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Introduction

A function of the ATR (ataxia-telangiectasia mutated and Rad3-
related) kinase is to activate the intra-S checkpoint in response 
to replication stress (reviewed in refs. 1–3). Replication stress 
occurs when movement of the replication fork is impaired. 
Replication forks are stalled when the CDC45/MCM2–7/GINS 
(CMG) helicase complex encounters a lesion or a natural con-
figuration of DNA that impedes strand separation. Replication 
forks are uncoupled when polymerization is stalled by certain 
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TIMELESS-interacting protein

modifications of the DNA template that can arise from endog-
enous or exogenous sources. Chemicals such as hydroxyurea, 
which reduces nucleotide pools, or aphidicolin, which inhibits 
polymerases, can also uncouple replication forks. Two key struc-
tural changes occur at uncoupled replication forks. One is the 
generation of excess RPA-coated single-stranded DNA (ssDNA) 
and another is the generation of additional 5'-double-stranded 
DNA (dsDNA) with a free 5' end in juxtaposition to ssDNA via 
new primer synthesis.4 These alterations of the replication fork 
are physiological processes that convert specific impediments to 
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past certain DNA sequences, structures and protein-DNA barri-
ers.31-36 TIMELESS, TIPIN and CLASPIN orthologs travel with 
the replication fork26,37,38 and interact with replisome components 
(including MCM helicase subunits, replicative polymerases, 
AND1, PCNA and RPA).15,39,40 Although TIM-TIPIN mediates 
ATR-CHK1 signaling in response to experimentally induced 
replication stress, loss of TIM-TIPIN is associated with increased 
ssDNA and activation of CHK1,41 suggesting that TIMELESS 
and TIPIN have functions for preservation of replication fork 
structure that are independent of ATR-CHK1 signaling. Also, 
several contributions of Mrc1 (yeast analog of CLASPIN) to 
unperturbed DNA replication are independent of its role(s) in 
intra-S checkpoint regulation.42 Models have been proposed in 
which TIM-TIPIN coordinates helicase and polymerase activities 
to create a replisome-pausing complex to protect forks that have 
encountered challenges to processive DNA replication.15,37,41,43-45 
Taken together, these observations suggest that components of 
the ATR-CHK1 signaling pathway may have separable contribu-
tions to maintenance of intrinsic genomic stability.

This work examined whether the “sensor-mediator-trans-
ducer” mechanism of ATR-dependent intra-S checkpoint activa-
tion is engaged to promote normal DNA metabolism, thereby 
suppressing spontaneous chromosomal aberrations. Very few 
studies of the main contributions of checkpoint proteins to DNA 
metabolism have been performed in diploid human cells that 
have not undergone carcinogenesis or viral transformation with 
crisis. Furthermore, direct comparisons of checkpoint protein 
depletions rarely have been made in the same experimental sys-
tem. We performed a comprehensive analysis of the contributions 
of ATR-dependent intra-S checkpoint proteins to unchallenged 
DNA replication in normal human fibroblasts (NHF) expressing 
the catalytic domain of telomerase (hTERT). These lines provide 
a useful in vitro model of human somatic cell division with high-
fidelity replication and segregation of the genome. Chromosomal 
aberrations, CHK1 phosphorylation, DNA synthesis, activation 
of the DNA damage response (DDR) and clonogenic expan-
sion were evaluated in cultures with siRNA-mediated depletion 
of ATR, CHK1, TIMELESS, TIPIN or CLASPIN. Our results 
indicate that ATR, CHK1 and TIMELESS have separable con-
tributions to DNA replication and chromosomal stability.

Results

Depletion of intra-S checkpoint proteins generated different lev-
els of chromosomal instability. NHF1-hTERT were transiently 
depleted of intra-S checkpoint sensor, mediator and transducer 
proteins by siRNA, and various phenotypic outcomes related 
to DNA replication and chromosomal stability were evaluated. 
The degree of protein depletion routinely was ≥ 95% at 24 or 
48 h after introduction of siRNA (Fig. 1). Note that targeting of 
TIMELESS or TIPIN, which form a heterodimer, reduces expres-
sion of the binding partner. Also, depletion of CHK1 or TIPIN, 
but not TIMELESS, transiently reduced CLASPIN levels by 
~50% at the 24 h time point. The effect of CHK1 depletion on 
reduction of CLASPIN expression has been reported previously.46 
Chromosomal aberrations (breaks, gaps and exchanges) were 

replication into sites for the recruitment of checkpoint proteins. 
Briefly, activation of the ATR-dependent intra-S checkpoint 
involves the following events. ATR is recruited to uncoupled 
replication forks through the interaction of its binding partner, 
ATRIP, with RPA-coated ssDNA.5 The RAD9-RAD1-HUS1 
(9-1-1) complex is loaded at dsDNA-ssDNA junctions by the 
RAD17-RFC clamp loader for recruitment of TOPBP1, which 
stimulates ATR kinase activity.6-9 Phosphorylation of the signal 
transducer kinase CHK1 by the sensor kinase ATR is mediated by 
CLASPIN and the TIMELESS-TIPIN (TIM-TIPIN) heterodi-
mer, and phosphorylated CHK1 (P-CHK1) diffuses through the 
nucleus to enforce the intra-S checkpoint.10-14 CLASPIN interacts 
with TIMELESS and TIPIN,15-17 and biochemical studies sug-
gest that TIPIN may bridge interactions between CLASPIN and 
RPA-coated ssDNA to promote association of CLASPIN-CHK1 
with sites of altered replication forks.16 Therefore, the activation 
of the ATR-dependent intra-S checkpoint in response to uncou-
pled replication forks requires specific structural alterations of 
replication forks and a coordinated assembly of sensor, activator, 
mediator and transducer proteins.

Activation of the ATR-dependent intra-S checkpoint in 
response to experimentally induced replication stress protects 
uncoupled replication forks, slows the rate of replication at other 
forks, inhibits origin firing and delays entry into mitosis,2,18 illus-
trating the influence of this pathway on replication dynamics and 
cell cycle progression. Importantly, whether in the presence or 
absence of experimentally induced replication stress, checkpoint 
proteins contribute to cell viability and maintenance of genomic 
stability. Mice knocked-out for Atr, Chk1 or Timeless are embry-
onic lethal,19-21 and mammalian cells deficient for ATR, CHK1, 
TIMELESS, TIPIN or CLASPIN exhibit chromosomal instabil-
ity.10,11,19,22-26 Chromosomal breaks have been linked to fragile sites 
in cells deficient for ATR, CHK1 or CLASPIN in the presence 
or absence of aphidicolin.22,23,25 Likewise, S. cerevisiae require 
MEC1 and RAD53 (functional orthologs of ATR and CHK1, 
respectively) for survival [the genetic study of their functions is 
possible by co-deletion of suppressor of mec1 lethality (SML1)]27 
and Mec1 and Rad53, as well as other proteins that contribute to 
S-phase checkpoint activation, suppress gross chromosomal rear-
rangements in the absence of experimentally induced replication 
stress.28

The mechanisms by which checkpoint proteins suppress spon-
taneous chromosomal breakage are largely unknown. Much of 
what is known about the ATR-CHK1 signaling pathway has 
been derived from studies of replication fork uncoupling induced 
by hydroxyurea, aphidicolin or DNA-damaging agents. As an 
extension of this knowledge, it has been proposed that the path-
way preserves inherent genomic stability via CHK1 signaling 
in response to replication fork uncoupling caused by products 
of cellular metabolism and environmental sources that modify 
DNA.29,30 However, in addition to DNA template lesions, evo-
lutionarily acquired natural barriers also can impair replication 
fork progression. How each type of natural barrier alters the 
structure of a replication fork or its replisome components is rela-
tively unknown. Recent studies have shown that TIMELESS and 
TIPIN and their yeast counterparts are important for replication 
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excluded such metaphases from accurate counts of chromosomal 
aberrations. Therefore, the chromosomal aberration frequency of 
NHF10-hTERTco-depleted of ATR and TIMELESS is under-
estimated. Furthermore, co-depletion of ATR and TIMELESS 
appeared to produce metaphase spreads showing a combina-
tion of chromosome shattering and discohesion (Fig. S1E), as 
TIMELESS is required for sister chromatid cohesion (SCC) in 
human cells.14,26

Chromosome exchanges are generated from erroneous rejoin-
ing of broken chromosomes. Exchanges were not detected in 
> 1,400 metaphases from NHF1-hTERT and NHF10-hTERT 
electroporated with NTC siRNA. Among the single depletions, 
the exchange frequency ranged from 0.02 ± 0.01 (CLASPIN 
siRNA) to 0.08 ± 0.05 (ATR siRNA) when data from all time 
points and cell lines were combined (Fig. 3). Considering the 
failure to detect exchanges in metaphases obtained from cells 
that were electroporated with NTC siRNA, it was apparent that 
checkpoint proteins suppressed formation of these aberrations. 
Furthermore, exchanges were considerably increased when cells 
were co-depleted of TIMELESS and TIPIN or TIMELESS and 
CLASPIN, but not when co-depleted of TIMELESS and ATR. 
Additionally, the majority of exchanges observed in double deple-
tions were incomplete (not all ends were joined) and complex 
(involving multiple chromosomes) (Fig. 2F). Radial structures 
also were observed (Fig. 2G).

The degree of chromosomal instability was not predicted 
by the ability or inability to phosphorylate CHK1. When 
compared directly, depletion of different components of the 
ATR-CHK1 signaling pathway produced strikingly differ-
ent levels of chromatid-type chromosomal aberrations in NHF 
lines (Fig. 2A–C; Fig. S1A–C). CHK1 phosphorylation is the 
key event for full deployment of the ATR-dependent checkpoint 
response to stalled replication forks and is important for pre-
vention of fork collapse that potentially can give rise to chro-
mosomal aberrations. The status of CHK1 phosphorylation was 

examined in Giemsa-stained metaphases 
depleted of ATR, CHK1, TIMELESS, 
TIPIN or CLASPIN (Fig. 2A–G). The 
chromosomal aberration frequencies of 
NHF1-hTERT electroporated with non-
targeting control (NTC) siRNA were 
0.045 ± 0.01 and 0.026 ± 0.01 at 24 and 
48 h, respectively. At 24 h, the incidence 
and frequency of chromosomal aberra-
tions were statistically greater than control 
for all depletions except TIPIN (Fig. 2A). 
Chromosomal aberrations primarily were 
sister chromatid breaks (Fig. 2D), but also 
included gaps (Fig. 2E) and exchanges 
(Fig. 2F and G), indicative of breaks that 
took place during S, G

2
 or M, as opposed 

to chromosome breaks that are derived 
from breaks that take place in G

1
. At 48 

h, chromosomal aberrations were nearly 
baseline in cells depleted of CHK1, TIPIN 
or CLASPIN, whereas they had increased 
over time in cells depleted of ATR or TIMELESS (~40-fold and 
~15-fold increases in chromosomal aberration frequency over the 
control, respectively) (Fig. 2B). The chromosomal aberration fre-
quency of ATR-depleted cells was significantly greater than that 
of TIMELESS-depleted cells (p < 0.01), and depletion of ATR or 
TIMELESS produced chromosomal aberration frequencies that 
were significantly greater than CHK1 depletion (p < 0.0001 and p 
< 0.01, respectively) (Fig. 2B). Co-targeting of TIMELESS with 
TIPIN, CLASPIN or ATR appeared to produce greater-than-
additive increases in chromosomal aberration frequency (Fig. 2A 
and B). The frequencies of chromosomal aberrations for each of 
the depletions were reflected by the incidence of metaphases with 
at least one aberration (Fig. 2C).

Overall, similar results were obtained from a second NHF 
line from a different donor (Fig. S1A–E). The basal chromo-
somal aberration frequencies for NHF10-hTERT electroporated 
with NTC siRNA were 0.07 ± 0.02 and 0.05 ± 0.01 at 24 and 
48 h, respectively. In NHF10-hTERT, the chromosomal aberra-
tion frequency and incidence increased between 24 and 48 h in 
cells depleted of ATR or TIMELESS, decreased in cells depleted 
of CHK1 and did not increase significantly in cells depleted of 
TIPIN (Fig. S1A–C). Chromosomal aberrations were low in 
NHF1-hTERT or NHF10-hTERT depleted of CLASPIN, and 
chromosomal aberration frequency and incidence were not statis-
tically different from the control in CLASPIN-depleted NHF10-
hTERT. Co-depletion of TIMELESS with CLASPIN or ATR 
produced increases that appeared to be additive in the incidence 
of metaphases with chromosomal aberrations and greater-than-
additive increases in the frequency of chromosomal aberrations. 
The chromosomal aberration frequency, but not the incidence 
of metaphases with chromosomal aberrations, decreased con-
siderably over time in NHF10-hTERT co-depleted of ATR and 
TIMELESS. However, in such cells, 7% and 34% of meta-
phases at the 24 h and 48 h time points, respectively, exhibited 
chromosomal shattering, depicted in Figure S1D and E, which 

Figure 1. Representative western blots from a single experiment showing ≥ 95% depletion of 
checkpoint proteins from NhF1-hTeRT at 24 or 48 h after electroporation of siRNas.
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depicted in Figure 5A and B that disruption of DNA synthe-
sis occurred when NHF1-hTERT was depleted of CHK1, 
TIMELESS, TIPIN or (to a lesser extent) CLASPIN, but not 
when cells were depleted of ATR. Figure 5C and D reports the 
average percent of cells within the population that had S-phase 
DNA content, which is further divided into S-phase cells show-
ing normal incorporation of BrdU, reduced incorporation of 
BrdU, or failure to incorporate BrdU (a, b or c, respectively; see 
NTC siRNA 24 h profile in Fig. 5A). Compared with the control, 
S-phase cells showing reduction or failure to incorporate BrdU 
increased by ~10-fold in cells depleted of CHK1, TIMELESS or 
TIPIN at 24 h (Fig. 5C). By 48 h, DNA synthesis appeared to 
stop almost completely in affected cells (Fig. 5D). The percent-
age of cells showing control levels of BrdU incorporation was 
reduced at 48 h after introduction of siRNA to 60%, 50% and 
60% of control, respectively, in CHK1-, TIMELESS- or TIPIN-
depleted cells (Fig. 5D). An experiment in which a 2 h pulse of 

evaluated for each of the depletions (Fig. 4). CHK1 phosphoryla-
tion at S345 was not different from the control in cells depleted 
of ATR or CLASPIN and was not apparent in cells depleted of 
CHK1 itself. Depletion of TIMELESS or TIPIN produced ~10-
fold increases in P-CHK1 S345 at the 24 h time point and 3- to 
5-fold increases at the 48 h time point (Fig. 4B). Co-targeting of 
TIMELESS and TIPIN did not appear to produce additive or 
greater-than-additive increases in P-CHK1 S345. CHK1 phos-
phorylation in cells depleted of TIMELESS was ATR-dependent 
and mediated by CLASPIN.

Global inhibition of DNA synthesis occurred in cells 
depleted of CHK1, TIMELESS, TIPIN or CLASPIN, but 
not ATR. As depletion of CHK1, CLASPIN or TIMELESS is 
known to alter DNA replication dynamics,12,47-50 we examined 
whether replication fork distress correlated with the chromo-
somal instability observed in mitosis for the various depletions. 
It was immediately apparent from the flow cytometry profiles 

Figure 2. Chromosomal aberrations observed in Giemsa-stained metaphases produced from NhF1-hTeRT depleted of checkpoint proteins. Frequency 
of breaks, gaps and exchanges at 24h (A) or 48 h (B) after introduction of siRNas (error bars show + seM for overall frequency of aberrations). average 
frequency = total number of aberrations divided by the total number of metaphases evaluated per independent experiment, then averaged across 
independent experiments. Incidence of metaphases with at least one chromosomal aberration (C). Graphs represent averages of three or more experi-
ments (+ s.D.). Markers indicate degree of statistical difference from NTC siRNa control: # p < 0.01, * p < 0.005, ** p < 0.0005, *** p < 0.0001. Representa-
tive pictures of chromosomal aberrations: chromatid break (D) and gap (E) from NhF1-hTeRT electroporated with aTR siRNa; an incomplete, complex 
exchange (F) and a radial exchange (G) from NhF1-hTeRT electroporated with TIMeLess and TIpIN siRNas.
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in S phase, possibly due to irrecoverable replication fork break-
age. The effects of these deleterious events on cell viability were 
evaluated by a clonal expansion assay (Fig. 7). Cells depleted of 
CHK1, TIMELESS or TIPIN showed ~50% reduction in clonal 
expansion, whereas depletion of ATR reduced clonal expansion 
by 70%. Clonal expansion was reduced by less than 10% with 
depletion of CLASPIN.

Discussion

At uncoupled replication forks, efficient ATR-CHK1 signal-
ing is highly dependent on specific protein-DNA assemblies 
that recruit ATR and CHK1 and promote their interaction. 
ATR, CHK1 and the mediators TIMELESS, TIPIN and 
CLASPIN also are important for suppression of chromosomal 
instability in the absence of experimentally induced replication 
stress.10,19,20,25,26,51 It has been proposed that ATR-CHK1 signal-
ing during the normal course of DNA replication is necessary 
to prevent chromosomal damage that could arise from failure 
to protect uncoupled replication forks, and it also has been pro-
posed that a basal level of ATR-CHK1 signaling is required to 
prevent excess origin firing that could result in replication fork 
instability (reviewed in refs. 30 and 52). Here, in a set of direct 
comparisons made in two NHF lines from different donors, 
depletion of the ATR kinase, the CHK1 kinase or mediators of 
ATR and CHK1 interaction generated different levels of chro-
mosomal instability. DNA synthesis, activation of the DDR and 
clonal expansion were examined in order to understand these 
differences, and these measures revealed further separation of the 
functions of checkpoint proteins in normal DNA metabolism. 

BrdU was followed at 8 h intervals for 24 h indicated that cells 
depleted of CHK1, TIMELESS or TIPIN experienced impaired 
DNA synthesis and were unable to complete replication of their 
genomes at various stages of S phase (Fig. S2). The degree of 
impaired DNA synthesis was not as severe in CLASPIN-depleted 
cells. Co-depletion of TIMELESS and TIPIN did not increase 
the number of cells showing aberrant replication compared with 
targeting either protein alone. Co-depletion of TIMELESS with 
CLASPIN or ATR produced additive increases in cells showing 
reduction or failure to incorporate BrdU. BrdU incorporation in 
ATR-depleted cells closely resembled the control at both time 
points (Fig. 5C and D).

Inhibition of DNA synthesis was accompanied by perturba-
tion of the cell cycle in NHF1-hTERT that were depleted of 
TIMELESS, TIPIN, CHK1 or CLASPIN, with obvious accu-
mulations in G

2
, subtle reductions of G

1
 and subtle increases in 

S phase (Fig. 5E and F). By 48 h after introduction of siRNA, 
depletion of CHK1, TIMELESS, TIPIN or CLASPIN resulted 
in 2- to 4-fold increases in cells with G

2
 DNA content (Fig. 5F). 

Co-depletion of TIMELESS with ATR attenuated the accumula-
tion of cells in G

2
 observed with depletion of TIMELESS alone, 

whereas co-depletion with CLASPIN did not have this effect. 
Depletion of ATR did not alter the cell cycle. Similar results were 
obtained from NHF10-hTERT (Fig. S3A–D).

Activation of the DNA damage response (DDR) was asso-
ciated with global inhibition of DNA synthesis. Depletion of 
checkpoint proteins resulted in different levels of chromosomal 
aberrations (Fig. 2A–C; Fig. S1A–C), and cells depleted of 
CHK1, TIMELESS, TIPIN or CLASPIN exhibited replication 
stress and overall perturbation of the cell cycle, whereas depletion 
of ATR did not appear to affect cell cycle progression (Fig. 5A–F). 
The inhibition of DNA replication observed in a subset of cells 
depleted of checkpoint proteins may have been due to irrecover-
able replication fork breakage. Therefore, the activation of the 
DDR was examined for each of the depletions (Fig. 6A and B). 
Phosphorylation of ATM was increased by ~10– 20-fold over the 
control in cells depleted of CHK1, TIMELESS or TIPIN and by 
~5-fold over the control in cells depleted of CLASPIN. Substrates 
of ATM were phosphorylated, including CHK2 T68, p53 S15 
and H2A.X S139. Phosphorylation of p53 S15 was accompanied 
by induction of p21Waf1. H2A.X phosphorylation (γ-H2A.X) in 
TIMELESS-depleted cells was not as robust as that observed in 
cells depleted of CHK1 or TIPIN. The lower level of γ-H2A.X 
in CLASPIN-depleted cells correlated with the lower level of 
P-ATM compared with depletion of CHK1 or TIPIN. Activation 
of the DDR in cells depleted of ATR was indistinguishable from 
the control. Similar results were obtained in NHF10-hTERT 
(Fig. S4). Although ATR-depleted cells did not activate ATM 
despite considerable increases in chromosomal aberrations 
(Fig. 2A–C; Fig. S1A–C), ATR-depleted NHF1-hTERT was 
still capable of activating ATM in response to ionizing radiation 
(IR) (Fig. S5).

Cell viability was impaired, to varying degrees, by dif-
ferent checkpoint protein depletions. NHF lines depleted of 
checkpoint proteins exhibited cytotoxic chromosomal aberra-
tions; after some depletion, a fraction of cells appeared to stop 

Figure 3. average frequency of exchanges when data from NhF1-
hTeRT and NhF10-hTeRT were combined. each bar depicts averages 
of five or more independent experiments (+ s.D.). The TIMeLess+TIpIN 
siRNa exchange frequency was statistically different from the exchange 
frequencies of TIMeLess or TIpIN siRNas (p < 0.0001 for both com-
parisons), and the TIMeLess+CLaspIN siRNa exchange frequency was 
statistically different from the exchange frequencies of TIMeLess or 
CLaspIN siRNas (p < 0.0001 for both comparisons). The TIMeLess+aTR 
siRNa exchange frequency was not statistically different from the aTR 
siRNa exchange frequency (p = 0.14).
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Different degrees of chromosomal instability in NHF 
depleted of ATR vs. CHK1. Depletion of ATR or CHK1 
revealed that these proteins have separable contributions to 
chromosomal stability in NHF lines. Despite a ~10-fold increase 
in the incidence of metaphases with chromosomal aberrations 
compared with the control (Fig. 2C; Fig. S1C at 48 h), ATR-
depleted cells did not activate the DDR (Fig. 3), exhibited nor-
mal BrdU incorporation (Figs. 5A–D; Fig. S3A and B) and 
did not accumulate in G

2
 (Fig. 5F; Fig. S3C) (the rate of entry 

into mitosis for ATR-depleted NHF was similar to cells elec-
troporated with NTC siRNA, unpublished observations). Even 
though the frequency of chromosomal aberrations observed in 
ATR-depleted cells continued to increase over time (1.0 ± 0.27 
at 48 h, Fig. 2B vs. 2.7 ± 0.02 at 72 h, Fig. S6A) as did the 
incidence (37 ± 6.2% at 48 h, Fig. 2C vs. 63 ± 2.5% at 72 h, 
Fig. S6B), only slight alterations in BrdU incorporation or cell 
cycle distribution were observed (Fig. S6C and D), and the 
DDR was also only slightly increased above baseline (Fig. S6E 
and F). ATR-depleted NHF lines showed no signs of distress 
other than increased chromosomal aberrations, shattered meta-
phases and reduced clonal expansion (Fig. 8). These results were 
highly similar to those observed in mouse embryonic fibroblasts 
(MEFs) that had undergone conditional elimination of ATR.53 
Conversely, although CHK1-depleted cells showed a modest 
increase in chromosomal aberrations at 24 h, they did not dif-
fer from the control at 48 h. Furthermore, CHK1-depleted cells 
exhibited dramatic inhibition of DNA synthesis throughout 
S phase, accumulation in G

2
 (CHK1 siRNA reduced the rate 

of entry into mitosis by 32%, unpublished observations) and 
robust activation of the DDR.

If activation of CHK1 were a key event for suppression of 
spontaneous chromosomal aberrations (which are expected to 
arise from uncoupling of replication forks by DNA template 
lesions produced by endogenous sources), depletion of ATR or 
CHK1 would be expected to result in similar degrees of chromo-
somal instability. Strikingly, instead of sharing phenotypic char-
acteristics of ATR-depleted cells, depletion of CHK1 most closely 
resembled depletion of TIPIN (Fig. 8). Furthermore, the degree 
of chromosomal instability of CHK1- or TIPIN-depleted cells 
was not different from the control (48 h), even though TIPIN-
depleted cells activated CHK1. A key difference between deple-
tion of ATR or CHK1 was the severe inhibition of DNA synthesis 
observed in CHK1-depleted cells. This observation suggests that 
CHK1 may have an ATR-independent function for the promo-
tion of normal DNA synthesis throughout S phase, implying a 
regulatory effect of CHK1 through protein-protein interactions 
as opposed to its kinase activity. CHK1 can associate with chro-
matin in the absence of applied replication stress and indepen-
dently of ATR, TOPBP1, HUS1, NBS1 or CLASPIN,54-56 and 
kinase-independent functions for CHK1 have been reported for 
replication of damaged DNA via interactions with PCNA.40,57 
The activation of the DDR in CHK1-depleted cells and accu-
mulation in G

2
 may indicate that sufficient activation of the G

2
 

checkpoint took place for successful repair of damaged DNA in 
cells that were able to complete S phase. However, some CHK1-
depleted cells may have had such a high level of DNA damage 

To provide an overall summary and comparison of the results, 
an unsupervised, hierarchical heat map was created to cluster the 
various experimental endpoints obtained from NHF1-hTERT 
(Fig. 8). When the magnitudes of the responses were scaled and 
sorted in this manner, two major clades appeared. The clade 
containing the results for control, ATR, CLASPIN, CHK1 and 
TIPIN siRNAs was divided into subsets, showing distinct sepa-
ration of ATR- or CHK1-depletion phenotypes. TIMELESS 
depletions were separated from the other depletions due to the 
specific contribution of TIMELESS to sister chromatid cohe-
sion in NHF lines (SCC data obtained from Smith-Roe et al. 
201114). Overall, these results indicate that ATR, CHK1 and 
TIMELESS support different functions to preserve intrinsic 
genomic stability, some of which must be independent of ATR-
CHK1 signaling.

Figure 4. Cells depleted of TIMeLess or TIpIN exhibit aTR-dependent 
phosphorylation of ChK1 mediated by CLaspIN. Representative west-
ern blots from a single experiment depicting phosphorylation of ChK1 
at s345 at 24 or 48 h after introduction of siRNas (A). ImageJ software 
was used to normalize p-ChK1 s345 to total ChK1, and the results 
were expressed as average fold change compared with NTC. (B) Graph 
depicts average of three experiments (+ s.D.)
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Figure 5. For figure legend, see page 339.

generated during S phase that they failed to reach mitosis, and, 
hence, the chromosomal instability of CHK1-depleted cells 
appears to be less than that of ATR-depleted cells. It might be 

expected that CHK1-depleted cells would accumulate in S phase 
if they are not able to complete duplication of their genomes. 
However, not only did CHK1-depleted cells accumulate in G

2
, 
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collapsed replication forks, and, as such, the degree of P-ATM 
correlated very well with inhibition of DNA synthesis, whereas 
P-ATM did not correlate well with chromosomal instability 
(Fig. 8). Although ssDNA is part of fragile site etiology and cells 
deficient for ATR, CHK1 or CLASPIN express fragile sites,25,51,58 
ATR and CHK1 appear to separately govern additional mecha-
nisms for genome-wide completion of DNA replication and pre-
vention of chromosomal aberrations.

Separation of function of the TIMELESS-TIPIN heterodi-
mer and genomic stability. The higher level of chromosomal 
aberrations produced when targeting TIMELESS compared 
with targeting TIPIN, CHK1 or CLASPIN may have been 
related to the dramatic sister chromatid cohesion defect observed 
in TIMELESS-depleted fibroblasts14 (and represented in Fig. 8). 
Targeting TIMELESS produced ~15-fold and ~7-fold increases in 
chromosomal aberration frequency and incidence, respectively, 
over the control in NHF1-hTERT and NHF10-hTERT, whereas 
targeting TIPIN did not show a statistical increase in chromo-
somal aberrations in either cell line (Fig. 2B and C; Fig. S1B 
and C). Previously, we reported that targeting TIMELESS for 
depletion produced a 100-fold increase in defective SCC whereas 
depletion of TIPIN or CLASPIN produced ~10-fold increases 
and depletion of CHK1 was not statistically different from the 
control.14 Conversely, targeting TIMELESS or TIPIN for deple-
tion produced similar levels of replication stress (Fig. 5C and D), 
P-CHK1 (Fig. 4B), P-ATM (Fig. 6B) and accumulation in G

2
 

(Fig. 5F), and co-targeting TIMELESS and TIPIN did not result 
in additive or greater-than-additive outcomes for those measures. 
These observations illustrate protein complex-dependent func-
tions of TIM-TIPIN and independent functions for TIMELESS, 
and, thus far, such striking distinctions have not been reported 
in other experimental models. Considering that TIMELESS-
depleted cells did not show greater inhibition of DNA synthesis 
or greater activation of ATM compared with TIPIN-depleted 
cells, it was unlikely that TIMELESS-dependent cohesion was 
rescuing broken replication forks during S phase (e.g., by promot-
ing homologous recombination), even though TIMELESS con-
tributes to establishment of SCC during S phase in the X. laevis 
egg extract system.59 TIMELESS- or TIPIN-depleted cells also 
showed equivalent reduction of clonal expansion (Fig. 7), sug-
gesting that discohesion was not a strong contributor to lethal-
ity. Even though cells depleted of CHK1, TIMELESS, TIPIN 
or CLASPIN exhibited an accumulation in G

2
, only TIMELESS 

they also activated p53 for engagement of the G
1
 checkpoint, 

restricting entry into S phase to re-fill the compartment. Cell 
cycle-specific analysis of broken DNA or DDR markers could 
distinguish between these alternative explanations for the dif-
ference in chromosomal instability observed in metaphases from 
cells depleted of ATR vs. CHK1.

ATR-depleted cells showed no evidence of impaired DNA 
replication or response to DNA breaks, yet exhibited the highest 
degree of chromosomal instability of any single depletion and 
the most severe impairment of clonal expansion (Fig. 8). The 
chromatid breaks and gaps observed in ATR-depleted NHF lines 
may have been due to entry into mitosis with low levels of incom-
pletely replicated DNA. The chromosomal aberration frequency 
data for ATR depletion in this study was highly similar to that 
reported by Casper et al. (2002).22 The experiments performed 
by Casper et al. (2002) revealed that a significant percentage 
of DNA breaks occur at fragile sites when cells are deficient for 
ATR function even without exposure to aphidicolin. Fragile sites 
are rare (~100 identified), and their replication tends to be com-
pleted late in S phase.51 Impaired replication of fragile site DNA 
would not be detected by flow cytometric analysis of BrdU incor-
poration. Regions of unreplicated DNA, which do not activate 
ATM, could break during chromatin condensation in mitosis 
to produce aberrations that resemble chromatid breaks and gaps 
in metaphase preparations. It may be possible that such breaks 
could escape activation of ATM. Although the frequencies of 
chromosomal aberrations in ATR-depleted NHF lines were ~40- 
to 50-fold greater than control (48 h), the frequencies reflect, on 
average, only one to two breaks per metaphase. This level of chro-
mosomal breakage might be insufficient to produce detectable 
P-ATM and to activate checkpoints in the absence of ATR; how-
ever, at 48 h, 34% of metaphases from NHF10-hTERT depleted 
of ATR had shattered chromosomes (Fig. S1D), yet activation of 
the DDR was barely distinguishable from the control (Fig. S4B). 
The absence of ATM activation in response to endogenously gen-
erated DNA damage in ATR-depleted cells remains to be fully 
characterized, and the possibility that ATM cannot respond to 
frank dsDNA breaks in ATR-depleted NHF1-hTERT has been 
discounted (Fig. S5). Perhaps DDR signaling pathways are not 
fully operational in mitotic cells, or this cell cycle compartment 
is too small for DDR markers to be detected by western blot-
ting. Conversely, activation of ATM in NHF lines depleted of 
the other checkpoint proteins may have been associated with 

Figure 5 (See opposite page). NhF1-hTeRT depleted of checkpoint proteins exhibit reduced BrdU incorporation and alterations in cell cycle progres-
sion. Bivariate plots from a single experiment show linear propidium iodide signal (DNa content) vs. log signal of anti-BrdU directly conjugated to 
alexaFluor 488 at 24 h (A) or 48 h (B) after introduction of siRNas. Three regions were drawn on the profiles to define G1, G2 and normal s phase (A) 
populations. Two regions were drawn to define aberrant s phase (B and C). Cells with > 2N and < 4N DNa content above the G1 and G2 regions but 
below the s phase region defined by the NTC profile showed reduced BrdU incorporation (B). Cells with > 2N and < 4N DNa content that fell below 
the G1/s and G2/s boundaries showed failure to incorporate BrdU (C). average percent of cells with s-phase DNa content within the whole population 
partitioned by those showing normal BrdU incorporation, reduced BrdU incorporation and no BrdU incorporation obtained from four or more experi-
ments (+ s.D.). (C and D) except for aTR siRNa, the percent of cells showing reduced or no incorporation of BrdU was statistically different (p < 0.0001) 
from NTC siRNa for all of the depletions at 24 h (C) and 48 h (D) time points. (E and F) Replicate experiments were first normalized to the matched NTC 
flow cytometry profile before comparison across experiments. Regions drawn on NTC profiles for G1, G2 and all cells with s-phase DNa content were 
applied to depletion profiles and used to calculate the fold change compared with NTC siRNa. all depletions were statistically different (p < 0.05) from 
NTC siRNa for G1 except aTR and ChK1 at 24 and 48 h, and TIpIN, CLaspIN and TIMeLess+TIpIN at 48 h. Depletions that were statistically different (p 
< 0.05) from NTC siRNa for s phase included TIMeLess and TIMeLess+aTR at 24 and 48 h, TIMeLess+CLaspIN at 24 h. all depletions were statistically 
different (p < 0.05) from NTC siRNa for G2 except aTR at 24 and 48 h, ChK1 and TIMeLess+aTR at 24 h.
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may be important for repair of DNA damage during G
2
, as cohe-

sion generated during S phase has been shown to be required 
for post-replicative repair of dsDNA breaks.60 In TIMELESS-
depleted MEF, γ-H2A.X appears in cells with S-phase DNA 
content.41,61 Phosphorylation of H2A.X is an important, early 
step for recruitment of DNA repair factors at sites of dsDNA 
breaks. In yeast, Mec1 and Tel1 phosphorylate H2A at sites of 
dsDNA breaks, promoting loading of cohesin and generation of 
large cohesin domains at the site of damage.62 Notably, γ-H2A.X 

siRNA produced a considerable increase in chromosomal aberra-
tions among these single depletions. Furthermore, co-targeting 
of TIMELESS with TIPIN, CLASPIN or ATR increased chro-
mosomal aberrations in a greater-than-additive manner, even 
though on other measures, these co-depletions produced simi-
lar or additive results, suggesting that TIMELESS-dependent 
cohesion was responsible for suppressing the chromosomal aber-
rations that otherwise would have been present in the single 
knockdowns. TIMELESS-related cohesion generated in S phase 

Figure 6. Depletion of checkpoint proteins in NhF1-hTeRT activates the DNa-damage response (DDR). Representative western blots from a single 
experiment showing phosphorylation and/or upregulation of DDR biomarkers at 24 or 48 h after introduction of siRNas (A). Western blots from 
Figures 1 and 6 were from the same experiment. ImageJ software was used to normalize phospho-protein levels to total protein levels (B). In order 
to compare across experiments and different antibodies, the fold change in phosphorylation over the NTC siRNa control of the largest effect was set 
as the maximal (100%) signal for each experiment, and then the results of each experiment were averaged. The data from the two time points were 
combined as the pattern of induced phosphorylation was not different. Graph depicts average of three experiments (+ s.D.).
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DNA content showed aberrant incorporation of BrdU in 
TIMELESS- or TIPIN-depleted NHF lines (Fig. 5D; Fig. S3B), 
and clonal expansion was suppressed by ~50% (Fig. 7). In MEFs 
depleted of TIMELESS, only ~2–4% of cells with S-phase DNA 
content show inhibition of DNA synthesis.41 However, it was 
demonstrated that ATR-dependent activation of CHK1 rescued 
inhibition of DNA synthesis in TIMELESS-depleted MEFs.41 
Unlike the findings in MEFs, a clear protective effect of P-CHK1 
on DNA synthesis in TIMELESS-depleted NHF lines was not 
observed. Abrogating P-CHK1 by co-targeting TIMELESS 
with CLASPIN or ATR produced additive, as opposed to syn-
ergistic, increases in replication stress at 24 and 48 h, indicat-
ing that P-CHK1 was not suppressing a measure of replication 
stress initiated by loss of TIMELESS. These co-depletions also 
indicated that the inhibition of DNA synthesis observed in TIM-
TIPIN-depleted cells was not enforced by P-CHK1, which is of 
interest, as activation of CHK1 in response to experimentally 
induced replication stress is associated with transient inhibition 
of DNA synthesis by inhibition of origin firing and DNA chain 
elongation.2 Therefore, fork protection functions associated with 
CHK1 activation appeared to be ineffective in human fibroblasts 
depleted of TIMELESS or TIPIN. The cause of embryonic death 
of Timeless-knockout mice was not fully characterized.21 Whereas 
the ATR-dependent intra-S checkpoint response is attenuated, 
but not abrogated, when cells are depleted of TIMELESS or 
TIPIN,12,14 our findings suggest that TIM-TIPIN may have an 
essential function in DNA replication, which could underlie the 
lethality of Timeless-knockout mice.21 Interestingly, although 
tof1Δ yeast are viable, tof1Δ is synthetic lethal with pfh1Δ, a 
helicase that is required for fork movement through a variety of 
natural barriers.63

CLASPIN-depleted cells showed a modest inhibition of DNA 
synthesis compared with depletion of TIM-TIPIN (Fig. 1C). 
Also, unlike TIM-TIPIN-depleted cells, a dramatic P-CHK1 
signal was not observed in CLASPIN-depleted cells (Fig. 2). 
Combined with the good survival of CLASPIN-depleted cells 
(Fig. 6), these observations suggest that TIM-TIPIN may have 
a primary role in replication of natural barriers compared with 
CLASPIN. With regard to chromosomal instability, CLASPIN 
depletion produced low frequencies of chromosomal aberrations 
(0.18 ± 0.04 at 24 h and 0.14 ± 0.03 at 48 h, Fig. 2A and B), and 
these frequencies were very similar to the degree of chromosomal 
instability reported by Focarelli et al. (2009),25 in which the 
effect of CLASPIN depletion on fragile site expression was exam-
ined in primary human fibroblasts. CLASPIN appeared to have 
an important role for suppression of exchanges when cells were 
depleted of TIMELESS, as the frequency of exchanges increased 
by 5-fold over what would be expected if there were no interac-
tion between TIMELESS and CLASPIN for suppression of erro-
neous chromosomal repair (Fig. 3). Co-targeting of TIMELESS 
with TIPIN also increased the frequency of exchanges in a simi-
lar manner. The increased exchange frequency with co-depletion 
of TIMELESS with TIPIN or CLASPIN, but not ATR, suggests 
an ATR-independent function of the fork protection complex 
for prevention of exchanges. It may be possible that TIM-TIPIN 
and CLASPIN prevent the formation of certain substrates at 

in TIMELESS-depleted cells was half of that observed in TIPIN- 
or CHK1-depleted cells (Fig. 6B). Similar levels of ATM activa-
tion or ATR activation (as inferred by P-CHK1) occurred in cells 
depleted of TIMELESS or TIPIN (Figs. 4B and 6B). Therefore, 
loss of TIMELESS, but not TIPIN, appeared to impair ATR/
ATM phosphorylation of H2A.X. It remains to be determined 
whether impaired phosphorylation of H2A.X and increased sister 
chromatid discohesion in TIMELESS-depleted cells are linked 
or independent, but both could contribute to the reduced repair 
of chromatid breaks.

Essential functions of the replication fork protection com-
plex. Cessation of DNA replication appeared to occur throughout 
S phase for cells depleted of TIMELESS, TIPIN or CLASPIN 
(Fig. 5A and B; Fig. S2). As demonstrated in yeast by analy-
sis of replication pause sites, TIM-TIPIN orthologs and Mrc1 
may create a pausing complex that prevents fork collapse when 
natural barriers are encountered.32 TIM-TIPIN and CLASPIN 
may have a similar role in mammalian cells. Recent studies have 
shown that TIMELESS contributes to the replication of difficult-
to-replicate DNA, including centromeric DNA, trinucleotide 
repeats and telomeres.33,35,36 Considering that TIM-TIPIN inter-
acts with CMG helicase components, AND1 and polymerases 
ε, δ and α, and that TIM-TIPIN-deficient cells showed spon-
taneous activation of CHK1, TIM-TIPIN may provide a link 
between DNA unwinding and polymerization to preserve stalled 
or uncoupled replication forks in a state competent for restart.45 
The mechanism(s) by which TIM-TIPIN orthologs might pro-
tect/restart replication forks independently of CHK1 activation 
remains to be fully characterized.

Loss of TIM-TIPIN from mammalian cells reduces the effi-
ciency of DNA replication,12,13,15 but inhibition of DNA syn-
thesis previously has not been identified as a primary cause of 
lethality. Targeting TIMELESS or TIPIN for depletion dra-
matically inhibited DNA synthesis, which correlated well with 
reduction of clonal expansion compared with other measures of 
distress (Fig. 8). Approximately 40–50% of cells with S-phase 

Figure 7. Clonal expansion of NhF1-hTeRT depleted of checkpoint pro-
teins in the absence of applied DNa damage. Graph depicts averages of 
three or more experiments (+ s.D.).
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Summary. The contributions of ATR, CHK1 and the media-
tor proteins TIMELESS, TIPIN and CLASPIN to normal DNA 
metabolism were studied in genetically stable, diploid human 
fibroblast lines. In two NHF lines, the presence or absence of 
phosphorylated CHK1 did not correlate with the degree of chro-
mosomal instability, inhibition of DNA synthesis, activation of 
the DDR or survival. Instead, the components of the intra-S 
checkpoint activation pathway made different contributions to 
replication fork stability and chromosomal integrity. ATR may 
only be absolutely required for replication of DNA at fragile sites, 
whereas CHK1, TIMELESS, TIPIN and (to a lesser extent) 
CLASPIN are required for DNA replication throughout S phase. 
Through its distinct influence on sister chromatid cohesion, 
TIMELESS provided an additional level of genome maintenance 
by facilitating repair of broken DNA prior to mitosis. Whereas 
ATR-dependent intra-S checkpoint signaling is important for 
responding to unintentional modifications of template DNA, 
components of the pathway appear to have P-CHK1-independent 
contributions to replication of inherent barriers to DNA replica-
tion that are heterogeneous, numerous and must be duplicated. 
CHK1, TIMELESS, TIPIN and CLASPIN may have struc-
tural roles for replication fork stabilization or restart that differ 
depending on the nature of the block to replication and whether 
ssDNA is generated from the block. On the other hand, these 
proteins do interact, and how each one contributes to the stability 
of the association of the other members of the complex is difficult 

replication forks that require repair via non-homologous end-
joining pathways.

Loss of CHK1 phosphorylation did not correlate with 
degree of chromosomal instability in NHF lines. It has been 
proposed that the ATR-CHK1 signaling pathway prevents rep-
lication fork collapse during unperturbed replication and sup-
presses spontaneous DNA damage by regulating origin firing 
(reviewed in ref. 29). In this model, abrogation of basal P-CHK1 
releases CDC25 family members from inhibition, thereby releas-
ing CDK2 from inhibition and allowing targets of CDK2 
to enhance basal levels of origin firing. When origin firing is 
increased, the rate of replication fork displacement is slowed,64 
and the excess, slow replication forks are thought to cause imbal-
ances that lead to fork collapse.29 However, our observations that 
inhibition of DNA synthesis in CHK1-depleted cells was not 
phenocopied by depletion of ATR, that depletion of TIPIN or 
CHK1 resulted in equivalent levels of fork collapse even though 
CHK1 was robustly activated in TIPIN-depleted cells, and that 
CLASPIN depletion did not phenocopy depletion of CHK1 or 
ATR (Fig. 8), did not support disregulation of Cdc25 and CDK 
activity as the governing mechanism behind replication fork fail-
ure in NHF lines that are deficient for basal ATR-CHK1 signal-
ing. The findings presented here may reflect differences between 
the DNA metabolism of NHF lines vs. cancer cell lines and the 
differences in origin regulation between human somatic cells and 
the Xenopus egg extract system.65,66

Figure 8. Unsupervised, hierarchical cluster heat map comparison of various experimental outcomes after checkpoint protein depletion from 
NhF1-hTeRT. In order to make relative comparisons between siRNas and phenotypic outcomes, the siRNa that produced the highest effect for each 
independent experiment was set to 100% and all the other values were expressed relative to the highest value for that experiment. once converted 
to a scale of 1–100, the converted values were averaged. Determinations are from data obtained at 48 h post-electroporation except for clonogenic 
expansion data and for western blot data. Western blot data from 24 and 48 h data were combined as the patterns of activation were similar. scaling 
of sister chromatid discohesion was generated from smith-Roe et al. (2011).14 The effect of co-targeting TIMeLess and aTR on sCC was not reported in 
smith-Roe et al. (2011), but is reported here as 4.7 ± 2.5% for NhF1-hTeRT (scaled into Fig. 8) and 30.5 ± 12.6% for NhF10-hTeRT.
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sodium fluoride and 2 mM DTT. Protein concentration was 
determined using the BioRad Dc Assay. Equivalent amounts of 
protein per well were loaded onto BioRad Criterion-TGX 4–15% 
gradient gels. Size-separated proteins were transferred onto nitro-
cellulose using a BioRad Criterion Blotter.

The following antibodies were used for immunoblotting: 
goat anti-ATR, rabbit anti-CLASPIN, mouse anti-CHK1 (Santa 
Cruz); rabbit anti- TIMELESS, rabbit anti-TIPIN, rabbit anti-
ATM (Bethyl); rabbit anti-P-CHK1 S345, rabbit anti-P-CHK2 
T68, rabbit anti-P-p53 S15, rabbit anti-α-tubulin (Cell signal-
ing); mouse anti-p53, mouse anti-p21Waf1 (NeoMarkers); mouse 
anti-CHK2 (BD Transduction Laboratories); rabbit anti-P-ATM 
S1981 (Epitomics).

The degree of protein depletion was determined by using 
ImageJ software (ImageJ US, National Institute of Health, 
www.rsb.info.nih.gov/ij/, 1997–2009) to obtain the pixel den-
sity of protein bands from scanned images of exposed Amersham 
Hyperfilm (GE Healthcare). Protein levels were first normalized 
against the anti-α-tubulin loading control and then expressed as 
the percent of the NTC protein level. Phospho-protein signals 
were normalized to their total protein levels.

Metaphase preparations. Giemsa-stained metaphases were 
prepared as previously described.14 Twenty-five to 50 metaphases 
were evaluated per treatment. The experimenter was blind to 
treatment during collection of metaphase data and analysis of 
chromosomal aberrations. Metaphases with bifilar sister chroma-
tids were evaluated for chromatid breaks, gaps and exchanges.

Clonogenic survival assay. One million NHF1-hTERT that 
were electroporated with siRNA were serially diluted and counted 
using a Coulter counter in order to seed cells at a density that 
would result in ~150 colonies per 10 cm dish for the NTC siRNA 
control. Each independent experiment was seeded in triplicate, 
and the experiment was repeated three or more times per siRNA. 
Medium was changed every third day. Cells were fixed and stained 
in a solution of 0.05% Crystal Violet in 40% methanol on day 14 
after seeding. Colonies of 50 cells or more were counted. NHF1-
hTERT that were not plated for colony formation were used to 
verify protein depletion at 24 h after electroporation.

Heatmap comparison of depletions. To visually represent the 
magnitude of the phenotypic outcomes resulting from depletion 
of checkpoint proteins and to sort depletions and phenotypes 
into clades, the Partek Genomic Suite 6.6 program was used to 
generate a heat map depicting unsupervised hierarchical cluster-
ing of depletions and endpoints.

Statistical analysis. Statistical comparisons were performed 
in order to determine whether change varied significantly across 
different treatments for fold change compared with the control 
for cell cycle analysis and the frequency and incidence of chro-
mosomal aberrations in knockdowns compared with the control. 
The generalized linear model framework was used to handle 
standard data analysis for estimating various parameters of inter-
est with appropriate 95% confidence intervals, and hypothesis 
testing. Specifically, a Linear Mixed model with random effect 
was used to model Log-transformed fold change, and the Zero-
inflated Poisson model in NLMIXED as well as the generalized 
Poisson model in GENMOD was used to model the incidences 

to determine. The data at hand do not allow the complete exclu-
sion of the possibility that phenotypic endpoints measured when 
protein abundance was depleted via siRNA may reflect different 
degrees of reduction of the single protein or protein complexes, 
and/or their cellular locations, and how much is required to 
affect a specific biological endpoint. Therefore, how components 
of canonical checkpoint signaling pathways contribute to unper-
turbed DNA replication still remains to be fully elucidated.

Materials and Methods

Normal human fibroblast lines and culture. Low-passage fore-
skin fibroblasts from two different individuals were immortalized 
by ectopic expression of the catalytic subunit of human telom-
erase to create NHF1-hTERT and NHF10-hTERT fibroblast 
lines.67-70 Cell lines were cultured in Dulbecco’s modified Eagle’s 
medium supplemented with 2 mM L-glutamine and 10% fetal 
bovine serum (all culture reagents were obtained from Sigma-
Aldrich). Cell lines were grown at 37°C in a humidified atmo-
sphere of 5% CO

2
 and were determined to be free of mycoplasma 

contamination using the PlasmoTestTM system (Invivogen).
Protein depletion by siRNA. NHF lines were electropor-

ated with siRNAs using the normal human dermal fibroblast 
nucleofection kit VPD-1001 (Lonzo) and electroporation pro-
gram U-23. The total amount of siRNA introduced into cells 
for single vs. double depletions was held constant at 200 pmol 
siRNA per 1 million cells (100 pmol of targeting siRNA was 
combined with 100 pmol of NTC siRNA for single deple-
tions). ON-TARGETplus duplex siRNAs71 were purchased 
from Dharmacon: NTC (D-001210–02), CHK1 (J-003255), 
CLASPIN (J-005288), TIMELESS (J-019488–05), TIPIN 
(J-020843). The ON-TARGETplus SMARTpool siRNA for 
ATR (L-003202) also was purchased from Dharmacon.

Flow cytometry. NHF1-hTERT or NHF10-hTERT were 
incubated with 10 μM BrdU for 2 h before harvest. Trypsinized 
cells were fixed overnight at 4°C in 70% ethanol in calcium- and 
magnesium-free phosphate buffered saline (PBS). Fixative was 
removed, and cells were incubated in 3 ml of 0.08% pepsin in 
0.1 N HCl at 37°C for 20 min. Pepsin was removed, and nuclei 
were incubated in 1.5 ml of 2 N HCl at 37°C for 20 min. A vol-
ume of 3 ml of 0.1 M sodium borate was added to the nuclei in 
acid. Nuclei were spun out of neutralized acid and washed with 2 
ml HSF-T (10 mM HEPES pH 7.4, 150 mM NaCl, 4% FBS and 
0.1% sodium azide with 0.5% Tween-20 added on the day of use) 
and then incubated at room temperature with anti-BrdU clone 
MoBU-1 conjugated to AlexaFluor488 (Invitrogen) in HSF-T for 
2 h. DNA was stained overnight with a solution of 50 μg/ml 
propidium iodide (PI) (Sigma-Aldrich) and 5 μg/ml PureLink 
RNase A (Invitrogen). Nuclei were analyzed for anti-BrdU 
AF488 and PI fluorescence using a Beckman-Coulter (Dako) 
CyAn ADP and Summit 5.2 software (Beckman Coulter, Inc.).

Western blotting and antibodies. Cells were harvested by 
trypsinization, washed with 4°C PBS and lysed in Tris-Cl buffer 
(50 mM Tris-Cl pH 8.0, 150 mM NaCl, 5 mM EDTA) contain-
ing 0.1% NP-40, 1% Sigma Protease Inhibitor Cocktail, 1 mM 
sodium orthovanadate, 10 mM β-glycerolphosphate, 1 mM 
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