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Mouse embryonic stem cells have increased capacity for 
replication fork restart driven by the specific Filia-Floped 
protein complex
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Pluripotent stem cells (PSCs) harbor constitutive DNA replication stress during their rapid proliferation and the 
consequent genome instability hampers their applications in regenerative medicine. It is therefore important to un-
derstand the regulatory mechanisms of replication stress response in PSCs. Here, we report that mouse embryonic 
stem cells (ESCs) are superior to differentiated cells in resolving replication stress. Specifically, ESCs utilize a unique 
Filia-Floped protein complex-dependent mechanism to efficiently promote the restart of stalled replication forks, 
therefore maintaining genomic stability. The ESC-specific Filia-Floped complex resides on replication forks under 
normal conditions. Replication stress stimulates their recruitment to stalling forks and the serine 151 residue of Filia 
is phosphorylated in an ATR-dependent manner. This modification enables the Filia-Floped complex to act as a func-
tional scaffold, which then promotes the stalling fork restart through a dual mechanism: both enhancing recruitment 
of the replication fork restart protein, Blm, and stimulating ATR kinase activation. In the Blm pathway, the scaffolds 
recruit the E3 ubiquitin ligase, Trim25, to the stalled replication forks, and in turn Trim25 tethers and concentrates 
Blm at stalled replication forks through ubiquitination. In differentiated cells, the recruitment of the Trim25-Blm 
complex to replication forks and the activation of ATR signaling are much less robust due to lack of the ESC-specific 
Filia-Floped scaffold. Thus, our study reveals that ESCs utilize an additional and unique regulatory layer to efficient-
ly promote the stalled fork restart and maintain genomic stability.
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Introduction

During mammalian development, epiblast cells in the 
inner cell mass of a blastocyst are pluripotent and give 
rise to the whole embryo proper. The equivalent embry-

onic stem cells (ESCs) can be derived from the inner 
cell mass of a blastocyst and maintained in vitro [1]. The 
pluripotent epiblast cells and ESCs have similar molec-
ular signatures and biological features including rapid 
proliferation, unique cell cycle composition, aberrant cell 
cycle checkpoints and, in particular, a high competence 
to maintain genomic stability as required for their specif-
ic functions [2-5]. Mouse ESCs (mESCs) in culture dis-
play a 1 000-fold lower mutation rate than their isogenic 
mouse embryonic fibroblasts (MEFs) [6]. However, the 
underlying molecular mechanisms remain largely elu-
sive. It has been shown that ESCs employ specific strate-
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gies to counter DNA insults and safeguard their genome 
stability [5, 7]. For instance, ESCs preferentially utilize 
the error-free homologous recombination (HR)-mediated 
pathway to efficiently and accurately repair DNA dou-
ble-strand breaks (DSBs) [8]. ESCs also display higher 
mitochondria priming and keep Bax constitutively active 
at the Golgi to ensure hyper-sensitivity to apoptosis [9, 
10]. Moreover, ESCs use specific proteins to efficiently 
regulate their DNA damage response (DDR) [11].

In eukaryotic cells, DNA replication machinery needs 
to accurately duplicate the genome in each round of cell 
division. However, numerous endogenous and exoge-
nous factors impede replication fork progression, causing 
fork slowing or stalling. This phenomenon is defined as 
DNA replication stress, a major source of endogenous 
DNA damage and genome instability [12]. Notably, 
DNA replication stress and the associated replication 
errors are implicated in the generation of nonrecurrent 
copy number variations (CNVs) [13], a major type of 
genome instability in pluripotent stem cells (PSCs) [14]. 
When replication fork progression encounters obstacles 
such as base damage and dNTP depletion, which cause 
the physical uncoupling of DNA polymerases from the 
replicative helicase, an aberrant single-stranded DNA 
(ssDNA) structure arises due to the continuous unwind-
ing of parental DNA by the replicative helicase after the 
polymerase has stalled. ssDNA is rapidly coated by the 
ssDNA-binding protein RPA (replication protein A), and 
the RPA-coated ssDNA then ignites the replication stress 
response primarily by triggering the activation of ATR 
(ATM- and Rad3-related) kinase. ATR activates down-
stream signaling pathways to stabilize the stalled forks 
and facilitate fork restart [12]. Any failure to restart the 
stalled replication forks leads to DNA DSBs and genom-
ic instability [12, 15-17]. 

ESCs and the equivalent epiblast cells proliferate rap-
idly [18] and harbor a high degree of replication stress [19, 
20]. However, compared to differentiated cells, ESCs 
have relatively low mutation rates. This suggests that 
ESCs and the equivalent epiblast cells may be superior 
to the differentiated cells in resolving replication stress. 
One recent study reported that more dormant origins are 
fired in ESCs to ensure the completion of DNA repli-
cation under replication stress [21]. Whether ESCs are 
unique in restarting stalled replication forks has never 
been explored. Here we show that mESCs are superior to 
other somatic cells in restarting stalled replication forks 
to prevent endogenous DNA damage, and this relies on 
an ESC-specific Filia-Floped protein complex-dependent 
mechanism. 

Results

ESCs are superior to differentiated cells in stabilizing 
and restarting the stalled replication forks 

To test whether the ESCs are superior to tissue pro-
genitor cells or terminally differentiated cells in stabiliz-
ing and restarting stalled replication forks, we compared 
the response of mESCs, C2C12 mouse myoblast cells, 
MEFs and NIH3T3 cells (spontaneously immortalized 
MEFs) to hydroxyurea (HU)-induced DNA replication 
stress by DNA fiber assay. In this assay, newly replicated 
DNA is substituted with nucleotide derivatives, such as 
bromodeoxyuridine (BrdU), chlorodeoxyuridine (CldU) 
or iododeoxyuridine (IdU), and is visualized by indirect 
immunofluorescence staining using specific antibodies 
after DNA combing [22]. Cells were temporarily treat-
ed with HU, which depletes the cellular dNTP pool and 
stalls replication forks [17, 23, 24]. Nascent DNA before 
and/or after HU treatment was differentially labeled with 
IdU (green fluorescent tract) and CIdU (red fluorescent 
tract), respectively (Figure 1A). We examined the abili-
ties of cells to protect nascent DNA from degradation, to 
restart stalled replication forks, and to fire new replica-
tion origins in response to HU-induced fork stalling. To 
evaluate nascent DNA degradation, DNA was consecu-
tively labeled with IdU and CIdU, and cells were subse-
quently cultured with or without HU treatment (Figure 
1B). The degradation of nascent DNA was determined by 
the changes in the length of CIdU tracts with or without 
HU treatment [25]. In C2C12, MEF and NIH3T3 cells, 
HU treatment caused a drastic decrease of CIdU tract 
length in a dose-dependent manner. In contrast, a high 
dose of HU was required to achieve a much milder de-
crease of CIdU tract length in mESCs (Figure 1B). This 
suggests that ESCs are better at protecting nascent DNA 
upon replication fork stalling. To assess the fork restart 
ability of ESCs, HU treatment was performed between 
the two pulse labels (Figure 1C), and the fork restart was 
quantified as the percentages of restarted forks (IdU and 
CIdU labeled replication tracks) related to the total num-
ber of labeled forks (all IdU-labeled replication tracks). 
During the HU treatment, replication fork can move 
certain distance before complete arrest, which generates 
a gap between the IdU and CIdU tracts after fork restart 
(Figure 1A). To distinguish restarted CIdU tracts from 
newly initiated CIdU tracts, we included CIdU during 
the HU treatment to determine the average distance that 
the stalling forks can travel (gap length) (Supplementary 
information, Table S1). CIdU tracts shorter in distance 
than the average gap length from IdU tracts were then 
determined as restarted replication forks as previously 
reported [25]. In C2C12, MEF and NIH3T3 cells, the 
proportion of restarted forks decreased from about 75% 
under unimpeded conditions to ~8% after HU treatment, 
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Figure 1 PSCs are superior in resolving DNA replication stress. (A) Scheme of DNA fiber analysis. (B) After fork stalling by 
HU, CIdU tract length in C2C12, NIH3T3 and MEF cells, but not ESCs, decreased dramatically in a dose-dependent manner. 
(C) After HU treatment, ESCs were better than C2C12, NIH3T3 and MEF cells at restarting stalled replication forks (upper 
panel). Moreover, the average CIdU tract length was less affected in ESCs than in C2C12, NIH3T3 and MEF cells (lower 
panel). (D) The frequency of dormant replication origin firing was evaluated as the mean intra-cluster fork spacing. Distribu-
tions of the mean intra-cluster fork spacing of 50 replication fork clusters are shown. Data are represented as mean ± SEM. 
**P < 0.01, ***P < 0.001.
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whereas the decrease was significantly less in mESCs 
(from about 90% to 50%). Moreover, the restarted CIdU 
tract length in ESCs was significantly longer than in 
other cell types (Figure 1C). These data demonstrate that 
ESCs are more efficient than tissue progenitor cells and 
differentiated cells in protecting and restarting stalled 
forks under replication stress. In addition, more dormant 
replication origins were fired in ESCs than in the other 
cell types in response to HU treatment (Figure 1D), con-
sistent with a recent report [21]. 

To limit the potential effects of variations in genet-
ic background and to further confirm the differential 
response to replication stress between ESCs and the 
differentiated cells, we removed LIF from the culture 
medium to induce ESC differentiation. At the earliest dif-
ferentiation time-point when ESCs lost pluripotency but 
retained active proliferation (Supplementary information, 
Figure S1A), we compared the response to HU treatment 
between ESCs and their isogenic differentiated progeny 
as described above. Consistently, the ESCs displayed a 
higher competence in resolving replication stress (Sup-
plementary information, Figure S1B-S1D). Because 
C2C12 cells and the isogenic differentiated progeny have 
comparable proliferation rates with mESCs (Supple-
mentary information, Figure S1A and S1E), the superior 
ability of ESCs to resolve DNA replication stress is not 
related to cell proliferation rate. In addition, we exam-
ined the possible influence of the cellular dNTP level on 
stalled fork restart by culturing NIH3T3 cells in medium 
supplied with or without nucleosides after HU treatment. 
Increasing the cellular dNTP level by supplying exoge-
nous nucleosides [26] had no impact on stalled fork re-
start (Supplementary information, Figure S1F). Thus, the 
higher competence in restarting stalled forks in mESCs 
is irrelevant to cellular dNTP levels. Collectively, these 
data support the notion that ESCs are more efficient than 
differentiated cells in resolving DNA replication stress 
and this is an ESC-specific property. 

Identification of Filia-Floped as a novel ESC-specific 
replication fork protein complex

To understand the molecular basis underlying the ob-
served superior replication stress response in ESCs, we 
performed iPOND (isolate proteins on nascent DNA) [27] 
combined with an unbiased mass spectrometry analysis 
in three replicates to identify proteins that bind to repli-
cation forks in mESCs (Figure 2A). In one replicate we 
were able to detect an ESC-specific protein Filia, a pro-
tein that we had shown in a previous study to play crit-
ical roles in maintaining genome stability of mESCs by 
regulating DDR [11] (Supplementary information, Figure 
S2A). In addition, Filia interacts with Floped [28], which 

is also ESC specific (Supplementary information, Figure 
S2B). We therefore tested whether ESC-specific Filia 
and Floped proteins localize on replication forks. Bind-
ing of the two proteins to nascent DNA (or replication 
forks) under the normal culture condition was validated 
by immunoblotting analysis of iPOND captured samples 
(Figure 2B). In addition, we labeled the nascent DNA 
with BrdU for 5 min and showed by immunostaining that 
Filia and Floped co-localized with BrdU (Supplementary 
information, Figure S2C). Interestingly, iPOND analysis 
revealed that the loading of Filia and Floped on replica-
tion forks was enhanced by HU treatment (Figure 2B), 
suggesting their potential involvement in the replication 
stress response. Next, we examined whether chroma-
tin-bound Filia and Floped interact on replication forks 
in mESCs. Co-immunoprecipitation of nuclear fractions 
of mESCs revealed that anti-Filia antibodies pulled down 
Floped, and vice versa. However, their association was 
not affected by HU treatment (Figure 2C). To further val-
idate that Filia and Floped form a protein complex that 
localizes on replication forks, we ectopically expressed 
Filia and/or Floped in NIH3T3 cells (Supplementary 
information, Figure S2D) and performed iPOND and 
co-immunoprecipitation analyses. Indeed, iPOND could 
detect the presence of Filia and/or Floped proteins on 
replication forks of NIH3T3 cells ectopically expressing 
individual or both proteins (Figure 2D). Consistently, Fil-
ia and Floped formed a protein complex in nuclear frac-
tions of NIH3T3 cells ectopically expressing both pro-
teins (Figure 2E). Triple immunostaining of Filia, Floped 
and BrdU also validated their co-localization in mESCs 
and in NIH3T3 cells ectopically expressing both Filia 
and Floped (Supplementary information, Figure S2E). 
Together, we identified Filia-Floped as an ESC-specific 
replication fork protein complex. 

Filia and Floped function synergistically to promote effi-
cient replication fork restart 

To determine whether this newly discovered ESC-spe-
cific replication fork protein complex is implicated in 
the HU-induced DNA replication stress response, we 
investigated the influence of Filia or Floped deficiency 
on nascent DNA degradation, replication fork restart 
and new replication origin firing by DNA fiber analysis. 
Filia−/− ESCs, Filia−/− ESCs expressing FiliaS349A, a 
mutant that does not undergo nuclear import of Filia, and 
Filia−/− ESCs complemented with wild-type (WT) Filia 
have been previously established [11]. Floped−/− ESCs 
were generated from Floped mutant mice [28, 29], and 
were complemented with Myc-Floped or Flag-Floped by 
stable transformation to establish Floped-rescued ESCs 
(Supplementary information, Figure S3A). Upon HU 
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Figure 2 Filia-Floped is a novel ESC-specific replication fork protein complex. (A) Scheme of iPOND. (B) iPOND analysis 
confirmed the presence of Filia and Floped at replication forks in mESCs under normal (left panel) and HU treatment (right 
panel) conditions. HU treatment enhanced the retention of Filia and Floped on replication forks. (C) Filia and Floped recipro-
cally pulled down each other in ESCs treated with or without HU. (D) Filia and/or Floped proteins were ectopically expressed 
in NIH3T3 cells. iPOND analysis revealed their localization on replication forks. Thymidine (Thd) chased samples were in-
cluded as negative controls. (E) Filia and Floped physically interacted in NIH3T3 cells co-expressing tagged Filia and Floped 
with or without HU treatment.

treatment, there was a decrease in the CIdU tract length 
in all four cell lines (WT, Filia-rescued, Filia−/− and Filia-
S349A). However, the fold changes of CIdU tract length 
before and after treatment were not affected by depleting 
Filia from replication forks (Supplementary information, 
Figure S3B). This result suggests that Filia is not impli-
cated in protecting nascent DNA from degradation upon 
fork stalling. Likewise, depletion of Filia from the repli-
cation forks did not compromise dormant origin firing in 
response to HU treatment (Supplementary information, 
Figure S3C). However, the stalled fork recovery was 

substantially impaired by Filia depletion, as shown by 
the lower rates of fork restart in Filia−/− and FiliaS349A 
ESCs compared with WT or Filia-rescued ESCs (Figure 
3A). To further validate the functions of Filia on stalled 
replication forks, we performed the similar analyses on 
NIH3T3 cells with or without the ectopic expression of 
Filia (Filia-NIH3T3 and NIH3T3, respectively). Indeed, 
ectopic expression of Filia enhanced the stalled fork re-
start after HU treatment (Figure 3B), but had no effects 
on nascent DNA degradation or dormant replication or-
igin firing (Supplementary information, Figure S3D and 
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Figure 3 Filia and Floped cooperatively regulate replication fork restart. (A) Rates of stalled replication fork restart in wild-type 
(WT), Filia-knockout (FK), FiliaS349A-rescued (FK-FiliaS349A) and WT Filia-rescued (FK-Filia) ESCs. (B) Rates of stalled 
fork restart in NIH3T3 cells with or without ectopic Filia expression. (C) Rates of stalled fork restart in WT, Floped-knockout 
(Floped-KO) and Floped-rescued ESCs. (D) Rates of stalled fork restart in NIH3T3 cells with or without ectopic expression of 
Floped. (E) Rates of fork restart in WT, Filia-knockout (Filia-KO), Floped-knockout (Floped-KO), and double deficient ESCs 
with or without HU treatment. (F) Rates of fork restart in NIH3T3 cells expressing Filia and/or Floped. Data are represented 
as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 

S3E). These data support the notion that Filia is impli-
cated in regulating the restart of stalled replication forks. 
Consistently, Filia−/− and FiliaS349A-complemented 
ESCs display a range of genomic instability described in 
our previous study [11]. 

We tested whether loss of Filia in epiblast cells affects 
post-implantation embryo development. We mated the 
Filia−/− females, in which the maternal Filia protein and 
its effects were completely eliminated, with Filia−/− or 
WT males. Mating to Filia−/− males generated a signifi-
cantly higher rate of abnormal embryonic structures, 
in which the embryo proper was lost (Supplementary 
information, Figure S3F). Thus, depletion of Filia from 
epiblast cells compromised post-implantation embryo 
development in vivo. 

We next examined the involvement of Floped in the 
DNA replication stress response using WT, Floped−/−, 
and Floped-rescued ESCs. Floped deficiency impaired 
stalled fork restart, which was rescued by re-introduction 

of Floped (Figure 3C). However, Floped depletion had 
no effects on nascent DNA degradation (Supplementary 
information, Figure S3G), or dormant origin firing (Sup-
plementary information, Figure S3H). Similar results 
were obtained in NIH3T3 cells ectopically expressing 
Myc-Floped (Figure 3D and Supplementary information, 
Figure S3I and S3J). Thus, Floped plays a role in regulat-
ing stalled fork restart in response to HU treatment. Con-
sequently, Floped−/− ESCs displayed a range of defects 
including genomic instability (Supplementary informa-
tion, Figure S4A-S4D), tumorigenicity (Supplementary 
information, Figure S4E-S4G) and hypersensitivity to 
HU treatment (Supplementary information, Figure S4H). 

To determine whether Filia and Floped have an addi-
tive effect in promoting the restart of stalled forks, we 
simultaneously depleted Filia and Floped by knocking 
down Filia in Floped−/− ESCs using short hairpin RNA 
(shRNA) [11] (Supplementary information, Figure 
S5A). Compared with the individual depletion of Filia or 
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Floped, loss of the two proteins further reduced the fork 
restart rate (Figure 3E). Consequently, Filia and Floped 
double knockdown ESCs (Supplementary information, 
Figure S5B) displayed a greater degree of DNA damage 
(Supplementary information, Figure S5C) and a higher 
level of apoptosis compared with the ESCs with individ-
ual knockdown of either protein (Supplementary infor-
mation, Figure 5D). Accordingly, co-expressing Filia and 
Floped in NIH3T3 cells promoted fork restart better than 
expression of either individual protein (Figure 3F). Thus, 
Filia and Floped function in parallel to give synergistic 
regulation of efficient replication fork restart. Intrigu-
ingly, ESCs depleted of both proteins still had a higher 
competence to restart arrested forks than NIH3T3 cells. 
Likewise, NIH3T3 cells ectopically expressing both 
proteins displayed lower fork restart rates than mESCs 
(Supplementary information, Figure S5E). This result 
suggested that additional specific factors are involved in 
regulating stalled fork restart in ESCs. 

ATR-dependent phosphorylation of serine 151 of Filia is 
required to promote stalled fork restart 

The replication stress response is orchestrated by ATR 
kinase [12, 23, 30]. As the Filia-Floped complex regu-
lates the replication stress response, we examined wheth-
er Filia and/or Floped were subject to ATR-dependent 
phosphorylation. Mass spectrometry analysis identified 
a phosphorylation site on serine 151 of Filia. To validate 
this finding and to explore its relevance to replication 
stress response, we mutated serine to alanine (FiliaS151A) 
to mimic the non-phosphorylated status and to aspartic 
acid (FiliaS151D) to mimic constitutive phosphorylation. 
FiliaS151A or FiliaS151D was introduced into Filia−/− 
ESCs to establish stable complementing ESC lines (Sup-
plementary information, Figure S6A). Neither mutation 
impaired Filia’s normal distribution at replication forks 
(Supplementary information, Figure S6B and S6C). 
Moreover, FiliaS151A had no significant influence on 
nascent DNA degradation after HU treatment (Supple-
mentary information, Figure S6D). However, compared 
with Filia-depleted cells, restart of stalled forks was fur-
ther suppressed by FiliaS151A (Figure 4A). This finding 
suggests a dominant negative effect of FiliaS151A. In 
contrast, FiliaS151D functions as efficiently as the WT 
Filia (Figure 4A and Supplementary information, Figure 
S6D). Notably, FiliaS151A-complemented cells dis-
played a higher level of DNA DSBs than Filia−/− cells as 
determined by the neutral comet assay (Supplementary 
information, Figure S6E). These observations suggest 
that S151 of Filia is subject to phosphorylation that mod-
ulates Filia’s roles in regulating stalled fork restart. 

To further investigate this phosphorylation, we gener-

ated an antibody which specifically recognizes the phos-
phorylated S151 in Filia (p-Filia(S151)). S151 phosphor-
ylation was robustly stimulated by HU treatment (Figure 
4B). Moreover, the phosphorylation occurred in nucleus, 
because FiliaS349A mutation that blocks nuclear local-
ization [11] also eliminated S151 phosphorylation (Figure 
4B). Indeed, cell fractionation showed that p-Filia(S151) 
is exclusively nuclear (Figure 4C). Immunoblotting anal-
ysis of iPOND captured samples further demonstrated 
the localization of p-Filia(S151) at replication forks and 
its enhanced retention at forks after HU treatment (Fig-
ure 4D). As ATR activation orchestrates the replication 
stress response [12, 23], we examined whether S151 
phosphorylation is ATR dependent. Inhibition of ATR 
activity using a specific inhibitor, VE-821 [31], abrogat-
ed the phosphorylation of S151. As a control, inhibiting 
ATM activity with KU55933 [32] did not affect this 
modification (Figure 4E). Thus, the phosphorylation of 
S151 is dependent on ATR activity. However, S151 does 
not conform to the typical ATR substrate SQ/TQ motif, 
suggesting that ATR may regulate S151 phosphorylation 
indirectly via its downstream kinases or in a noncanoni-
cal manner. Intriguingly, the S151A mutation significant-
ly decreased ATR but not ATM phosphorylation (Figure 
4E), suggesting that Filia may also regulate ATR activa-
tion via a feedback loop.  

We previously reported the involvement of Filia in 
HR-mediated DNA DSB repair [11], which plays es-
sential roles in facilitating the recovery of stalled forks 
[33]. We determined whether the beneficial role of Fil-
ia in replication fork restart relied on its HR-mediated 
DNA repair function. To this end, we treated the Filia-
S151A-complemented ESCs with etoposide to induce 
DNA DSBs [34] and examined whether FiliaS151A 
affects HR repair. Notably, FiliaS151A mutant protein 
(Figure 4F) and the key HR recombinase Rad51 (Figure 
4G) were normally recruited to DSB sites labeled with 
γH2AX. Moreover, FiliaS151A-complemented cells 
displayed efficient repair of DSBs as determined by 
neutral comet assay (Figure 4H). Therefore, Filia S151 
phosphorylation is not implicated in its function in HR 
repair of DNA DSBs and thus Filia’s role in replication 
fork restart is mechanistically distinct from its function 
in HR-mediated DNA DSB repair. 

Filia and Floped interact with Blm and promote the re-
cruitment of Blm to replication forks

To understand how the Filia-Floped complex regulates 
replication fork restart, we performed co-immunoprecip-
itation in Flag-Filia [11] complemented ESCs. Unbiased 
mass spectrometry analysis identified the Bloom syn-
drome helicase Blm (Supplementary information, Figure 
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Figure 4 ATR-dependent phosphorylation of the S151 residue on Filia is required for the restart of replication forks. (A) 
Rates of replication fork restart in WT, Filia-knockout (FK), FiliaS349A-rescued (FK-FiliaS349A), Filia-rescued (FK-Filia), 
FiliaS151A-rescued (FK-FiliaS151A) and FiliaS151D-rescued (FK-FiliaS151D) ESCs. (B) Phosphorylation of S151 on Filia 
(p-(FiliaS151)) was induced by HU treatment in WT ESCs, and no signal was detected in FiliaS151A- or FiliaS349A-comple-
mented ESCs. (C) p-Filia(S151) was present in the nuclear fraction (N) but not the cytoplasmic fraction (C) of the WT ESCs. 
(D) iPOND confirmed that p-Filia(S151) localized at replication forks under normal and HU-treated conditions in ESCs. (E) 
Inhibition of the ATR kinase activity in ESCs suppressed the phosphorylation of FiliaS151 in response to HU treatment (upper 
panel), whereas inhibition of ATM kinase activity had no effect (lower panel). (F) Upon etoposide treatment of ESCs, Flag-
tagged Filia, FiliaS151A and FiliaS151D were equally efficient at relocalizing to DNA damage sites. (G) Compared to WT 
ESCs, Filia-knockout (FK) ESCs were impaired in recruiting Rad51 proteins to DNA damage sites. WT Filia (Filia), FiliaS151A 
(S151A) and FiliaS151D (S151D) displayed equal ability in rescuing this defect. (H) Filia-knockout (FK) ESCs displayed lower 
DNA repair ability than WT cells after etoposide treatment. WT Filia, FiliaS151A and FiliaS151D mutants had a similar ability 
to rescue this defect. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar, 10 µm.

S7A), which plays multiple critical roles in regulating 
stalled fork restart [35-37], as a potential binding partner 
of Filia. These three proteins reciprocally pulled down 
each other in mESCs (Figure 5A) as well as in NIH3T3 
cells co-expressing Flag-Filia and Myc-Floped (Supple-
mentary information, Figure S7B). Moreover, iPOND 
analysis validated the localization of Blm on replication 

forks and its increased retention after HU treatment in 
ESCs and in NIH3T3 cells expressing Filia and Floped 
(Figure 5B and Supplementary information, Figure S7C). 
These results suggest that Filia, Floped and Blm form a 
protein complex at the replication forks of mESCs. 

Blm is a key player in promoting stalled fork restart 
[36, 38]. We therefore assessed Blm’s roles in mESCs. 



Bo Zhao et al.
77

www.cell-research.com | Cell Research | SPRINGER NATURE



78
ESC-unique protein complex promotes replication fork restart

SPRINGER NATURE | Cell Research | www.nature.com/cr

Similar to Filia/Floped deficiency, the efficient knock-
down of Blm by two independent shRNAs (Supplemen-
tary information Figure S7D) impaired the replication 
fork restart in mESCs (Figure 5C). Consequently, 
Blm-deficient ESCs showed an increase in DNA DSBs 
(Supplementary information, Figure S7E) and hypersen-
sitivity to HU treatment (Supplementary information, 
Figure S7F). To further assess the relevance of Blm 
protein level to fork restart ability, we examined stalled 
fork restart following Doxycycline (Dox)-induced Blm 
knockdown at various time-points (Supplementary infor-
mation, Figure S7G). We found that partial reduction of 
Blm on replication forks significantly impaired restart of 
stalling forks (Figure 5D). This result suggested that Blm 
regulates stalled replication fork restart in a dose-depen-
dent manner.

We next examined whether Blm’s accumulation on 
replication forks requires Filia and/or Floped. iPOND 
analysis revealed that depletion of Filia or Floped led to 
decreased retention of Blm on replication forks under 
normal and HU treatment conditions. Double depletion 
of Filia-Floped further reduced the amount of Blm on 
replication forks (Figure 5E). In addition, the FiliaS151A 
mutation resulted in a reduction of Blm on replication 
forks similar to that observed in Filia-Floped double de-
pleted cells (Figure 5F), although this mutation impaired 
neither the retention of Filia and Floped on replication 
forks (Figure 5F) nor their association (Supplementary 
information, Figure S7H). In contrast, FiliaS151D was 
as effective as WT Filia in rescuing these defects (Fig-
ure 5F). Because the protein expression of Blm was not 
influenced by deficiency of Filia and/or Floped or the 
S151A mutation (Supplementary information, Figure 
S7I), we concluded that the formation of Filia-Floped 
complex and the phosphorylation of Filia at S151 are es-
sential for the efficient recruitment of Blm to replication 
forks. Intriguingly, although Filia and Floped interact 
with each other, their loading onto the replication forks 
does not rely on their interaction (Figure 5E). This result 
further supports the notion that Filia and Floped function 
in parallel to synergistically regulate response to replica-

tion stress. 
To further validate these findings, we performed a 

similar iPOND analysis on WT NIH3T3 cells, and NI-
H3T3 cells expressing Filia, FiliaS151A, Floped, Filia 
and Floped or FiliaS151A and Floped. The total protein 
levels of Blm were comparable among these cells (Sup-
plementary information, Figure S7J). However, ectopic 
expression of Filia or Floped enhanced the recruitment 
of Blm to replication forks. Co-expressing both proteins 
further increased the amount of Blm on forks. However, 
expression of FiliaS151A had no effect on Blm recruit-
ment (Figure 5G). Instead, expression of FiliaS151A im-
paired the recruitment of Blm induced by Floped (Figure 
5H). This result suggests that FiliaS151A functions in a 
dominant-negative manner to inhibit Floped-dependent 
Blm recruitment. Collectively, these data demonstrate 
that the ESC-specific replication fork protein complex 
Filia-Floped promotes the recruitment of Blm to rep-
lication forks in response to replication stress and this 
function requires the ATR-dependent phosphorylation of 
S151 on Filia. 

Trim25 regulates the recruitment of Blm to replication 
forks downstream of the Filia-Floped scaffold 

We next determined how the Filia-Floped protein 
complex promotes the recruitment of Blm to replication 
forks in response to replication stress. Blm’s dynamic 
translocation and functions are modulated by post trans-
lational modifications such as ubiquitination [39]. Our 
co-immunoprecipitation/mass spectrometry analysis 
identified a potential Filia-interacting protein Trim25 
(Supplementary information, Figure S7A), an E3 ubiqui-
tin ligase that catalyzes the Lysine (K)63-linked ubiquiti-
nation [40]. The association of the four proteins, namely 
Filia-Floped-Trim25-Blm, was validated by reciprocal 
co-immunoprecipitation analysis in mESCs (Figure 5A) 
as well as in NIH3T3 cells co-expressing Flag-Filia 
and Myc-Floped (Supplementary information, Figure 
S7B). Moreover, iPOND analysis showed that Trim25 
was localized on replication forks and the retention was 
similarly stimulated by HU treatment (Figure 5B and 

Figure 5 Filia-Floped interact with Blm and promote its recruitment to replication forks. (A) Physical association of Filia, 
Floped, Blm and Trim25 in ESCs with or without HU treatment. (B) Blm and Trim25 localized at replication forks in ESCs un-
der the normal (upper panel) and HU treatment (lower panel) conditions. (C) Blm knockdown impaired stalled fork restart in 
ESCs after HU treatment. (D) Blm regulated stalled fork restart in a protein dosage-dependent manner. (E) Depletion of Filia 
(Filia-KO) or Floped (Floped-KO) from ESCs decreased the recruitment of Blm and Trim25 to replication forks, double deple-
tion (Double KO) resulted in a more severe phenotype. (F) FiliaS151A was as defective as Filia-Floped double deficiency in 
recruiting Trim25 and Blm to replication forks, whereas FiliaS151D functioned as effectively as WT Filia. (G) Ectopic expres-
sion of WT Filia and/or Floped in NIH3T3 cells stimulated the recruitment of Trim25 and Blm to replication forks. However, ex-
pression of FiliaS151A had no effect. (H) Ectopic expression of FiliaS151A in NIH3T3 cells impaired Blm recruitment induced 
by Floped. Data are represented as mean ± SEM. **P < 0.01, ***P < 0.001. 
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Supplementary information, Figure S7C). To examine 
whether Trim25 regulates the recruitment of Blm to rep-
lication forks, we knocked down Trim25 in mESCs with 
two individual shRNAs (Supplementary information, 
Figure S8A). We found that the amount of Blm protein 
on replication forks was significantly reduced (Figure 
6A), although the total Blm level was not changed (Sup-
plementary information, Figure S8B). Thus, Filia, Floped 
and Trim25 are all necessary for the efficient recruitment 
of Blm to the replication forks. Of note, the efficient 
recruitment of Trim25 to replication forks relied on the 
presence of Filia-Floped and the phosphorylation of Fil-
ia S151 in mESCs (Figure 5E and 5F) and in NIH3T3 
cells expressing Filia and/or Floped (Figure 5G and 5H). 
However, the recruitment of Filia and Floped to repli-
cation forks and the phosphorylation of Filia S151 did 

not require Trim25 (Figure 6A). Thus, Trim25 functions 
downstream of Filia-Floped to regulate the recruitment 
of Blm. Conversely, Blm deficiency had no impact on 
the relocation of Filia, Floped and Trim25 to replication 
forks or Filia S151 phosphorylation (Figure 6B). There-
fore, we propose a hierarchy in which Filia-Floped acts 
as a scaffold upon S151 phosphorylation to facilitate 
the efficient recruitment of E3 ubiquitin ligase Trim25, 
which then interacts with Blm and regulates its retention 
on replication forks. Supporting this hierarchy, deple-
tion of Filia and/or Floped or mutation of FiliaS151A 
in mESCs significantly reduced the physical interaction 
of Trim25 and Blm (Figure 6C), whereas knockdown 
of Trim25 had no influence on the interaction between 
Filia and Floped, but compromised the association of 
Blm with Filia-Floped (Figure 6D). In addition, Blm de-

Figure 6 Trim25 regulates the recruitment of Blm to replication forks downstream of Filia-Floped. (A) Depletion of Trim25 in 
ESCs impaired the recruitment of Blm, but not Filia, p-Filia(S151) or Floped, to replication forks. (B) Depletion of Blm in ESCs 
had no influence on the recruitment of Filia, p-Filia(S151), Floped or Trim25 to replication forks. (C) Depletion of Filia and/or 
Floped, or FiliaS151A mutation impaired the physical interaction of Trim25 and Blm as well as their association with Floped 
and/or Filia in ESCs. (D) Depletion of Blm in ESCs did not affect the assembly of Filia-Floped-Trim25 complex (right panel). 
Likewise, depletion of Trim25 had no effect on the interaction between Filia and Floped, but reduced the association of Blm 
with Filia-Floped (left panel). 
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pletion did not affect the assembly of the Filia-Floped-
Trim25 protein complex (Figure 6D). In line with these 
observations in ESCs, the ectopic expression of WT Filia 
and/or Floped in NIH3T3 cells promoted the interaction 
of Trim25 and Blm (Supplementary information, Figure 
S8C) without affecting their expression (Supplementary 
information, Figure S7J). 

Trim25 ubiquitinates Blm to promote its recruitment to 
replication forks 

We next determined whether Trim25 ubiquitinates 
Blm to facilitate its retention on replication forks. To-
ward this goal, we found that poly-ubiquitination of Blm 
was robustly stimulated by HU treatment in WT ESCs, 
but was significantly suppressed in Trim25-knockdown 
cells (Figure 7A). This suggested that Trim25 was re-
sponsible for Blm ubiquitination. Consistently, in other 
mutant ESCs (Filia−/−, Floped−/−, Filia and Floped double 
depletion, or FiliaS151A-complemented cells), in which 
the loading of Trim25 and Blm on replication forks was 
reduced (Figure 5E and 5F) and their physical associa-
tion was compromised (Figure 6C), the Blm ubiquitina-
tion level was not increased in response to HU treatment. 
However, the defect was rescued by re-introduction of 
WT Filia, FiliaS151D, or Floped (Figure 7B). In addi-
tion, the Blm ubiquitination level was increased in Filia- 
and/or Floped-expressing NIH3T3 cells (Figure 7C), in 
which the recruitment of Trim25 and Blm to replication 
forks was enhanced (Figure 5G) and their physical as-
sociation was stimulated (Supplementary information, 
Figure S8C). These data together support the notion that 
Trim25 regulates the ubiquitination of Blm. Trim25 cata-
lyzes K63-linked ubiquitination and this type of ubiquitin 
modification on Blm was validated by immunoblotting 
using an antibody recognizing K63-linked ubiquitin 
(Figure 7A-7C). To further confirm the enzyme-substrate 
relationship between Trim25 and Blm, we deleted the 
RING domain necessary for RING-finger protein E3 
activity (∆RING-Trim25) [41-43]. WT Trim25 and the 
∆RING-Trim25 mutant were separately introduced into 
Trim25-knockdown ESCs to establish stable cell lines 
(Supplementary information, Figure S8D). ∆RING-
Trim25 mutant protein was able to localize on replica-
tion forks (Figure 7D) and associate with Filia-Floped 
complex (Supplementary information, Figure S8E). 
However, it failed to restore Blm ubiquitination (Figure 
7E) and retention of Blm on replication forks (Figure 
7D), without affecting the total Blm level (Supplemen-
tary information, Figure S8F). Likewise, the association 
of ∆RING-Trim25 with its substrate Blm was impaired 
(Supplementary information, Figure S8E). As a result, 
∆RING-Trim25-complemented cells had a reduced ca-

pacity for the stalled replication fork restart compared 
with WT Trim25-rescued cells (Figure 7F). Together, 
these lines of evidence support the notion that Trim25 
ubiquitinates Blm and this modification is required for 
retention of Blm on replication forks. 

The UbPreb program (http://www.ubpred.org/) pre-
dicts K267 residue with the highest confidence score 
(0.99) as a potential ubiquitination site on Blm. A Blm 
mutant with K267 converted to arginine was expressed 
in Blm-knockdown ESCs (Supplementary information, 
Figure S8G). Compared with WT Blm, the BlmK267R 
mutant showed a significant decrease in K63-linked po-
ly-ubiquitination in response to HU treatment (Figure 
7G). Consistently, the recruitment of Blm to replication 
forks (Figure 7H) and the restart of stalled forks (Figure 
7I) were significantly impaired by the BlmK267R muta-
tion compared with WT Blm in the rescue experiments. 
However, the fork restart rates in BlmK267R-comple-
mented ESCs were higher than those in Blm-knockdown 
cells (Figure 7I), indicating that additional Trim25 
ubiquitination sites may also contribute to Blm recruit-
ment. Together, these data support the notion that K267 
ubiquitination by Trim25 plays an important role in Blm 
recruitment to stalled replication forks. 

Filia-Floped scaffold promotes ATR activation in paral-
lel with, but independent of Trim25-Blm recruitment

We observed that ATR phosphorylation at Ser428 was 
compromised by the FiliaS151A mutation in response 
to HU treatment (Figure 4E). This raised a question re-
garding whether the Filia-Floped scaffold is essential for 
optimal ATR activation in the replication stress response. 
To this end, we conducted a time-course analysis of ATR 
activation in WT ESCs and in ESCs deficient for Filia, 
Floped, Filia plus Floped, Trim25 or Blm, by examining 
the phosphorylation of ATR and its downstream target 
Chk1 (p-Chk1(S345)). Depletion of individual Filia or 
Floped protein compromised ATR activation, and the 
double deficiency or the FiliaS151A mutation similarly 
caused a further decrease, although total ATR protein 
levels were comparable (Figure 8A). This defect could 
be rescued by FiliaS151D (Figure 8A). Intriguingly, ATR 
activity was not affected by depletion of Trim25 or Blm 
(Figure 8A). These results suggest that the Filia-Floped 
scaffold, but not Trim25-Blm, facilitates the activation of 
ATR kinase in the replication stress response.

 The Filia-Floped scaffold promotes ATR activation 
and Trim25-Blm recruitment. Because ATR kinase or-
chestrates many downstream events in the replication 
stress response, we wondered whether ATR signaling 
regulated the recruitment of Trim25-Blm to replication 
forks. To this end, we inhibited ATR activity in Fili-
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Figure 7 Trim25 ubiquitinates Blm to promote the recruitment of Blm to replication forks. (A) Blm ubiquitination was significant-
ly increased by the HU treatment in WT ESCs. However, knockdown of Trim25 significantly suppressed this modification. (B) 
In Filia-knockout (FK), Floped-knockout or double knockout ESCs, the ubiquitination level of Blm was lower than that in WT 
ESCs. Re-expression of WT Filia, Floped or FiliaS151D restored the Blm ubiquitination. However, expression of FiliaS151A 
into FK cells failed to rescue the defect. (C) Ectopic expression of Filia, Floped or Filia plus Floped in NIH3T3 cells increased 
the Blm ubiquitination level. (D) ∆RING-Trim25 mutant protein was normally localized on replication forks. However, it could 
not recruit Blm to replication forks. (E) ∆RING-Trim25 failed to regulate the ubiquitination of Blm. (F) ∆RING-Trim25-expressing 
ESCs were as defective as Trim25-knockdown ESCs in restarting stalled replication forks. (G) BlmK267R mutation impaired 
the K63-linked poly-ubiquitination of Blm in response to HU treatment in mESCs. (H) BlmK267R mutation compromised Blm 
recruitment to replication forks. (I) The ability to restart replication forks in BlmK267R-complemented ESCs was lower than in 
WT Blm-rescued cells, but higher than in Blm-knockdown ESCs. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01. 
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Figure 8 Filia-Floped scaffolds promote ATR activation independent of the Trim25-Blm pathway to regulate stalled fork restart. 
(A) Time-course analysis of ATR activation in response to HU treatment. Deficiency of Filia or Floped impaired ATR activation, 
double deficiency or FiliaS151A mutation caused further inhibition. However, depletion of Trim25 or Blm had no influence on 
ATR activation. (B) Inhibition of ATR activity in FiliaS151D ESCs did not affect the recruitment of Trim25 and Blm to stalled rep-
lication forks. (C) ATR activity was suppressed to different extents in FiliaS151D ESCs to determine its influence on stalled fork 
restart and nascent DNA degradation. ATR signaling regulated stalled fork restart in a dose-dependent manner. Filia-knockout 
(FK) ESCs and Filia-Floped double deficient (DK) cells were used as controls. (D) However, nearly complete inhibition of ATR 
signaling was required for nascent DNA degradation. (E) Individual inhibition of ATR activation or Blm protein expression in 
FiliaS151D-complemented ESCs decreased stalled fork restart ability. Simultaneous inhibition of both pathways caused further 
suppression of fork restart. (F) Working model of Filia-Floped scaffold in promoting stalled fork restart in ESCs. 

aS151D-complemented ESCs, in which the Filia-Floped 
complex forms a functional scaffold. Without the ATR 
activity but with intact scaffolds, Trim25 and Blm were 

efficiently recruited to replication forks (Figure 8B). 
Thus, Trim25-Blm recruitment is not regulated by ATR 
signaling once the scaffolds have formed. Likewise, ATR 
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activation does not require Trim25-Blm (Figure 8A). 
These observations together support the notion that the 
Filia-Floped scaffold independently regulates ATR acti-
vation and Trim25-Blm recruitment to stalling forks in 
response to replication stress. 

Next, we investigated whether ATR signaling partic-
ipates in the regulation of stalled fork restart in ESCs. 
To this end, we suppressed the ATR activity to differ-
ent levels in FiliaS151D-complemented ESCs whose 
Trim25-Blm pathway remained intact. The results 
showed that ATR signaling stimulated stalled fork restart 
in a dose-dependent manner (Figure 8C). In contrast, 
inhibition of ATR activity to a level similar to that in 
Filia-Floped double deficient ESCs (1 µM VE-821 treat-
ment) had no effect on nascent DNA degradation (Figure 
8D).  This is consistent with the notion that the Fil-
ia-Floped scaffold is not implicated in protecting nascent 
DNA from degradation. Taken together, these data sug-
gest that the Filia-Floped scaffold amplifies ATR activity 
to promote stalled fork restart rather than nascent DNA 
protection.

Although nearly complete inhibition of ATR activity 
in FiliaS151D-rescued ESCs impaired stalled fork restart, 
the fork restart rate was still higher than that in ESCs 
depleted of the scaffold (Figure 8C). This result suggest-
ed that the ATR pathway and the Trim25-Blm pathway 
might have addictive effects on stalled fork restart. To 
test this hypothesis, we separately or simultaneously 
inhibited ATR activation and Blm protein expression in 
FiliaS151D-complemented ESCs and compared their ef-
fects. Suppression of individual pathways compromised 
fork restart ability, and simultaneous inhibition of the 
both led to a further significant decrease (Figure 8E). 
Thus, these two pathways have an addictive effect on 
stalled fork restart. Taken together, we proposed a work-
ing model in which the Filia-Floped scaffold promotes 
stalled fork restart through two independent but converg-
ing pathways (Figure 8F). 

Trim25-Blm recruitment and ATR activation are less 
robust in terminally differentiated cells than in ESCs 
during the replication stress response 

Since the Filia-Floped scaffold is ESC specific, we 
sought to determine the efficiency of differentiated cells 
to evoke Blm recruitment and ATR activation in the 
replication stress response. Compared with ESCs, the 
recruitment of Blm and Trim25 to replication forks were 
less robust in NIH3T3 cells under normal and HU-treat-
ed conditions (Figure 9A), although the total protein 
expression was comparable in both cell types (Supple-
mentary information, Figure S9A). In NIH3T3 cells, 
Trim25 interacted with Blm (Supplementary informa-

tion, Figure S8C), and knockdown of Trim25 via shRNA 
(Supplementary information, Figure S9B) impaired the 
K63-linked poly-ubiquitination of Blm (Figure 9B) and 
Blm retention on replication forks (Figure 9C) after HU 
treatment. These defects were rescued by WT Trim25 but 
not ∆RING-Trim25 (Figure 9B and 9C). Consequently, 
Trim25 deficiency in NIH3T3 cells compromised repli-
cation fork restart (Figure 9D) and caused DNA DSBs 
(Supplementary information, Figure S9C). Consistently, 
ectopic expression of Filia and Floped in NIH3T3 cells 
significantly enhanced the recruitment of Trim25 to rep-
lication forks (Figure 5G), Trim25-mediated Blm ubiq-
uitination (Figure 9E and Supplementary information, 
Figure S9D) and retention on replication forks (Figure 
9F), as well as stalled fork restart (Figure 9G). Thus, the 
Trim25-Blm pathway functions similarly in differentiat-
ed cells to regulate stalled fork restart, but with a lower 
efficiency compared to ESCs due to the lack of the Fil-
ia-Floped scaffold. 

We then compared the strength of ATR activation in 
response to HU treatment between NIH3T3 cells and 
ESCs. Intriguingly, WT ESCs displayed higher ATR ac-
tivation than NIH3T3 cells. Ectopic expression of Filia 
and Floped in NIH3T3 cells stimulated the ATR activa-
tion, but the level was still lower than that in WT ESCs 
(Figure 9H). This is in line with the observation that 
NIH3T3 cells with forced expression of both proteins 
displayed lower fork restart rates than WT ESCs (Sup-
plementary information, Figure S5E). 

Discussion

PSCs show rapid cell division and unique cell cycle 
composition, which subjects them to unusually high 
DNA replication stress [20]. Here, we systematically 
compared the DNA replication stress response in mouse 
ESCs and differentiated cells and found that ESCs are 
better at restarting stalled replication forks to main-
tain genome stability. Mechanistically, we identified 
an ESC-specific replication fork protein complex Fil-
ia-Floped that is implicated in promoting stalled fork 
restart. The Filia-Floped complex resides on replication 
forks under normal condition. Upon replication stress, 
binding of the complex to replication forks is stimulated, 
and the S151 residue of Filia is phosphorylated in an 
ATR-dependent manner. This phosphorylation enables 
Filia-Floped to become a functional scaffold, which then 
promotes fork restart through two independent pathways: 
increasing the abundance of Blm on stalled forks and 
promoting ATR activation. These findings support the 
notion that ESCs employ additional regulatory mecha-
nisms to resolve higher replication stress to meet a higher 
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Figure 9 Trim25-Blm recruitment and ATR activation are less robust in differentiated cells than in ESCs during replication 
stress response. (A) NIH3T3 cells had lower levels of Blm and Trim25 on replication forks than ESCs. (B) Knockdown of 
Trim25 in NIH3T3 cells impaired the ubiquitination of Blm. This defect could be rescued by WT Trim25, but not ∆RING-
Trim25. (C) Knockdown of Trim25 in NIH3T3 cells impaired the recruitment of Blm to replication forks. This defect was res-
cued by WT Trim25, but not ∆RING-Trim25. (D) Knockdown of Trim25 in NIH3T3 cells impaired stalled fork restart. This de-
fect was rescued by WT Trim25, but not ∆RING-Trim25. (E) Co-expression of Filia and Floped in NIH3T3 cells stimulated the 
ubiquitination of Blm upon HU treatment. Knockdown of Trim25 suppressed this modification. (F) In NIH3T3 cells co-express-
ing Filia and Floped, the recruitment of Blm to replication forks was decreased by depletion of Trim25. (G) Co-expression of 
Filia and Floped in NIH3T3 cells significantly increased the potential of stalled fork restart in a Trim25-dependent manner. (H) 
Time-course comparison of ATR activities among ESCs, ESCs depleted of Filia and Floped (ESC-double KO), NIH3T3 cells, 
and NIH3T3 cells expressing both Filia and Floped (3T3-Filia-Floped). Data are represented as mean ± SEM. *P < 0.05, **P 
< 0.01, ***P < 0.001. 
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demand of genomic stability than differentiated cells. 
Of note, our findings in ESCs and NIH3T3 cells 

support that Filia and Floped function in parallel, yet 
synergistically, to provide the most efficient scaffolding 
when they interact. In ESCs, depletion of both proteins 
causes more severe defects than depletion of either indi-
vidual protein. Similarly, ectopic expression of the two 
proteins in NIH3T3 cells shows more robust effects than 
the expression of each individual protein. Notably, the 
optimal scaffolding function of the Filia-Floped complex 
requires ATR kinase-dependent phosphorylation of Filia 
S151. S151 phosphorylation may induce a conformation-
al change and generate suitable binding domains. The 
S151A mutation not only eliminates the scaffold role 
of Filia, but also interferes with the function of Floped, 
causing a complete loss of scaffold function. Indeed, 
FiliaS151A mutant ESCs displayed a similar level of 
defects to Filia-Floped double deficient ESCs. Thus, the 
phosphorylated Filia-Floped protein complex constitutes 
a unique molecular mechanism underlying the superior 
competence of fork restart in ESCs. However, it is in-
triguing to note that ESCs depleted of this scaffold still 
have a higher ability to restart stalled forks than differen-
tiated cells. Likewise, ectopic expression of the scaffolds 
in NIH3T3 cells does not increase the fork restart ability 
to an extent similar to that in ESCs. These observations 
suggest that except for the Filia-Floped scaffold, addi-
tional ESC-specific molecules also participate in the reg-
ulation of efficient replication fork restart. 

Blm is a key player regulating replication fork re-
start, probably by promoting fork regression (formation 
of “chicken-foot” intermediate structure) [44-46]. The 
amount of Blm proteins on stalled replication forks 
closely reflects fork restart ability. We reveal that Blm 
recruitment to stalled replication forks is regulated by 
Trim25-catalyzed ubiquitination in both ESCs and dif-
ferentiated cells. Replication fork-localized E3 ubiquitin 
ligase Trim25 physically interacts with its substrate Blm 
and catalyzes the K63-linked ubiquitination. Depletion 
of Trim25, disruption of the Trim25-Blm interaction, or 
deletion of RING domain necessary for the E3 ubiquitin 
ligase activity of Trim25 all impair Blm ubiquitination. 
Trim25-catalyzed Blm ubiquitination does not cause 
protein degradation, but stimulates the retention of Blm 
on replication forks. Sustained localization of Trim25 to 
stalled replication forks is critical to allow for the effi-
cient interaction between Trim25 and Blm. In differen-
tiated cells, Trim25 anchoring to stalled forks might be 
stochastic and less efficient. However, Filia-Floped scaf-
folds can tether Trim25 to stalled forks and significantly 
increase its local concentration, thereby promoting Blm 
retention on stalled forks. 

In addition to facilitating Trim25-Blm’s regional accu-
mulation on stalled forks, Filia-Floped scaffolds are also 
necessary for greater ATR activation in the replication 
stress response. Without functional scaffold in ESCs, the 
amplitude of ATR activation is significantly decreased. 
Likewise, ectopic expression of the Filia-Floped scaffold 
in NIH3T3 cells elevates ATR activity. ATR signaling is 
necessary to prevent fork collapse and promote fork re-
start in differentiated cells and ESCs [47]. In vertebrates, 
TopBP1 is a direct activator of ATR. The TopBP1-ATR 
interaction and reaction is enabled by ATRIP and the 
Rad9-Rad1-Hus1 protein complex (also called the 9-1-
1 complex). ATRIP interacts with and recruits ATR to 
stalling forks through binding to ssDNA-coating RPAs, 
whereas the 9-1-1 complex binds to DNA ends adjacent 
to a stretch of RPA-ssDNA and functions as a clamp to 
bring TopBP1 to ATR [47]. It is unclear whether the Fil-
ia-Floped scaffold could increase the co-localization of 
ATR-ATRIP and 9-1-1-TopBP1 complexes at the stalled 
forks, thereby increasing their local concentration and 
promoting the activation of ATR. Recently, a new ATR 
activator ETAA1 was identified to function parallel to 
the TopBP1 pathway [48-50]. It warrants further inves-
tigation whether Filia-Floped regulates ATR activation 
through a novel mechanism independent of these known 
pathways. 

Materials and Methods

Mice, cell lines and culture
Animal care and experimental procedures were conducted 

in compliance with the guidelines of the Animal Care and 
Use Committee of the Kunming Institute of Zoology, Chinese 
Academy of Sciences. The Filiatm/tm mice were kindly provided by 
Dr Jurrien Dean (National Institute of Diabetes and Digestive and 
Kidney Diseases, National Institutes of Health, USA) [51]. Mice 
were maintained in specific pathogen-free conditions.

MEFs were prepared and cultured in standard procedures [52]. 
Oct4-GFP ES cell line was a gift from Dr Qi Zhou (Institute of 
Zoology, Chinese Academy of Sciences). C2C12 cell line was 
obtained from Conservation genetics CAS Kunming Cell Bank. 
NIH3T3 cell line was kindly provided by Dr Bingyu Mao (Kunming 
Institute of Zoology, Chinese Academy of Sciences). Filia- and 
Floped-knockout ESCs were derived from Filiatm/tm and Flopedtm/

tm blastocysts, respectively [11, 29]. Maintenance of ESCs was 
performed as described [11]. ESC Differentiation was initiated 
following LIF withdrawal. All cells were tested and showed no 
mycoplasma contamination.

BrdU proliferation assay
The BrdU proliferation assay was performed as described [53]. 

Briefly, cells were incubated with media containing 10 mM BrdU 
for 40 min. Cells were fixed with 4% formaldehyde in PBS for 
15 min and washed in PBS. Before permeabilization, cells were 
incubated for 1 h in 2 N HCl at room temperature followed by 
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extensive washes in PBS. Cells were permeabilized with 0.2% 
Triton X-100 in PBS for 10 min and blocked with 1% PBS-BSA 
for 30 min at room temperature. Cells were then incubated over-
night with anti-BrdU antibody (Novus) diluted in 1% PBS BSA, 
followed by 1-h incubation with secondary antibody conjugated 
with Alexa Fluor Cy3 at room temperature. The percentages of 
BrdU-positive cells were analyzed by FACS.

DNA fiber assay
The DNA fiber assay was performed as described [25]. Specif-

ically, replicating DNA was first labeled with 25 µM 5-iodo-2′-de-
oxyuridine (IdU; Sigma, I7125) for 30 min, with or without HU 
(Selleck, S1896; Sigma, H8627) treatment. Cells were then sub-
jected to the second DNA labeling with 250 µM 5-chloro-2′-de-
oxyuridine (CldU; Sigma, C6891). After labeling, 2.5 µl of the cell 
suspension (~2 500 cells) were spotted onto one end of the glass 
slide, followed by addition of 7.5 µl of lysis buffer (50 mM EDTA, 
0.5% SDS, 200 mM Tris-HCl, pH 7.5). After incubation for 8 min 
at room temperature, the slides were tilted to 15° to allow the DNA 
fibers to spread along the slide. DNA fibers were treated with 2.5 
M hydrochloric acid and incubated with rat anti-BrdU (BU1/75) 
monoclonal antibody (Novus, NB500-169) that recognizes CIdU, 
but not IdU at 4 °C overnight, followed by an AlexaFluor cy3-con-
jugated goat anti-rat secondary antibody for 1.5 h at room tem-
perature. The mouse anti-IdU monoclonal antibody (BD, 347580) 
that recognizes IdU but not CIdU (4 °C overnight) and AlexaFluor 
488-conjugated goat anti-mouse secondary antibody (1.5 h at room 
temperature) were used to detect IdU. DNA fibers were analyzed 
on a Leica DM6000B microscope equipped with a CoolSNAP HQ 
CCD camera (Roper Scientifics). The lengths of CIdU (AF cy3, 
red) and IdU (AF 488, green) labeled patches were measured using 
the Image J software, and µm values were converted into kb using 
the conversion factor 1 µm = 2.59 kb. 200 fibers were analyzed for 
assessment of nascent DNA degradation and stalled fork restart. 

New replication origin firing analysis
New replication origin firing analysis was performed as de-

scribed [21]. Briefly, cells were labeled with BrdU for 10 min 
without HU or with 100 µM HU for 20 min to achieve similar rep-
lication fork length. 50 DNA fibers containing a replicon cluster 
of four BrdU-labeled forks were analyzed for measurement of the 
mean intra-cluster fork spacing. 

iPOND
iPOND was performed as described [54, 55]. Briefly, ESCs 

were cultured under normal conditions. NIH3T3 cells were arrest-
ed in S phase by treating with 2 mM thymidine (Sigma, T1895) 
for 15 h, followed by release into thymidine-free medium for 2.5 h. 
Logarithmically growing cells were incubated with 10 mM EdU 
(Life Technologies, A10044) for 10 min. Following EdU labeling, 
cells were treated with or without HU, or treated with 10 µM thy-
midine for a chase. Cells were fixed in 1% formaldehyde (Sigma, 
F1635), followed by quenching with 0.125 M glycine (Sangon 
Biotech, A100167). Cells were then collected and washed three 
times in ice-cold PBS, and permeabilized by resuspending in ice-
cold 0.25% Triton X-100/PBS at a concentration of 1 × 107 cells/ml 
followed by incubation at room temperature for 30 min. Before the 
click reaction, samples were washed once in 0.5% BSA/PBS and 
once in ice-cold PBS. 

For the click reaction, cells were incubated in click reaction 
buffer for 1 h at room temperature containing 10 µM Biotin-azide 
(Life Technologies, B10184). The “no-click” reaction (negative 
control) contained DMSO instead of Biotin-azide. Following the 
Click reaction, cells were washed once in 0.5% BSA/PBS and 
once in ice-cold PBS. Cells were resuspended in lysis buffer (50 
mM Tris-HCl, pH 8.0, 1% SDS) containing 1 µg/ml aprotinin 
(Sigma, A6103) and 1 µg/ml leupeptin (Sigma, L2884) and soni-
cated using a BioruptorTM UCD-200 for 60 cycles (30-s pulse/30-s 
pause). Samples were centrifuged at 16 100× g at 4 °C for 10 min 
and the supernatant was collected. The supernatant was filtered 
through a 90-micron nylon mesh and diluted 1:1 (v/v) with ice-
cold PBS containing 1 µg/ml aprotinin and 1 µg/ml leupeptin. The 
input samples were collected.  

Streptavidin-agarose beads (Millipore, 69203) were washed 
three times in lysis buffer containing aprotinin and leupeptin. 200 
µl bead slurry was used per 1 × 108 cells. The streptavidin-agarose 
beads were added to the samples, which were then incubated at 
4 °C for 16 h in dark. Following binding, the beads were washed 
with ice-cold lysis buffer, followed by one wash with 1 M NaCl 
and two washes with ice-cold lysis buffer. To elute proteins bound 
to nascent DNA, the 2× SDS Laemmli sample buffer (2× SB) mix 
(0.4 g SDS, 2 ml 100% Glycerol, 1.25 ml 1 M Tris, pH 6.8 and 0.01 
g Bromophenol blue in 8 ml H2O) was added to packed beads (1:1; 
v/v). Samples were incubated at 95 °C for 25 min, followed by 
mass spectrometry or immunoblotting. 

Immunoblotting
Immunoblotting was performed as described [11]. Images were 

captured using a ProteinSimple FluorChem system. In each case, 
experiments were carried out in triplicate and a representative blot 
is shown unless otherwise stated.

Immunostaining
Immunostaining was performed as described [11]. For co-lo-

calization analysis of Filia/Floped with BrdU-labeled replication 
foci, cells were labeled with 10 µM BrdU for 5 min, followed by 
treatment with 2.5 M HCl (Hydrochloric acid) overnight at 4 °C. 
Images were captured using a Leica TCS SP5 confocal microscope 
system (Leica Microsystems). 

Immunoprecipitation and mass spectrometry assay
Cells were lysed with nuclear protein isolation buffer contain-

ing complete EDTA-free (Roche) inhibitors [56]. Lysates were 
treated in the presence of 10 units/ml DNase I (New England Bio-
labs, M0303). For the ubiquitination assay, cells were harvested in 
SDS lysis buffer (50 mM Tris-HCl, pH 6.8, 1.5% SDS) and boiled 
for 15 min. Immunoprecipitation was carried out using protein 
G Dynabeads (Novex, 10009D) according to the manufacturers’ 
protocol. After immunoprecipitation, proteins were fractionated 
by SDS-PAGE gel followed by immunoblotting or silverQuest 
staining (Beyotime, P0017L). The protein bands of interest were 
manually excised and mass spectrometry analysis was performed 
by MASS core facility in Shanghai Institute of Materia Medica, 
Chinese Academy of Sciences. 

Antibody information
Pan-Filia antibody was generated as described [11]. Pan-Floped 

antibody was generated as described [28]. Serine 151 phospho-Fil-
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ia antibody was generated by Abmart Inc. Synthetic peptide anti-
gens (corresponding to CAPRPAS(p)VKV) were utilized to im-
munize rabbits. All other primary and secondary antibodies were 
obtained commercially (Supplementary information, Table S2).

Neutral comet assay
The Neutral Comet assay was performed as described [57]. 

Comets were analyzed by Komet 7 comet assay software (Andor 
Technology). A total of 100 cells were counted per slide. Each ex-
periment was independently repeated twice. 

Karyotyping and telomere fluorescence in situ hybridization 
Metaphase chromosome spreads were prepared as described 

[11]. Chromosomes were stained with KaryoMAXGiemsa Stain 
solution (Life Technologies; 10092-013) or DAPI (4′,6-Diami-
dine-2′-phenylindole dihydrochloride). Peptide-nucleic acid (PNA) 
telomere probes (Tel G-Alexa 488, PANAGENE, F1010-5) were 
used to detect telomeres [58]. Images were captured using the 
Genus System (Applied Imaging Corp, UK) with a CCCD camera 
mounted on a Zeiss Axioplan 2 microscope. 

Micronuclei assay
WT and Floped-knockout ESCs were cultured under normal 

conditions. Cells were fixed with 4% (w/v) paraformaldehyde for 
30 min on ice and subjected to DAPI staining. A total of 100 mi-
totic cells were analyzed per sample. Each experiment was inde-
pendently repeated three times. 

Teratoma formation and immunohistochemistry 
The injection of ESCs and collection of teratomas was de-

scribed previously [11]. Teratomas were fixed and cut at 8-10 µm. 
After heat-induced antigen retrieval, slides were incubated with 
GFP primary antibody at 4 °C overnight, followed by incubation 
with secondary antibody for 1 h at room temperature. DNA was 
counterstained with DAPI. 

shRNA knockdown 
shRNA sequences are listed in Supplementary information, Ta-

ble S3. shRNA knockdown was conducted using pTRIPZ lentiviral 
tet-on inducible shRNAmir system according to the manufacture’s 
instruction (Open Biosystems). shRNAmir expression vectors 
were co-transfected with packaging plasmids (psPAX2 and PM-
D2G) in 293T cells to package viruses. ESCs were cultured with 
0.5 µg/ml puromycin on puromycin-resistant feeder layer for 48 h 
post viral transfection. To verify the knockdown efficiency, cells 
were treated with 2 µg/ml doxycycline for 48 h before harvest for 
immunoblotting.

Construction of lentiviral expression vectors
Primers used for cloning cDNA and point mutations are shown 

in Supplementary information, Tables S4 and S5, respectively. cD-
NAs fused with Myc or 3× Flag tag at its N-terminus were cloned 
into pTOMO-IRES-EGFP lentiviral expression vector. Point muta-
tions were performed according to the manufacturer’s instructions 
(QuikChange II Site-Directed Mutagenesis Kit, Agilent Technol-
ogies, Cat# 200524). Mutations were confirmed by sequencing. 
Virus was packaged in 293T cells using Lipofectamine 2000 (Life 
Technologies) according to the manufacturer’s protocol. Virus-in-
fected ESCs and NIH3T3 cells expressed GFP and were purified 

by FACS. 

Statistical analysis
Statistical analyses were performed with GraphPad Prism 5 

(GraphPad Software, Inc., La Jolla, CA, USA). Fisher’s exact test 
was performed. All reported P-values are two-sided and were con-
sidered statistically significant when < 0.05. 

RT-qPCR
Total RNA was extracted using Trizol reagent (TIANGEN, 

Cat# DP419). Reverse transcription was performed with super-
script II (Invitrogen, Cat# 18064014). qPCR was performed with 
SYBR premix (TaKaRa, Cat# RR8208). The primers are listed in 
Supplementary information, Table S6. 
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