p=0.0115

R
at

io
 ( 

H
U

+ 
/ H

U
-)

%
 o

f R
AD

51
+ 

w
ith

 E
dU

+ 
C

el
ls

sh
Ctrl

sh
PFN1#

1

sh
PFN1#

3
0

2

4

6
* *

R
at

io
 ( 

H
U

+ 
/ H

U
-)

%
 o

f R
AD

51
+ 

w
ith

 E
dU

+ 
C

el
ls

Vec
tor

PFN1
WT

PFN1
S13

7A

PFN1
S13

7D

PFN1
Y59

A
0

1

2

3

4

* * **ns

kDa

30

30

15

Fig. 4 | PFN1 decreases the stability of stressed DNA replication forks. a–cMCF-
10A cells with PFN1 overexpression (a), PFN1 knockdown/rescue (b), and XPO6
knockout (c) were sequentially labeledwith 25 μM IdU and 250μMCIdU for 30min
each and treated for 2 h with HU (2mM in a and 4mM in b, c). Ratios of CIdU/IdU
tract lengths are shown. d CIdU/IdU ratios in control or PFN1-overexpressing MCF-
10A cells labeled with IdU and CIdU and subsequently treated with HU (2mM, 2 h)
in the absence or presence of 50 µM Mirin, C5, or Mirin/C5. e CIdU/IdU ratios in
MCF-7 cells expressing YFP, YFP-NLS-PFN1(WT or S137D), or YFP-NES-PFN1(WT)
labeled and treated with HU (4mM, 2 h) as in (a–d). For (a–e), at least 300 fibers
were analyzed per condition. P-values were based on Kruskal–Wallis test with
Dunnett’s multiple comparisons. f Representative images of control and PFN1
knockdownMCF-10A cells co-stained for RAD51 foci and EdU following 25min EdU
pulse at 10 µM and 2 h treatment of HU at 4mM. Scale bar, 25 µm. g, h Percentages
of untreated or HU-treated PFN1 overexpression (g) or knockdown (h) MCF-10A

cells stained positive for both RAD51 foci (>5 per cell) and EdU (as in f) were
quantified and expressed as ratios. Shown are mean ± SEM of n = 2 independent
experiments with around 2000 cells in each group. P-values were based on One-
Way ANOVA and Dunnett’s multiple comparisons test. i iPOND/WB analysis of
control or PFN1-overexpressing HEK293T cells labeled with 10 µM EdU for 25min
followed or not with 5mM HU treatment for 2 h. RAD51 and PCNA levels in the
iPOND samples were normalized to histone H3. j–l RAD51-EdU PLA in PFN1
knockdown/rescue (j, k) or overexpression (l) MCF-10A cells treated for 2 h with
5mM or 2mM HU. Scale bar, 5 µm. Shown are mean ± SEM of PLA foci number per
nucleus of around 100 positive cells per condition. P-values were based on
Kruskal–Wallis test with Dunnett’s multiple comparisons in k and two-sided
Mann–Whitney test in l. For all statistical tests, *p <0.05; **p <0.01; ****p <0.0001;
ns, not significant. All results were confirmed by at least two independent experi-
ments. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-022-34310-9

Nature Communications |         (2022) 13:6531 8



(Supplementary Fig. 8a–c). Since PFN1 inhibits BOD1L during replica-
tion stress, we asked whether the excessive nascent DNA resection
induced by PFN1 depends on FBH1-mediated fork remodeling. Indeed,
FBH1 knockdown rescued fork degradation caused by PFN1 over-
expression in HU-treated HeLa and MCF-10A cells (Fig. 7a and

Supplementary Fig. 8d). Interestingly, though to a lesser extent,
SMARCAL1 knockdown also rescued PFN1-induced fork degradation
(Fig. 7a and Supplementary Fig. 8d), implicating that PFN1 may
somehow destabilize BRCA2-dependent forks as well. This is also
consistentwith ourfinding thatMRE11 inhibitor,whichprotects BRCA2
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but not BOD1L-dependent forks, partially rescued PFN1-induced fork
degradation (Fig. 4d). However, since PFN1 does not seem to block
fork-protection by BRCA2 (Fig. 6e), we speculated that it may be
involved in generating fork intermediates needing BRCA2 protection.
But if over-produced (e.g. due to PFN1 overexpression), these fork
intermediatesmay conceivably exhaust BRCA2 and becomedegraded.
Consistentwith this theory, knocking downPFN1 rescuednascentDNA
degradation caused by BRCA2 loss in HU-treated cells (Fig. 7b and
Supplementary Fig. 8e). Surprisingly, PFN1 knockdown also rescued
nascent fork degradation caused by BOD1L loss (Fig. 7c and Supple-
mentary Fig. 8e). This indicated that, besides directly inhibiting BOD1L,
PFN1 is also important for an upstream event that is generally required
for fork resection when downstream fork-protectors are deficient.
Speculating that this upstream event may be fork reversal, we next
examined the functional relationship between PFN1 and known fork
reversing enzymes SMARCAL1 and FBH1 with regard to stressed fork
resection. We found that nascent DNA degradation induced by BRCA2
loss was rescued equally well by PFN1 and SMARCAL1 knockdown to
the same extent as their co-knockdown (Fig. 7d). Similarly, individual
and simultaneous knockdown of PFN1 and FBH1 rescued nascent DNA
degradation caused by BOD1L loss also to the same extent (Fig. 7e).
Thesedata suggested thatPFN1 is important for fork reversalmediated
by different pathways.

Given the close physical and functional relationship between PFN1
and SNF2H during normal DNA replication (Fig. 2) and the PLP-

dependent chromatin-relaxing effects of PFN1 at unperturbed forks
(Supplementary Fig. 2a–d), we examined whether chromatin at stres-
sed forks can also be regulated by PFN1. Indeed, MNase digestion of
BrdU-labeled chromatin from HU-treated MCF-10A cells revealed a
similarly PLP-dependent chromatin-decondensing effect of PFN1 at
stressed forks (Supplementary Fig. 9a–d). Using EdU-PLA, we detected
a slightly decreased but continuous presence of HA-PFN1 on nascent
DNA in a PLP-dependent manner in HU-treated HeLa cells (Supple-
mentary Fig. 9e). PLA and co-IP assays between PFN1 and SNF2H in HU-
treated HeLa and mouse chondrocyte cells showed that their interac-
tion increased upon DNA replication stress (Supplementary Fig. 9f–i).
These data suggested that PFN1 and SNF2H may function together to
remodel chromatin at stressed forks and enable their reversal. Con-
sistent with this theory, SNF2H knockdown phenocopies PFN1 loss in
reducing HU-induced fork degradation, to a similar degree as their co-
knockdown (Fig. 7f, g).Without SNF2H, PFN1 overexpressioncould not
promote fork degradation in HU-treated cells (Fig. 7h). Furthermore,
similar to PFN1 loss, SNF2H depletion prevented excessive fork
degradation caused by BODL1 and BRCA2 depletion, regardless of
whether FBH1 or SMARCAL1 was co-depleted (Fig. 7i, j and Supple-
mentary Fig. 8f). Collectively, our data suggested that under DNA
replication stress, PFN1 and SNF2H function together with different
DNA remodeling enzymes to generate mixed types of reversed fork
intermediates that are subsequently protected by BOD1L, BRCA2, and
possibly other proteins.
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Discussion
In this paper, we identified nuclear PFN1 as a previously unrecognized
regulator of DNA replication forks under both unperturbed and
stressed conditions. Our study suggested that under normal condi-
tions, PFN1 increases origin firing and replication fork progression by
binding and stimulating the chromatin-remodeling activity of SNF2H.
Under stressed conditions, our data suggested thatPFN1 increases fork
stalling and nascent DNA degradation at least via a two-pronged
mechanism of stimulating SNF2H-dependent chromatin remodeling
and inhibiting BOD1L-dependent fork protection (Fig. 7k). By provid-
ing mechanistic insights into the poorly understood nuclear functions
of PFN1, our study implicated potential ways to improve the efficacy of
genotoxic chemotherapies.

Role of PFN1 in unperturbed DNA replication
Despite our expanding knowledge about the functional involvement
of nuclear actin inDNA replication and genome integrity66–69, whether
PFN1, an essential actin-binding protein known to exist in the nucleus
and reported to associate with nascent DNA4,49,70, has similar nuclear
functions remained completely unknown. In this study, by leveraging
our prior PFN1 interactome analysis and orthogonal experimental
approaches, we provided evidence that nuclear PFN1 is critically
important for DNA replication. Our data support a role of nuclear
PFN1 in promoting DNA replication origin firing and fork progression
via binding and increasing the ability of the ATP-dependent DNA
translocase SNF2H to relax chromatin. Harboring a unique PLP-
binding pocket structurally separate from the actin-binding
region41,42, PFN1 can conceivably interact with many PLP-containing
proteins and functionally regulate diverse cellular processes inde-
pendently of actin. Our recent discovery of the global transcriptional
repression by nuclear PFN1 via its interactionwith PLP-containing ENL
in the Super Elongation Complex40, which opposes the well-
established positive transcriptional regulation by nuclear actin71,72,
supported this notion. In this paper, our separation-of-function
experiments using PFN1 mutants specifically defective in binding
actin vs. PLPs showed that binding to PLPs rather than actin is
required for the pro-replication effect of PFN1. This indicates that the
activity of nuclear PFN1 to promote unperturbed DNA replication is
mediated, at leastwith regard tooriginfiring and forkprogression, via
actin-binding-independent mechanisms. Consistent with this theory,
despite its association with several chromatin remodeling complexes
such as INO80 andBAF73–76, nuclear actin has not been detected in any
ISWI complexes containing SNF2H as the catalytic subunit.

While we are open to the possibility that multiple PLP-containing
proteins may bind and collectively mediate the pro-replication func-
tion of PFN1, our data demonstrated that SNF2H is at least one major
factor. Though the importance of SNF2H for nucleosome sliding has
been mostly studied in the context of transcriptional control77,78, its
essential function, together with its accessory factor ACF1/BAZ1A, in
chromatin relaxation needed for DNA replication progression was
described nearly two decades ago56. It was shown that SNF2H/BAZ1A
activity is particularly important for nucleosome-dense hetero-
chromatin regions which are typically replicated in late S phase. In
addition to promoting fork progression, SNF2H was also reported to
increaseMCM loading at DNA replication origins and thereby promote
replication initiation57. In this particular context, it was shown that
SNF2H associates with its accessory factor WSTF/BAZ1B instead of
ACF1/BAZ1A. Multiple lines of evidence in our paper support that
nuclear PFN1 enhances SNF2H activity during replication origin firing
and fork progression. First, PFN1 interacts with SNF2H in a PLP-
dependent manner. Second, PFN1 phenocopies SNF2H and decreases
chromatin compactness at replication forks in a PLP-dependent fash-
ion. Third, PFN1 and SNF2H depletions similarly delay S phase pro-
gression. Fourth, PFN1, in a PLP-dependent manner, increases the
percentage of late S-phase cells, a known phenotype of SNF2H. Fifth,

PFN1 phenocopies SNF2H and increases origin firing in a PLP-
dependent manner. Sixth, PFN1 increases DNA replication fork speed
epistatically with SNF2H in a PLP-dependent fashion. Seventh, SNF2H
overexpression can compensate for the loss of PFN1 with regard to
DNA replication, but PFN1 overexpression cannot compensate for the
loss of SNF2H. This is a key piece of evidence supporting a functional
executor vs. regulator relationship between SNF2H and PFN1.

Currently we do not fully understand the mechanisms by which
PFN1 increases SNF2H function during DNA replication. The PLP motif
resides in the very N-terminus of SNF2H (7-13aa) which has no known
function or interacting partners. Binding of the PLPmotif by PFN1may
induce conformational change in SNF2H that increases its ATPase
activity. Future structural and functional analysis using purified PFN1
and SNF2H can examine this theory. Alternatively or additionally, PFN1
binding may trigger conformational change in SNF2H to stabilize its
interaction with chromatin. This theory is supported by our chromatin
fractionation and PLA data that SNF2H associationwith nascent DNA is
promoted by PFN1. In fact, when functionally idling, SNF2H samples
chromatin in transient and nonspecific fashions. However, upon
functional demands during DNA replication and transcriptional reg-
ulation, SNF2H becomes stably bound with chromatin to drive pro-
ductive nucleosome remodeling79–81. Current evidence suggests that
stable interactions of SNF2H with chromatin depend on specific
recruitment factors and histone modifications. In the context of DNA
replication, CDT1 and PCNA have been reported to recruit SNF2H
directly and indirectly (via WSTF/BAZ1B) to DNA replication origins
and elongating forks, respectively57,82. Our data that PFN1 increases
MCM and PCNA levels on chromatin, new origin firing, as well as
replication fork speed are all in agreement with known functions of
SNF2H in promoting DNA replication initiation and progression57,82,
and indicate that PFN1 and SNF2H function together during both
stages of DNA replication. Therefore, it is tempting to speculate that
the positive regulation of origin firing by SNF2H/PFN1 could increase
the number of active forks containing PCNA to which more SNF2H/
BAZ1B can be recruited to further promote fork progression. None-
theless, since SNF2H exists in various complexes with different
accessory factors such as ACF1/BAZ1A which is important for DNA
replication but does not bind PCNA54,56,83, we are open to the possibility
that other unknown recruitment factors may cooperate with PFN1 to
increase SNF2H association with replication forks.

Role of PFN1 during DNA replication stress
In keeping with the notion that proteins important for normal DNA
replication are often involved in DNA replication stress response, we
found that PFN1 significantly influences the plasticity and stability of
stressed forks. By combining gain and loss-of-function approaches to
increase or decrease nuclear PFN1 levels in multiple HU-treated cell
lines, we observed consistent fork-stalling and destabilizing effects of
PFN1 which, similarly to its effect on normal replication, depend on its
ability to bind PLPs but not actin. Multiple lines of evidence support
that BOD1L, a recently identified essential fork-protecting protein6,34,35,
directly underlies the fork-stabilizing effects of nuclear PFN1. First,
BOD1L contains a PLP motif and was identified as a high-confidence
interacting partner of nuclear PFN1 in our prior interactome study40.
The PLP-dependent interaction between nuclear PFN1 and BOD1L was
further confirmed in this paper by PLA. Second, PFN1 gain-of-function
and BOD1L loss-of-function phenocopy in causing extensive fork
degradation upon HU treatment6,34,35. Third, the pro-degradation
effect of PFN1 gain on stressed forks is epistatic with BOD1L loss, but
not BRCA1 or BRCA2 loss. Fourth, fork degradation caused by PFN1
gain and BOD1L loss both depend strongly on DNA26. Fifth, PFN1 gain
and BOD1L loss trigger similar phenotypes of genomic instability
including nuclear ssDNA accumulation, increased micronuclei forma-
tion and cytosolic DNA, and chromosomal aberrations6. Sixth, PFN1
gain and BOD1L loss both induce significant RAD51 destabilization on
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nascent DNA at stressed forks6,34. Seventh, fork degradation caused by
PFN1 gain and BOD1L loss both require FBH1, which was found to
generate fork intermediates specifically protected by BOD1L but not
BRCA235. Despite its established importance in fork protection during
replication stress, the mechanism of action of BOD1L remains incom-
pletely understood. BOD1L interacts with the histone methyltransfer-
ase SETD1A and they work together to promote H3K4 methylation
needed for RAD51 filament stabilization on nascent DNA34. However, it
remained completely unknown, prior to our findings in this
paper, whether and how fork-protecting function of BOD1L is regu-
lated in cells. Mechanistically, our EdU-PLA data suggested that
PFN1 suppresses BOD1L function at least partially by reducing its fork
interaction. Interestingly, this is reminiscent of our recent finding that
nuclear PFN1 inhibits chromatin-binding of ENL at its target gene loci40.
Since the mechanism of fork recruitment of BOD1L is currently
unclear, we do not understand how interaction with PFN1 could inhibit
this process. One possibility that can be tested in the future is that
nuclear PFN1 may sequester certain PLP-containing proteins off chro-
matin and within defined subnuclear compartments such as nuclear
speckles where it is known to reside. Interestingly, nuclear speckles
contain high levels of PIP2 which is a well-known ligand of PFN1, and
the binding site is nonoverlapping with that for PLPs84–86.

In addition to directly suppressing BOD1L function in fork pro-
tection, our data also suggested an upstream effect of nuclear PFN1
which precedes fork protection by both BOD1L and BRCA2. Interest-
ingly, loss of SNF2H and PFN1 prevented fork degradation caused by
both BOD1L andBRCA2depletions. Thesefindings have two important
implications. First, PFN1 and SNF2H function together upstream of
fork protection independently of the identity of the protecting factors.
Second, nucleosome remodeling by SNF2H, positively regulated by
PFN1, influences the stability of stalled replication forks besides its role
in unperturbed DNA replication. In fact, two prior studies are con-
sistentwith ourfindings. First, lossof SNF2Hbut not the closely related
SNF2L was found to decrease HU-induced DNA breaks indicated by
γH2AX2. Second, SNF2H and its cofactor BAZ1B were enriched in CPT-
induced stalled forks, and loss of BAZ1B decreases CPT-induced DNA
damage and cell death7. Although the latter study did not directly
assess the loss-of-function effect of SNF2H, these data are consistent
with our finding that loss of SNF2H prevented the degradation of
stressed forks. Importantly, BAZ1B loss was found to decrease the
frequency of CPT-induced fork reversal basedonEManalysis7, the only
study so far, to our knowledge, which indirectly showed a role of
SNF2H in fork reversal upon replication stress. Since fork reversal is a
double-edged sword and an established enabling event for extensive
degradation of nascent DNA in the absence of proper protection by
proteins such as BOD1L and BRCA2, our findings served as additional
evidence supporting an important role of SNF2H in promoting fork
reversal. Much of our knowledge regarding fork reversing enzymes
(DNA helicases or translocases) relied on in vitro assays using naked
model DNA substrates11,16,18–21,87. However, within cells nucleosomes are
rapidly assembled onto newly synthesized DNA in high density23.
Though rarely discussed in the literature, this poses a conceivable
barrier to the unwinding of daughter ssDNA strands from their com-
plementary parental strands necessary for their self-annealing into the
reversed DNA arm. In other words, nucleosome mobilization and
unwrapping are expected to be an inherent part of the reversal pro-
cess. We thus hypothesize that SNF2H, under positive regulation by
PFN1, may slide the nucleosomes on the two daughter dsDNA arms in
the opposite direction from fork junction to facilitate DNA unwinding
and reannealing mediated by known DNA translocases and helicases.
Consistent with this theory, we detected PLP-dependent chromatin
relaxation by PFN1 at stressed forks and epistatic rescue of fork
degradation by depleting PFN1 or SNF2H with FBH1 and SMARCAL1 in
BOD1L or BRCA2-deficient cells. Therefore, our data suggested that
nucleosome remodeling by SNF2H/PFN1maybe a previously unknown

but critically important step of fork reversal functionally integrated
into diverse fork-remodeling pathways. Future experiments based on
EM are warranted to test this theory.

An important question awaiting future elucidation is why does
nuclear PFN1 simultaneously promote fork reversal (a genome-
protective mechanism) and inhibit fork-protection by BOD1L, which
seems self-contradictory. Although we cannot answer this question at
the moment, there is no doubt that PFN1 has complicated nuclear
functions many of which remain to be discovered and reconciled. Our
prior and current findings that nuclear PFN1 influences transcriptional
elongation and DNA replication forks by its interaction with PLP-
containing ENL40, SNF2H, andBOD1L likely reflect the tipof the iceberg
for its functional involvement in various nuclear processes which may
collectively determine the fate of replication forks during stress.
Notably, recent studies of RADX revealed that differential amounts of
RAD51 are required to promote fork reversal vs. stabilization8,37,38,88.
While too little RAD51 is detrimental to stalled forks due to the lack of
protection, too much RAD51 causes uncontrolled fork remodeling,
stalling and collapse in unperturbed cells8,37,38,88. Therefore, properly
balancing the functions of most, if not all, regulators of replication
forks is likely important to maintain genome stability. Though spec-
ulative, fine tuning of the activities of various PLP-containing ligands
(SNF2H, BOD1L, and others) at the forks may be an essential function
of nuclear Pfn1 under both normal and stressed conditions. As for
BOD1L, it is possible that limiting its activity by physiologically relevant
amount of nuclear Pfn1 may be necessary to maintain an optimal local
level of H3K4 methylation and RAD51 that are compatible with the
desired balance between fork progression and stability. In contrast,
high levels of nuclear PFN1, such as those induced by PFN1 over-
expression and XPO6 depletion, would over-inhibit BOD1L and cause
severe fork instability. Nevertheless, our data strongly suggested that
increasing nuclear PFN1 by inhibiting XPO6 could be a promising
therapeutic approach to sensitize cancer cells, which frequently
overexpress XPO640, to replication stress-inducing chemotherapies.

Methods
Cell culture
All cell lines except the mouse chondrocytes40,48 were purchased from
ATCC and authenticated and tested for mycoplasma. MCF-10A cells
were grown in DMEM/F12 plus 5% or 10% horse serum and supple-
ments (50μg/mL gentamycin, 20 ng/mL EGF, 0.5mg/mL hydro-
cortisone, 100 ng/mL cholera toxin, and 10μg/mL insulin). MCF-7 and
MDA-MB-231 cells were grown in RPMI1 1640 plus 5% or 10% fetal
bovine serum (FBS) and supplements (50μg/mL gentamycin, 1mM
sodium pyruvate, 10mM HEPES and 4.5 g/L glucose). HeLa, HEK293T,
and mouse chondrocytes were grown in high glucose DMEM plus 5%
fetal bovine serum and 50μg/mL gentamicin.

Antibodies
Primary antibodies used forWestern blot are as follows: rabbit anti-Pfn1
(CST, #3246), rabbit anti-SNF2H (EMD Millipore, #ABE1026), rabbit
anti-BOD1L (gift from Grant S. Stewart lab), rabbit anti-RAD51 (Merck
Millipore, #PC130), mouse anti-PCNA (Santa Cruz, #sc-56), mouse anti-
MCM3 (Santa Cruz, #sc-390480), mouse anti-Polδ (Santa Cruz, #sc-
17776), mouse anti-GAPDH (Santa Cruz, #sc-47724), rabbit anti-Histone
H3 (CST, #4499), mouse anti-HA-tag (BioLegend, #MMS-101P), rabbit
anti-pThr1989-ATR (CST, #30632), rabbit anti-ATR (CST, #13934),
rabbit anti-pSer345-CHK1 (CST, #2348), mouse anti-CHK1 (CST, #2360),
rabbit anti-pSer4/8-RPA32 (Bethyl, #A300-245A), mouse anti-RPA32
(Santa Cruz, #sc-56770), rabbit anti-γH2AX (CST, #9718), Rabbit anti-
BRCA1 (Bethyl, #A301-377), Rabbit anti-BRCA2 (Bethyl, #A303-434),
Rabbit anti-SMARCAL1 (CST, #44717), mouse anti-FBH1 (Santa Cruz,
#sc-81563), rabbit anti-XPO6 (ThermoFisher, #PA5-31813). Primary
antibodies for immunofluorescence staining are as follows:mouse anti-
RPA32 (Santa Cruz, #sc-56770), rabbit anti-pSer4/8-RPA32 (Bethyl,
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#A300-245A), rabbit anti-RAD51 (Merck Millipore, #PC130), mouse
anti-BrdU (Becton Dickinson, #37580) and rat anti-BrdU (Novus Biolo-
gicals, #NB500169; Abcam, #ab6326). Primary antibodies for immu-
noprecipitations are as follows: mouse anti-GFP (DSHB, #DSHB-GFP-
12E6), mouse anti-HA-tag (BioLegend, #MMS-101P), mouse anti-SNF2H
(SantaCruz, #sc-365727) and controlmouse IgG (SantaCruz, #sc-2025).
Primary antibodies for PLA: mouse anti-Biotin (Jackson ImmunoR-
esearch, #200-002-211), rabbit anti-Biotin (Bethyl, #A150-109A), mouse
anti-HA tag (BioLegend, #MMS-101P), mouse anti-PCNA (Santa Cruz,
#sc-56), rabbit anti-SNF2H (EMD Millipore, #ABE1026) and rabbit anti-
BOD1L (gift from Grant S. Stewart lab). Secondary antibodies for Wes-
tern blots are horseradish peroxidase-conjugated anti-rabbit (CST,
#7074) and anti-mouse (CST, #7076). Secondary antibodies for
immunofluorescence are Alexa Fluor 594-conjugated goat anti-mouse
IgG (H + L) (Invitrogen, #A-11032), Alexa Fluor 488 -conjugated donkey
anti-rat IgG (H+ L) (Invitrogen, #A-21208), Alexa Fluor 594-conjugated
goat anti-rabbit IgG (H + L) (Invitrogen, #A-11037) and Alexa Fluor 488-
conjugated goat anti-mouse IgG (H + L) (Invitrogen, #A-11029).

cDNAs, shRNAs, and sgRNAs
Three shRNAs targeting human PFN1 in lentiviral pFLRu-FH vector are
GGAATTTAGCATGGATCTTCG (#1), TACGTGAATGGGCTGACACTT
(#2), GTGGTTTGATCAACAAGAA (#3), and are controlled by a scram-
bled shCtrl (CAACAAGATGAAGAGCACCAA)40,44. Silent mutations
resistant to shPFN1#3 were introduced in human PFN1 cDNA by
QuickChange: TTG to CTC (nucleotide 367-369). Single guide RNAs in
pSpCas9n(BB)-2A-Puro targeting human XPO6 and shRNAs in
pLKO.1 targeting human andmouse XPO6 were previously reported40.
Untagged PFN1 in lentiviral pFLRu-FH vector, HA-tagged PFN1 in
pcDNA3 vector, and YFP tagged PFN1 with and without NES or NLS tag
in lentiviral pFLRu-FH vector were described previously40,44,45. Two
shRNAs targeting human SNF2H in lentiviral pLKO.1 vector are
CGTCGAATTAAGGCTGATGTT (#1) andCGACTGCTGATGTAGTAATTT
(#2), and controlled by a shRNA targeting luciferase (shLuc) as pre-
viously described40. Human SNF2H (Myc-DDK-tagged) ORF clone was
purchased from OriGene Technologies, Inc (Cat# RC203775). Small
interfering RNAs targeting human BOD1L/FAM44A (#sc-88933),
SMARCAL1 (#sc-63042), BRCA1 (#sc-29219), BRCA2 (#sc-29825), and
FBH1/FBXO18 (#sc-90469) were purchased from Santa Cruz
Biotechnology, Inc.

Transfections and infections
Transfections of siRNAs (100 pmole) and cDNAs (3μg) encoding
SNF2H (#RC203775, OriGene) and HA-PFN1 were performed in 6-well
plates with 5–9μl lipofectamine 2000 in Opti-MEM reduced
serum medium for 4–6 h, and cells were cultured in fresh growth
medium and used for further analysis within 72 h of transfection.
Lentiviral production and infection were performed as previously
described40,44, and cells were selected with 1μg/ml puromycin for
3–4 days after the infection.

Drugs and inhibitors
Hydroxyurea (#8627) and thymidine (#T1895) were purchased from
Sigma Aldrich and dissolved in ddH2O. EdU (#900584), BrdU
(#B9285), CldU (#C6891) and IdU (#I7125) were purchased from Sigma
Aldrich and dissolved in DMSO. Mirin was from Sigma Aldrich
(#M9948) and C5 was from AOBIOUS (#AOB9082), and both were
dissolved in DMSO.

Single-molecule DNA fiber spreading
DNA fiber spreading was performed as reported previously6,13,19,47.
Logarithmically growing cells were first pulse labeled with 25 µM ldU,
washed twice with PBS, and then labeled with 250 µM CIdU under
unperturbed condition. For fork stalling condition, HU was added
between IdU and CIdU pulses. For fork resection condition, HU in the

absence or presence of 50μM Mirin or C5 were added after dual
labeling with IdU and CIdU. The time of labeling with IdU and CIdU is
30min for MCF-10A, HeLa, MDA-MB-231 and HEK293T cells and
40min for MCF-7 cells. Collected cells were resuspended in cold PBS
(1500 cells per µL) on ice. 2.0 µL cells and 8.0 µL lysis buffer (0.5% SDS,
200mM Tris-HCl pH 7.5, 50mM EDTA) were mixed on a glass slide
(#9991004, ThermoFisher), lysed for 5min, and spread at around
20–40 degrees with a constant speed. After drying for 15min, DNA
fibers were fixed in methanol: acetic acid (3:1), denatured in 2.5 N HCl
for 60min, and blocked in 3% BSA/PBST (0.1% tween 20 in PBS) for
60min at 37 °C. ldU and CIdU staining was performed using mouse
anti-BrdU (1:20; Becton Disckson) and rat anti-BrdU (1:100; Abcam or
Novus Biologicals) for 2 h at RT or overnight at 4 °C followed by Alexa
594 goat anti-mouse (1:100; Invitrogen) and Alexa 488 donkey anti-rat
(1:100; Invitrogen) for 1 h at RT. Slides were mounted with Prolong
Gold antifade mountant (#P36930, Invitrogen) and dried overnight at
4 °C. Fibers were imaged with a 60X objective on an epifluorescence
microscope (Olympus IX70) and CellSens as the acquisition software.
Tract lengths of at least 300fibersper sample andpercentages of forks
were quantified in a blinded fashion using Image J and calculated as
previously reported47. In untreated cells or cells exposed to HU
between IdU and CIdU, tract lengths of IdU, CIdU, or combined IdU-
CIdU of dual-color fibers were individually quantified. To study DNA
degradation in cells exposed to HU following dual labeling, matched
IdU and CIdU tract lengths of the same dual-color fibers were quanti-
fied to calculate the CIdU/IdU ratios.

The Isolation of Proteins on Nascent DNA (iPOND)
iPOND was performed as described previously with minor
modifications5,89. Parental HEK293T cells and stable HEK293T cells
infected with vector control or PFN1 were used for iPOND. Six 150mm
dishes of cells per samplewith ~50million cells/dishwere cultured. For
capturing proteins associated with nascent DNA, cells were pulse-
labeled with 10 µM EdU for 25min. For capturing proteins at stalled
forks, cellswere treatedwithHU (5mM) for 2 h following EdU-labeling.
For thymidine chase, cells were incubatedwith 10 µM thymidine for 1 h
after EdU labeling. Cells were crosslinked with 1% formaldehyde for
20min, quenched with 0.125M glycine and washed three times with
PBS. They were permeabilized with 0.25% Triton X-100 in PBS (30mL
per sample) for 30min at room temperature and washed twice with
PBS. For conjugation of EdU with biotin azide, cells were subjected to
Click-iT reaction in the reaction buffer (20 µM biotin azide (#B10184,
Invitrogen), 10mM sodium ascorbate (#A4034, Sigma), and 2mM
CuSO4 in PBS) (10mL per sample) for 2 h at room temperature. Cells
were washed twice with PBS and resuspended in lysis buffer (50mM
Tris-HCl, pH 8, and 1% SDS) (3mL per sample) supplemented with
protease inhibitors. Chromatin was solubilized by sonication using a
microtip sonicator (30 s pulse and 30 s pause) in cold water until
Lysates appear translucent. Samples were centrifuged for 10min at
16,100 g at room temperature. Supernatants were diluted 1:1 with PBS
(vol/vol) containing protease inhibitors and incubated overnight with
streptavidinMyOneC1beads (200 µLper sample) (#65001, Invitrogen)
at 4 °C. Beads were washed once with lysis buffer for 5min, once with
low salt buffer (1% Triton X-100, 20mM Tris pH 8.0, 2mM EDTA, and
150mM NaCl), once with high salt buffer (1% Triton, 20mM Tris pH8,
2mMEDTA, 500mMNaCl), oncewith LiCl salt buffer (100mMTris, pH
8.0, 500mM LiCl, and 1% NP-40) and once with lysis buffer. Captured
proteins were eluted by boiling beads for 30min at 95 °C in 30 µL 2X
SDS sample buffer. The beads were vortexed and spun down, and the
supernatants were analyzed by SDS PAGE and Western blot.

Proximity ligation assay (PLA)
Protein-protein or protein-EdU PLA was performed as previously
described19,34 using the Duolink® PLA kit (#DUO92101, Sigma Aldrich)
according to the fluorescence protocol. Briefly, cells were seeded on
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Nunc® Lab-Tek II® -CC2 Chamber Slide (Sigma-Aldrich, #S6815) at
12000 cells/well density. For protein-EdU PLA, cells were pre-pulsed
with 10 µMEdU for 20min and subsequently treatedor notwithHU for
different lengths of time. They were permeabilized with detergent
extraction buffer (25mM HEPES, pH 7.5, 50mM NaCl, 1mM EDTA,
3mMMgCl2, 300mMsucrose, and 0.5%Triton X-100) for 5–10min on
ice and then fixed with 4% paraformaldehyde for 15min at room
temperature and blocked with the Duolink ® block solution or 3% BSA
in PBST (0.1% tween-20 in PBS) for 1 h at 37 °C. After blocking, cells
were subjected to Click-iT reactionwith biotin-azide for 30min in click
solution (20 µM biotin azide, 10mM sodium ascorbate, and 2mM
CuSO4 in PBS) and then incubated overnight with primary antibodies
in PBS including 1% BSA and 0.1% tween-20 at 4 °C. The primary anti-
bodies are: mouse monoclonal anti-Biotin (Jackson ImmunoResearch,
1:2000), rabbit polyclonal anti-Biotin (Bethyl, 1:2000), mouse mono-
clonal anti-HA tag (BioLegend, 1:1000), mouse monoclonal anti-PCNA
(Santa Cruz, 1:500), rabbit monoclonal anti-SNF2H (EMD Millipore,
1:1000), and rabbit polyclonal anti-BOD1L (Grant S. Stewart lab,
1:2000). PLA reaction steps including probe incubation, ligation, and
amplification were performed according to the manufacturer’s
instructions. Images were acquired with a 60X objective on an epi-
fluorescence microscope (Olympus IX70) with CellSens as the acqui-
sition software and PLA signals were quantified using Image J. PLA foci
numberper nucleuswas quantifiedusing Image J, and those containing
>5 foci were considered positive. For EdU-SNF2H and EdU-PCNA PLA,
intensities of positive nuclei were quantified by Image J as individual
foci could not be easily identified due to the high levels of signals.

Flow cytometry
MCF-10A cells were stably infected with shCTRL and shPFN1, syn-
chronized by double thymidine block (2mM thymidine, 18 h first
block, 9 h release, 16 h second block) and then released in fresh med-
ium for the indicated lengths of time. After release, cells were har-
vested, fixed in 70% ethanol at −20 °C for 2 h, and permeabilized with
0.25% Triton X-100 for 15min at 4 °C. Cells were stained with propi-
dium iodide containing 0.1mg/ml RNase A and subjected to flow
cytometry analysis. 30,000cells per samplewereanalyzedby FACScan
system (BD Biosciences). Data were analyzed by FlowJo v10.0 software
using the univariate Watson model as previously described40. The
representative images of gating strategies were provided with this
paper in Supplementary Information (Supplementary Fig. 10).

Metaphase spreads
Chromosomal aberrations were detected by metaphase spread as
described previously24,90. HeLa and MCF-7 cells were treated with HU
for 6 h and released in fresh medium for 24 h. During the last 4 h of
release, 10 µM nocodazole was added. Cells were harvested by trypsi-
nization, incubated in pre-warmed hypotonic solution (10mM KCl,
10% FBS in PBS) for 20min at 37 °C and fixed in pre-chilled methanol/
acetic acid (3:1) solution (drop slowly) for 30min on ice. Cells were
washed twice with the fixation buffer (3:1 ratio of ethanol vs. acetic
acid), and cell pellets were resuspended with 10 drops of fixative
solution anddropped onto pre-chilledwet slides.When the slideswere
dried, chromosomes were stained with DAPI for 10min and mounted
with ProLong Gold antifade mounting medium. Images were acquired
with a 60X objective on an epifluorescent microscope (Olympus IX70)
and CellSens as the acquisition software. Chromosomal aberrations
per metaphase were counted in Image J and analyzed by Graphpad
Prism 8.0.

Chromatin accessibility byMNase digestion and BrdU Southern-
Western blotting
MNase digestion was performed as described previously with minor
modifications91, and Southern and anti-BrdU Western blottings were
performed as described previously92,93. Cells were labeled with 10 µM

BrdU for 30min followed or not by 2 h exposure to 4mM HU. Har-
vested cell pellets (2 or 4 million per group) were suspended in the
nucleus extraction buffer (10mM HEPES, pH 7.9, 10mM KCl, 1.5mM
MgCl2, 0.34M Sucrose, 10% Glycerol, 1mM DTT, protease inhibitors
and 0.1% Triton X-100 added just before use) on ice for 8min to lyse
the cells. The nuclei were washed once with the digestion buffer
(15mM Tris-HCl, pH 8.0, 15mMNaCl, 60mMKCl, 1mM EDTA, 0.5mM
EGTA and 5mM CaCl2) and then suspended in the digestion buffer
(100 µL per million cells) kept warm at 37 °C. Micrococcal nuclease
(MNase) (NEB, #M0247S) (0.1 µL, 30U per group) in the digestion
buffer (50 µL) was warmed to 37 °C, added to each tube of nuclei for
1min or 3minat 37 °C, and immediatelymixedwith equal volumeof2x
stopping buffer (50mM Tris-Cl, pH 8.0, 100mM NaCl, 0.1% SDS,
100mM EDTA, 20 µg/ml RNase A). 10 or 20 µL proteinase K (NEB, #
P8107S) was added and the reactions were incubated for overnight at
55 °C. DNA was extracted by adding equal volume of 25:24:1 phenol/
chloroform/isoamyl alcohol (Sigma, #P2069). DNA was subsequently
precipitated by adding 1/10 volume of 3M Na-Acetate (pH 5.2), and
2–2.5 volumes of ice-cold 100% ethanol. Samples were mixed and
stored at −20 °C for at least 1 h. Precipitated DNA pellets were washed
twice with room-temperature 70% ethanol and air-dried before sus-
pension in 30–50μL sterile TE buffer. Equal amounts of DNA samples
were separatedon 1.2% agarosegel, and stainedwith SYBR safe. Images
were captured on a Gel Doc XR imaging system (Bio-Rad) and DNA
intensities were quantified by Image Lab.

For Anti-BrdU immuno-blotting, Southern-Western blot was per-
formed. Briefly, the SYBR safe-stained DNA gels were incubated in
denaturing buffer (0.5M NaOH, 1.5M NaCl) twice for 15min each time
followed by incubation in neutralization buffer (1.0M Tris-HCL, 3M
NaCl) for 30min.DNAwas transferred toCytivaAmersham™Hybond™
-N+ Membrane (Thermo Fisher, #45-004) by Southern blotting for
overnight. DNA was then cross-linked to membrane using the UV
transilluminator (Stratagene, La Jolla, CA). Membranes were incubated
with 5%non-fatmilk for 1 h followed by overnight incubationwith anti-
BrdU antibody (Becton Disckson, #37580, 1:200) at 4 °C and sub-
sequent incubation with HRP-linked secondary antibody for 1 h at
room temperature. BrdU signals were developed using ECL (Thermo
Fisher, West Dura, #34076), imaged on the same Gel Doc system (Bio-
Rad), and quantified by Image Lab.

Immunofluorescence
Cells seeded on 96-well plates were treated with vehicle or HU as
indicated in the figures. For EdU labeling, the cells were pulsed with
10 µM EdU for 25min before HU treatment. Cells were permeabilized
with detergent extraction buffer (25mM HEPES, pH 7.5, 50mM NaCl,
1mM EDTA, 3mMMgCl2, 300mM sucrose and 0.5% Triton X-100) for
5–10min on ice, fixed with 4% paraformaldehyde for 15min at room
temperature and blocked with 3% BSA in PBST (0.1% tween-20 in PBS)
for 1 h at room temperature. Cells were incubated with primary anti-
bodies for 2 h at room temperature or overnight at 4 °C followed by
secondary antibodies and DAPI (1 µg/ml) for 1 h at room temperature.
For EdU staining, the Click-iT reaction with Alexa 488-azide (#A10266,
ThermoFisher) was performed for 30min at room temperature (click
solution: 20 µM Alexa 488-azide, 10mM sodium ascorbate and 2mM
CuSO4 in PBS) before the incubation with primary antibodies. Images
were captured on an inverted epifluorescence microscope (Olympus
IX70) using a 20x objective and CellSens as acquisition software. High
resolution images were captured by choosing the pixel shift function
of the camera at the highest setting (4140 ×3096). ImageJ was used for
merging and quantitative analysis. For RAD51 foci, cells with >5 foci
were considered positive and quantified as relative percentages out of
all DAPI-stained cells. For RAD51 and EdU co-staining, the percentage
of dual-positive cells out of all DAPI-stained cells was analyzed. For
total RPA and pSer4/8-RPA staining, positive cells were scored based on
fluorescence intensity, and quantified as relative percentages out of all
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DAPI-stained cells. The primary antibodies were rabbit polyclonal anti-
RAD51 (Merck Millipore, #PC130, 1:500), mouse monoclonal anti-
RPA32 (Santa Cruz, #sc-56770, 1:500), rabbit polyclonal anti-pSer4/8-
RPA32 (Bethyl, #A300-245A, 1:1000). The secondary antibodies were
Alexa Fluor 488 anti-mouseor rabbit andAlexa Fluor 594 anti-rabbit or
mouse (Invitrogen, 1:1000).

Late S-phase analysis
EdU incorporation pattern was used for scoring as previously
described51–53. Nuclei containing sparse and large EdU foci character-
istic of pericentromeric heterochromatin were identified as being in
late S-phase, and quantified as relative percentages out of all S-phase
cells stained positive for EdU.

Analysis of micronuclei formation
Cells were seeded in 96 well plates, treated with vehicle or HU for 6 h,
and released in fresh medium for overnight. After staining with DAPI
for 15min, images were captured on an inverted epifluorescence
microscope (Olympus IX70) using a 60x objective and CellSens as the
acquisition software, and analyzed by Image J. The percentage of cells
containing micronuclei (one or more per cell) were blindly counted
and analyzed by Graphpad Prism 8.0.

Cytosolic DNA and ssDNA Quantification
To image cytosolic DNA, cells were seeded in 96 well plates, labeled
with 10 µM EdU or BrdU for overnight, treated with vehicle or HU for
the indicated times as shown in the figures and released in fresh
medium for overnight. For EdU labeling, the cells were subjected to
Click-iT reactionwith Alexa 488-azide for 30min at room temperature
(click solution: 20 µM Alexa 488-azide, 10mM sodium ascorbate, and
2mM CuSO4 in PBS). For BrdU labeling, the cells were subjected to
immunofluorescence staining (primary antibody,mouse anti-BrdU, BD
Biosciences) after denaturing DNA with 2M HCl for 30min at room
temperature. ImageJ was used for merging and quantifying cyto-
plasmic DNA fluorescence by the Intensity Ratio Nuclei Cytoplasm
Tool macros40.

For ssDNA imaging, a native BrdU labeling procedure was
applied90,94. Cells seeded in 96 well plates were labeled with BrdU
(10 µM) for overnight, treated with HU (4mM) for 4 h, pre-extracted
with the detergent extraction buffer (25mM HEPES, pH 7.5, 50mM
NaCl, 1mM EDTA, 3mM MgCl2, 300mM sucrose, and 0.5% Triton X-
100) for 5–10min on ice, and subjected to immunofluorescence
staining (primary antibody, mouse anti-BrdU, BD Biosciences) under
the native conditionwithout acid denaturation byHCl. The percentage
of ssDNA-positive cells was quantified by Image J.

Immunoprecipitation, subcellular fractionation, and wes-
tern blot
All immunoprecipitations (anti-HA, GFP, SNF2H) were performed as
previously described using RIPA-lysed cell lysates40. 250U/ml Benzo-
nase (EMDMillipore, #70746) and 1.5mMMgCl2 were included in cell
lysates. Binding between primary antibodies (2–5 µg) and cell lysates
(0.5–1mg) was conducted for 4 h at 4 °C, followed by the incubation
withDynabeadsproteinG (10–20 µl) for 4 h at 4 °C. Beadswerewashed
3–5 times with lysis buffer, and proteins were eluted in SDS sample
buffer at 95 °C and analyzed byWestern blot. Subcellular fractionation
was performed as described previously40. ForWestern blot, denatured
proteins were separated by SDS-PAGE, transferred onto nitrocellulose
membrane, incubated with primary antibody overnight, followed by
HRP-linked secondary antibody for 1 h at room temperature. The sig-
nals were detected by SuperSignal West Dura Extended Duration
Substrate (#34075, Thermo Fisher) or West Femto Maximum Sensi-
tivity Substrate (#34096, Thermo Fisher), and imaged on a Gel Doc XR
imaging system (Bio-Rad). Band intensities were quantified by Image-
Lab, and normalized to corresponding loading controls on the same

gels (GAPDH, tubulin, actin, or histone H3). In most cases, the nor-
malized protein intensities were further normalized to the controls
within the experiments (which were arbitrarily set at a value of 1). In
Fig. 2b, c, after subtracting the non-specific control values (vector in b
and IgG in c), SNF2H intensities in the IP samples were first normalized
to those of corresponding PFN1 proteins. Next, the levels
of SNF2Hbound towild type PFN1were arbitrarily set to 1 and used for
further normalization for SNF2Hbound to PFN1mutants. Unprocessed
raw Western blot data are provided in the Source Data file.

RT-qPCR
Experiments were performed as described previously with minor
modifications65. Briefly, cells were either untreated or treated with HU
(4mM) for 6 h (for type I interferon genes) and released in fresh
medium for overnight. They were harvested by trypsinization and
subjected to total RNA isolation by TRIzol (#15596018, Invitrogen)
according to manufacturer’s instruction. The relative gene expression
was quantified by RT-qPCR as described previously40 and normalized
to GAPDH. In brief, complementary DNAs (cDNA) were synthesized
from 2 µg RNA using the high-capacity reverse transcription kit
(#4368814, ThermoFisher), and quantitative PCRwas performed using
the PowerUP SYBR Green Master Mix (#A25743, Fisher Scientific) in
accordance with the manufacturer’s instruction on a CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad). Primers were designed
using Primer-Blast at NCBI or based on prior paper65. IFNα: Forward,
CCCATTTCAACCAGTCTAGCAG; Reverse, TGTGGGTTTGAGGCAGA
TC. IFNβ: Forward, AGGATTCTGCATTACCTGAAGG; Reverse, GGCTA
GGAGATCTTCAGTTTCG. MX1: Forward, ATGAGCTAATCACCCTGG
AG; Reverse, ATACCCAATGTCAGCAGGC. ISG15: Forward, CGCAGAT
CACCCAGAAGATCG; Reverse, TTCGTCGCATTTGTCCACCA. TNF:
Forward, ACTTTGGAGTGATCGGCC; Reverse, GCTTGAGGGTTTGCTA
CAAC. PCNA: Forward, GGCCGAAGATAACGCGGATAC; Reverse,
GGCATATACGTGCAAATTCACCA. RAD51: Forward, GAGACCGAGCCC
TAAGGAGA; Reverse, TTGCCATTACTCGGTCCGC. BRCA1: Forward,
AGCTGTGTGGTGCTTCTGTGGT; Reverse, TGGCTGCACAACCACAAT
TGGG. ATR: Forward, GGCCAAAGGCAGTTGTATTGA; Reverse, GTGAG
TACCCCAAAAATAGCAGG. CHK1: Forward, ATATGAAGCGTGCCGTAG
ACT; Reverse, TGCCTATGTCTGGCTCTATTCTG.

Colony survival assays
Colony survival assays were performed by seeding ~500 cells/well in
6-well plates (or proportionally in 12-well or 24-well plates) and cul-
tured in fresh medium for 14–20days after exposure to vehicle or HU
for 6 h. Cells were quantified by Alamar blue prior to fixation with 4%
paraformaldehyde and staining with 0.005% crystal violet for 2 h.
Colonies were imaged and quantified for percentages of occupied
areas or colony numbers in the wells by ImageJ software.

Statistics and reproducibility
Statistical significance for DNA fiber and PLA data was determined by
Kruskal–Wallis test with Dunnett’s multiple comparisons or
Mann–Whitney test (two-sided) depending on the number of experi-
mental groups. RT-qPCR data were analyzed by the Two-Way ANOVA
analysis and Dunnett’s multiple comparisons test. All other statistical
analyses were performed using the One-Way ANOVA analysis and
Dunnett’s multiple comparisons test. For all phenotypic effects, same
trends were confirmed by at least two independent experiments.
P-values were defined as follows: ns, not significant; *p < 0.05;
**p <0.01; ***p <0.001; ****p <0.0001. The exact adjusted P-value (used
for all Dunnett’s multiple comparisons) for *p <0.05; **p <0.01;
***p <0.001 were provided in the figures.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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Data availability
The data that support this study are available from the corresponding
author upon reasonable request. Source data are provided with
this paper.
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