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Abstract:
Human CST (CTC1-STN1-TENL1) is an RPA-like complex that associates with G-rich

single-strand DNA and helps resolve replication problems both at telomeres and
genome-wide. We previously showed that CST binds and disrupts G-quadruplex (G4)
DNA in vitro, suggesting that CST may prevent in vivo blocks to replication by
resolving G4 structures. Here, we demonstrate that CST binds and unfolds G4 with
similar efficiency to RPA. In cells, CST is recruited to telomeric and non-telomeric
chromatin upon G4 stabilization. STN1 depletion increases G4 accumulation and
slows bulk genomic DNA replication. At telomeres, combined STN1 depletion and
G4 stabilization causes multi-telomere FISH signals and telomere loss, hallmarks of
deficient telomere duplex replication. Strand-specific telomere FISH indicates
preferential loss of C-strand DNA while analysis of BrdU uptake during leading and
lagging-strand telomere replication shows preferential under-replication of lagging
telomeres. Together these results indicate a block to Okazaki fragment synthesis.
Overall, our findings indicate a novel role for CST in maintaining genome integrity
through resolution of G4 structures both ahead of the replication fork and on the

lagging strand template.

Introduction:
Telomeres are specialized nucleoprotein structures that maintain genome stability

by preventing chromosome ends from being detected as DNA damage and triggering
end-to-end fusion through unwanted DNA repair reactions[1-3]. In mammalian cells,
the telomeric DNA consists of thousands of TTAGGGeAATCC repeats which
terminate with a short region of sSDNA on the G-rich strand. This repeated sequence
DNA is packaged by shelterin, a six protein complex that sequesters the DNA
terminus to prevent inappropriate  DNA damage signaling[4, 5]. Mammalian
telomeres also associate with a ssDNA-binding complex called CST (CTC1-STN1-
TENZ1) that is essential for multiple aspects of telomere replication[6-8]. Telomeres
are particularly challenging to replicate due their G-rich sequence and terminal

structure[3, 9]. The repetitive G-rich DNA tends to stall the replication fork, while the
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inability of DNA polymerase to replicate the DNA 5’ end leads to progressive
telomere shortening unless additional sequence is added to the DNA terminus. This
telomere elongation is achieved by telomerase which extends the G-strand and DNA
polymerase which then synthesizes the complementary C-strand.

The CTC1 and STN1 subunits of CST were originally identified as DNA
polymerase a-primase (Pol o) cofactors that increase the affinity of Pol o for SSDNA
templates[10]. More recent studies have shown that one role of CST is in regulation
of Pol o switching from RNA and DNA synthesis[11], a process that is essential to
generate Okazaki fragments during lagging strand replication. In vivo studies have
shown that CST participates in multiple stages of telomere replication. First, it aids in
replication of the G-rich DNA duplex. Depletion of CST subunits slows replication
through this region and leads to telomere fragility and sudden telomere loss,
suggesting that CST either prevents replication fork stalling or facilitates fork
restart[12-14]. CST then regulates telomerase to prevent G-strand
overextension([15-17]). Finally, CST is required to engage Pol o for C-strand
synthesis so that the sSDNA generated by telomerase is converted to new telomere
duplex[12, 16, 18, 19]. In the absence of CST, the lack of C-strand synthesis leads to
progressive telomere shortening with each round of replication, similar to a
telomerase knockout. CST also has less well understood non-telomeric roles related to
recovery from replication stress[20, 21]. When hydroxylurea is used to stall
replication, CST promotes replication restart by increasing the firing of dormant
replication origins[14, 21]. More recently, CST was shown to localize to GC-rich loci
in response to replication stress where it functions to prevent fragile site
expression[22].

CST is structurally similar to Replication Protein A (RPA), the ssDNA binding
protein that directs DNA replication, repair, and recombination in eukaryotic
cells[23-25]. The structural conservation encompasses the OB-folds, winged helix
domains and the dimerization interface of the two smaller subunits (STN1-TEN1 and
RPA2-RPA3). Like RPA, CST appears to contact DNA via multiple OB folds leading

to a dynamic mode of DNA binding. Binding and release of individual OB fold is
3
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thought to underlie the capacity of both proteins to melt DNA structure and regulate
DNA association and activity of interaction partners such as DNA polymerases.
Although CST and RPA share many similarities in terms of structure and DNA
binding activity, they are architecturally different and they play quite distinct roles
during DNA replication and repair[26]. Moreover, CST binds preferentially to G-rich
sSDNA and, unlike ssDNA-bound RPA, it does not trigger ATR activation[19, 25, 27].
Thus, CST appears to have evolved a unique role by serving to resolve a variety of
replication problems without activation of DNA damage signaling.

Currently the mechanism by which CST facilitates replication through G-rich
dsDNA is unclear. However, the recent discovery that CST can unwind G-quadruplex
(G4) DNA[26], suggests that the role of CST is to prevent or resolve replication fork
stalling at G4 structures. G4s form in G-rich DNA due to the ability of guanine to
form thermodynamically stable Hoogsteen base-paired quartets[28]. The human
genome contains thousands of regions with G4-forming potential[29]. These regions
are becoming appreciated as an important genomic feature because of their capacity to
form stable G4 structures that interrupt the DNA duplex[30, 31]. The G4 DNA is
thought to play roles in various cellular processes including transcriptional activation,
stimulation of meiotic recombination, chromatin assembly and rudimentary telomere
capping[32, 33]. Despite serving these beneficial regulatory functions, G4 structures
can also have adverse effects on genome stability because they impose a structural
barrier to DNA replication. Any G4 structures formed as a result of transcription may
later block passage of the DNA replication machinery[34, 35]. Replication may also
be blocked by G4 formed when ssDNA is exposed during lagging strand synthesis.

The recent discovery that CST can resolve G4 DNA in vitro, suggested that CST
may also remove G4 structures in vivo and this property could explain the ability of
CST to facilitate replication through telomeres and other G-rich regions. We now
provide evidence for this by showing that CST is needed to prevent G4 accumulation
and STN1/CST loss slows bulk DNA replication after G4 stabilization. At telomeres,
combined STN1 depletion and G4 stabilization causes replication-associated defects

on both sister chromatids but lagging-strand telomere replication is most heavily
4
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affected. Our results indicate that the G4 resolving activity of CST is necessary to

prevent a range of replication defects.

Results:
CST and RPA unfold telomeric G-quadruplex DNA with similar efficiency

Although both CST and RPA can unfold G4 DNA[26, 36], their relative
efficiency in removal of this structure has not been examined. Thus, as a first step
towards understanding the biological importance of the CST G4 resolving activity, we
directly compared the ability of CST and RPA to bind and unfold G4 DNA formed by
a telomeric oligonucleotide Tel21 (GGG(TTAGGG)s, In initial experiments we used
circular dichroism to confirm Tel21 folding into a G4 structure (Fig. S1). Consistent
with previous reports[37], when Tel21 was incubated in buffer containing 150 mM
NaCl, the CD revealed a trough at 265 nm and peak at 295 nm indicating G4
formation. As expected, incubation in 150 mM LiCl destabilized the G4 structure. We
next used electrophoretic mobility shift assays (EMSA) to compare CST and RPA
binding to Tel21 in the presence of either 150 mM LiCl or NaCl (Fig. 1A-E).
%2p_|abeled Tel21 was incubated in LiCl or NaCl containing buffer for 30 min to
allow DNA folding/unfolding, purified CST or RPA was added for 30 min, then
samples were separated in native agarose gels. The EMSA analysis indicated that in
conditions favoring ssSDNA over G4 formation (150 M LiCl), CST and RPA bound
Tel21 with similar efficiency (Kd(app) 1.3 nM for CST versus 1.9 nM for RPA).
However, in 150 nM NaCl, where Tel21 formed a G4 , CST showed slightly lower
affinity than RPA (Kd(app) 8.5 nM for CST versus 5.5 nM for RPA). (Fig. 1B, D &
E).)

Since CST bound G4 DNA, we next used Fluorescence Resonance Energy
Transfer (FRET) to compare the capacity of CST and RPA to unfold G4 structure.
The FRET substrate was double-labeled Tel21 that had fluorescein (FAM) at the 5’
end as the FRET donor and tetramethylrhodamine (TAMRA) at the 3’ end as the
FRET receptor (Fig. 1F top). As we previous demonstrated, when this oligomer forms

a G4, the two fluorophores become closely juxtaposed, leading to FRET and
5
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suppression of the donor fluorescence[38]. To assess G4 unfolding, we added either
CST or RPA to the folded Tel21, excited the donor fluorophore with 480 nm light and
examined the emission spectrum. As anticipated, addition of RPA caused a
concentration-dependent reduction in FRET, as seen by an increase in donor emission
(518 nm) and a concomitant decrease in acceptor emission (580 nm). This loss of
FRET indicated increased distance between the two fluorophores due to G4
unfolding[38]. Addition of CST also resulted in a concentration-dependent decrease
in donor emission and an increase in acceptor emission indicating that, like RPA, CST
can unfold G4 structure.

To compare the kinetics of G4 unfolding by CST and RPA, we performed a time
course study where donor fluorescence was measured before and after CST or RPA
addition. Double-labeled Tel21 was incubated in 150 mM NaCl to promote G4
formation, then 100 nM protein was added to maximize unfolding. To our surprise,
we found that CST caused a faster increase in donor fluorescence compared to RPA
(Fig. 1F). Thus, although CST has a slightly lower affinity for Tel21 G4 DNA than
RPA, CST appears to initiate G4 opening more rapidly at saturating protein
concentrations. Despite the subtle differences in Kd(app) and rate of G4 unfolding,
our data indicate that CST and RPA generally recognize and unfold G4 DNA with
similar efficiency. This finding suggests that CST and RPA are equally well equipped
for in vivo G4 removal. Although, CST is less abundant than RPA, local
concentrations may be quite high as CST interacts with the telomere protein TPP1 and

itis enriched at telomeres and other G-rich regions[15, 39].

CST is recruited to telomeric and non-telomeric DNA in response to G4
formation

To address the in vivo significance of the CST G4-resolving activity, we next
examined whether STN1 subcellular distribution is altered after G4 formation. STN1
localization was examined by indirect immunofluorescence using FLAG antibody and
a previously established HeLa cell line expressing FLAG-tagged STN1[21]. G4 was

induced by treating the cells with the G4 stabilizing ligands TmPyP4 (50 uM for 24 h)
6
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or PDS (10 uM for 24 h). The analysis revealed only a few STN1 foci in DMSO
treated control cells whereas TmPyP4 or PDS treatment resulted in a large number of
foci. With either drug, the number of cells with 10-20 foci increased ~1.5-fold and the
number with >20 foci increased ~2-fold (Fig. 2A-B). To determine whether the STN1
foci were present at telomeres, we performed telomere FISH to monitor the extent of
FLAG-STN1 and telomere co-localization. The FISH revealed that ~20% of the
STN1 foci were present at telomeres (~17.6% for TmPyP4 and ~23.1% for PDS) (Fig.
2C). These results demonstrate that G4 formation triggers STN1 redistribution and
accumulation at specific sites in the nucleus. They further suggested that CST may be
recruited to chromatin to aid in the resolution of both telomeric and non-telomeric G4

structures.

To directly examine whether G4 stabilization affects CST chromatin association,
we used Chromatin Immunoprecipitation (ChIP) assays to quantify changes in CST
abundance on telomeric DNA and Alu repeats following 24 hrs PDS or TmPyP4
treatment. The ChIP revealed that both PDS and TmPyP4 cause an increase in the
amount of STN1 associated with either sequence and an increase of CTC1 with
telomeric DNA (Fig.2D-E & Fig. S2A-B). The increase in telomere localization after
drug treatment provides strong support for CST recruitment to chromatin following
G4 formation. The increase in CST at Alu repeats is also likely to reflect G4
stabilization as Alu sequences contain runs of Gs and additional G-repeats can be
present in the adjacent genomic DNA[40] . Since the human telomere protein TPP1
interacts with CST through CTC1 and STN1[15], we asked whether PDS affects
chromatin association of TPP1. However, ChIP revealed no change in TPP1
abundance at telomeres or Alu sequences, indicating that CST-TPP1 interaction is
unlikely to be important for G4-induced recruitment of CST.

Given that DNA polymerases are required to re-initiate replication after fork
stalling, and that CST interacts directly with DNA Pol «a[10, 41], we next asked
whether G4 stabilization also affects DNA polymerase association with telomeres or

Alu repeats. Cells were again treated with PDS for 24 hrs to allow G4 accumulation
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and ChlIP was used to quantify DNA Pol a, Pol 6 and Pol ¢ association. Interestingly,
PDS treatment caused a clear increase in DNA Pol o and Pol & at telomeres but Pol ¢
was largely unchanged. Since Pol a and Pol & are required for lagging strand
replication while Pol ¢ is needed for leading strand replication, this result implies that
G4 stabilization affects lagging but not leading strand replication at telomeres. At Alu
repeats, PDS treatment only caused a significant increase in Pol o accumulation,
raising the possibility of a different outcome with increased primer synthesis by Pol o
but no subsequent primer extension by Pol 6 or €. Despite this difference, it is notable
that G4 stabilizers cause a simultaneous increase in CST and Pol a at telomeres and
Alu repeats because this fits with the known role of CST in enhancing priming by Pol
a[10, 11]. Overall, our data suggested that CST might prevent G4s from having
adverse effects on DNA replication either by resolving the DNA structure and/or

stimulating re-priming after fork stalling.

G4 formation is increased by loss of STN1

Given the ability of CST to bind and unfold G4 DNA in vitro[26], we predicted
that cellular depletion of CST would result in increased G4 accumulation in vivo. To
test this prediction, we monitored G4 abundance in previously characterized STN1
knock-down (STN1 sh) and control (non-target, NT sh) cell lines[14, 18]. G4
formation was detected by immunofluorescence using the antibody BG4 raised
against human telomeric DNA[42]. Prior to antibody staining, fixed cells were
subjected to cytoplasmic extraction and RNase treatment to remove any RNA G4.
Additionally, the specificity of the antibody for DNA versus RNA G4 was confirmed
by showing that DNasel-treatment of cells removed BG4 staining whereas RNase
treatment did not (Fig. S3). As reported previously[42], we observed co-localization
of G4 foci with a subset of telomeres in untreated cells. Treatment with TmPyP4 then
caused an increase in G4 staining both at telomere and elsewhere in the genome (Fig.
3A-B). When we examined the effect of STN1 knockdown, we also observed a
significant increase in the number of G4 foci relative to control cells (Fig. 3A-B),

indicating that CST suppresses G4 accumulation. Treatment of the STN1-depleted
8
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cells with TmPyP4 caused a further increase in G4 foci both at telomeres and
non-telomeric regions. Given that CST can bind G4 DNA, we next asked whether
STN1 localizes to G4s in vivo. Interestingly, immunostaining revealed that STN1 and
G4 foci rarely co-localized (Fig. 3C & Fig. S4 A-C). This finding implies that once
CST binds a G4 in vivo, it is rapidly unwound or blocks G4 antibody binding. The
above results, together with the previously described affinity of CST for G-rich
sSDNA, lead us to suggest that CST prevents G4 accumulation in two ways. First
CST may bind newly formed ssDNA (e.g. the G-rich lagging strand template during
telomere replication) to prevent G4 formation. Second, CST my bind and disrupt
previously formed G4 structures (e.g. those formed as a result of transcription[43]).

Both aspect of CST function would help prevent blocks to DNA replication.

STN1 rescues G4-induced inhibition of DNA replication

If CST facilitates DNA replication by removing or preventing G4, loss of CST
should result in a slowing of replication and decreased nucleotide uptake. We
therefore asked whether STN1 depletion affects EdU uptake during treatment with G4
stabilizers. STN1 sh and control cells were treated with PDS for 24 hrs with EdU
added to the culture medium for the last 45 mins of treatment (Fig. 3D). The cells
were fixed and the EdU reacted with fluorophore (Fig. 3E). The cells were then
imaged and the fluorescence intensity of individual nuclei was quantified. The
resulting data are presented both as the mean fluorescence intensity of all nuclei (Fig.
S5A) and the percentage individual nuclei that exhibit a specific level of fluorescence
(Arbitrary Fluorescence Units, AFU) (Fig. 3F, Fig. S5B). As anticipated, the control
cells showed a decrease in the average fluorescence intensity of all nuclei following
24 hrs PDS treatment, indicating that EAU uptake was suppressed by G4 formation
(Fig. 3D-F, Fig. S5A-B). The decrease in EdU incorporation likely reflects replication
fork stalling at G4 DNAJ30, 44]. STN1 depletion caused a further decline in EdU
uptake in the PDS-treated cells. This decline was observed both as a decrease in the
average fluorescence of all nuclei (Fig. S5A) and a decrease in the percent of nuclei

with the highest levels of EdU incorporation (AFU>30) (Fig. 3F). The decline in EdU
9
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uptake was largely rescued by overexpression of an sh-resistant FLAG-STNL allele in
the STN1-sh cells[14] (Fig. 3E-F, Fig. S5A-B). Importantly, without PDS treatment,
the levels of EdU uptake were similar in the STN1 sh and control cells (Fig. SSA-B)
indicating that STN1 depletion in the absence of PDS does not cause a significant
difference in the number of cells in S-phase or the rate of replication. We therefore
conclude that STN1/CST helps promote passage of the replication fork through
genomic regions that are prone to G4 formation. This role in replication most likely
stems from the capacity of CST to prevent G4 formation during replication or to
unwind previously formed G4. It may also reflect the ability of CST to re-prime

replication in situations where fork stalling leads to polymerase dissociation[26].

Combined STN1 depletion and G4 stabilization induces telomere loss.

Since CST functions in multiple aspects of telomere replication, we next
examined how G4 stabilization affects telomere integrity in cells that lack STN1. In
initial experiments, we examined how the combination of STN1 depletion and PDS
treatment affects telomere length. DNA was isolated from control and STN1 sh Hela
or U20S cells after 48 hrs growth with or without PDS, and Telomere Restriction
Fragments (TRF) were examined by Southern blot (Fig. 4A and Fig. S6A). The TRF
analysis indicated that mean telomere length was not significantly altered by STN1
depletion, consistent with previous reports[6, 7]. Telomere length also remained
essentially unchanged by PDS treatment and by PDS treatment combined with STN1
depletion (Fig. 4A-B, Fig. S6A-B). However, the combination of G4 stabilization and
STN1 depletion lead to a striking decline in the overall intensity of the telomere
hybridization signal. To determine the magnitude of the decline, blots were
hybridized with probe to the actin gene to allow normalization for DNA loading.
Quantification revealed that the telomere signal decreased by about one third in both
HeLa and U20S cells (Fig. 4C). Given the lack of apparent telomere shortening, this
result suggested that a subset of chromosomes had lost essentially all of their

telomeric DNA.
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G4-induced telomere dysfunction is exacerbated by STN1 depletion

CST has previously been shown to facilitate replication through the telomere
duplex, with loss of CST leading to slowing of BrdU uptake[18]. CST depletion also
leads to two another hallmarks of disturbed telomere replication: the fragile telomere
phenotype where individual chromatids exhibit multiple telomere FISH signals (MTS)
and sporadic signal free ends (SFE) where telomeres lack detectable FISH signals[14,
17]. Our finding that CST can resolve G4 structure suggested that that CST may
facilitate telomere duplex replication by decreasing G4 formation during lagging
strand synthesis and/or by preventing G4 accumulation as a result of telomere
transcription during TERRA production[45]. Moreover, if CST functions in this
manner, the detrimental effects of CST loss on telomere structure should be increased
by treatment with G4 stabilizers. To test this prediction, we examined the combined
effect of STN1 depletion and TmPyP4 exposure on telomere integrity.

In initial experiments, we prepared metaphase spreads from STN1 sh and NT sh
cells grown with and without TmPyP4 for 48 hrs and used telomere FISH to monitor
the levels of MTS and SFE. The FISH was performed with probes to both the G-and
C-strands so we could determine whether any SFE reflected loss of one or both DNA
strands (Fig. 5A). As previously observed[14], quantification of MTS revealed an
~2-fold increase after STN1 knockdown regardless of whether we used the G- or
C-strand probe (Fig. 5B-E). When the cells were treated with TmPyP4, the combined
STN1 depletion and G4 stabilization lead to a synergistic increase in MTS being
detected with either probe. Since G4 stabilization exacerbated the effect of STN1 loss,
this result implies that CST averts replication problems by preventing or removing G4
structure. Moreover, the similar frequency of MTS observed with the G- and C-strand
probes implies that CST removes G4 structure ahead of the replication fork as fork
stalling at a G4 block should affect both daughter telomeres equally.

A remarkably different result was observed when we quantified SFE. As
previously reported, STN1 depletion did not increase the frequency of SFE detected
using either the G- or the C-strand probe[14]. Treatment of the control NT sh cells

with TmPyP4 also had no effect on SFE detected using the G-strand probe but caused
1
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a small increase in SFE detected using the C-strand probe. However, when we
combined TmPyP4 treatment with STN1 knockdown we saw an ~4-fold increase in
SFE with the G-strand probe and an ~16 fold increase with the C-strand probe. Thus,
G4 stabilization caused preferential loss of telomeric C-stand DNA. Since leading and
lagging strand synthesis are normally tightly coupled, this specific loss of C-strand
DNA is unlikely to result from replication fork collapse leading to a DSB as this
would not favor loss of one particular strand. However, TmPyP4 treatment is
expected to cause G4 accumulation on the parental G-rich strand as a result of SSDNA
exposure during Okazaki fragment synthesis. The G4s could then block lagging strand
(C-strand) synthesis thus causing loss of C-strand DNA (Fig. 5A) and the increase in
SFE detected with the C-strand probe (Fig. 5D-E). In contrast, TmPyP4 should not
bind to leading strand replication intermediates and hence the drug is unlikely to
cause loss of the parental C-rich strand. We therefore infer that combined STN1
depletion and G4 stabilization causes preferential inhibition of lagging strand
replication.

A block in lagging strand synthesis should lead to regions of ssDNA on the
parental G-rich strand. This ssSDNA would then be expected to trigger DNA damage
signals. To test whether combined STN1 depletion and G4 stabilization leads to
increased damaging signaling, we used immunostaining with antibody to 53BP1 and
the telomere protein TRF2 to monitor the appearance of telomere dysfunction induced
DNA damage foci (TIFs). Consistent with previous studies[12], a modest increase in
TIFs was observed after STN1 knockdown. Likewise, the TmPyP4 caused a slight
increase in TIFs in the control (NT sh) cells. However, combined STN1 depletion and
TmPyP4 treatment elicited robust TIFs formation (Fig. 6A-B). This increase in
damage signals at chromosome ends that remain bound by TRF2 fits with partial
inhibition of lagging strand synthesis as many telomeres would be expected to retain

sufficient dsDNA to bind TRF2 while still eliciting a DNA damage response.

CST depletion slows lagging strand telomere replication after G4 stabilization

Since our FISH data suggested that combined STN1 depletion and G4
12
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stabilization preferentially inhibited lagging strand telomere replication, we set out to
directly test for this by quantifying the fraction of telomeres replicated by leading
versus lagging strand synthesis within a set time period. To achieve this, we labeled
S-phase cells with BrdU and then used CsCI gradients to separate telomeres newly
replicated by leading or lagging strand synthesis (termed leading or lagging telomeres)
and quantified the amount of newly replicated telomeric DNA.

HeLa NT sh and STN1 sh clones were synchronized at G1/S with a
double-thymidine block, then released into media with or without PDSs and allowed
to progress through S-phase for 4 hrs. They were then pulsed labelled with BrdU for 2
hrs and harvested (Fig. 7A & Fig. S7TA). DNA was isolated, restriction digested and
subjected to CsCl density gradient centrifugation to separate the replicated from
unreplicated telomeres (Fig. 7B)[46]. The gradients were fractionated and the relative
amount of telomeric DNA in each fraction was determined by slot-blot hybridization
using a telomere C-strand probe (Fig. 7C). Telomeres replicated by leading strand
synthesis incorporate two BrdU molecules per telomeric repeat (UUAGGG) and
hence sediment at a higher density than telomeres replicated by lagging strand
synthesis (CCCUAA) and both are separated from any unreplicated telomeric DNA,
which has no BrdU incorporation (Fig. 7B).

Quantification of the hybridization signal from replicated leading and lagging
telomeres indicated that PDS treatment decreased replication of lagging but not
leading telomeres as might be expected given the G-rich nature of the lagging-strand
template (Fig. 7D-E). STN1 depletion decreased the replication of both leading and
lagging telomeres suggesting a general slowing of replication through the telomere
dsDNA. The combination of STN1 depletion and PDS treatment had no further effect
on leading telomere replication. In contrast, lagging telomeres exhibited a significant
decrease in newly replicated DNA relative to either single treatment. The preferential
effect of the combined treatment on lagging telomeres indicates that CST (STN1)
plays an important role in facilitating lagging strand telomere replication in response

to G4-induced replication stress.
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Discussion

Although timely resolution of G4 DNA is essential to prevent stalling of DNA
replication and ensuing genomic instability, the mechanisms for G4 removal are still
not fully understood[30, 47]. Here we identify CST as a novel player in this process.
We show that mammalian CST unwinds G4 structure in vitro, prevents G4
accumulation in vivo and facilitates DNA replication through G4-containing sequence.
Although CST is particularly important for telomere replication, its roles in G4
resolution are not limited to telomeres. Induction of G4 structure increases CST
localization to both telomeric and non-telomeric chromatin and loss of CST slows
bulk genomic DNA replication after G4 stabilization. At telomeres, combined CST
depletion and G4 stabilization causes dramatic telomere loss and decreased
lagging-strand telomere replication. Thus, the capacity of CST to prevent or remove
G4 is essential to maintain telomere integrity. Our findings lead to a model where
CST facilitates Okazaki fragment synthesis by resolving or preventing G4 structure
on the single-stranded G-rich template DNA. Our data also support a role for CST in
preventing replication blocks by removing G4 structures that accumulate ahead of the
replication fork.

Failure of lagging-strand synthesis occurs when the exposed template DNA
forms secondary structures that block passage of the replicative polymerases[48].
Here we demonstrate the sensitivity of lagging-strand replication to G4 blocks by
showing that G4 stabilizers specifically cause the lagging-strand polymerases (Pol a
and Pol 3) to accumulate at telomeres. We also show that loss of CST greatly
exacerbates problems associated with G4 stabilization to cause G4-induced failure
of lagging strand synthesis. The result is a reduction in replicated lagging strand
telomeres and loss of telomeric C-strand DNA. These findings provide the first
direct evidence that CST facilitates DNA replication by resolving blocks to lagging
strand synthesis. Although multiple factors affect telomere replication[49-53], it is
most unusual to observe the preferential loss of one strand of telomeric DNA. This
is because problems associated with telomere dsDNA replication generally cause

replication fork stalling. Subsequent fork collapse leads to a DSB and loss of both
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DNA strands from one or other sister chromatid[54, 55]. Our finding that CST
depletion causes a specific reduction in C-strand DNA implies a lack of replication
fork collapse despite the perturbation of lagging strand synthesis. Given that leading
and lagging strand synthesis are normally tightly coupled[56], this phenomenon
could be explained if initiation of Okazaki fragment synthesis by Pol o remains
unaffected. We therefore suggest that G4 formation on the lagging strand template
blocks Okazaki fragment extension by DNA Pol o and/or Pol § rather than the
primer initiation step (Fig. 8). The outcome would be incomplete C-strand synthesis
(Fig. 5) and accumulation of ssDNA (Fig. 6) without stalling of the replication fork.
While the lagging strand template is a prime site for G4 accumulation at
telomeres and other G-rich sequences, G4 structures also form during transcription[28,
57]. They tend to occur on the displaced G-rich strands of R-loops and once formed
they stabilize the R-loop[58]. The resulting G4/R-loop combination can then block
passage of the replication fork. Since, TERRA transcription makes telomeres
especially prone to R-loop formation, efficient G4 removal ahead of the replication
fork is essential to prevent fork stalling and collapse[59]. Evidence that CST
participates in removal of G4 from telomeric dSDNA comes from our finding that
combined CST depletion and G4 stabilization causes MTS levels to increase on both
leading and lagging telomeres. Since MTS are a hallmark of replication fork
stalling[52], this result supports a role for CST in removing G4 structure ahead of the
replication fork. Replication fork stalling and collapse into a DSB is also likely to
explain the ~1.5% of telomeres that exhibit SFE with loss of G-strand DNA after CST
depletion and G4 stabilization (Fig. 5C). Although the current study is focused more
heavily on the role of CST in telomere replication, we show that CST depletion also
decreases bulk genomic DNA replication after G4 stabilization. We therefore predict
that the ability of CST to prevent or resolve G4 will be important for efficient DNA
replication at G-rich regions throughout the genome.
The detrimental effects of G4 on DNA replication and genome stability, likely
explains why cells have evolved a wide range of factors to remove these structures

(e.g. ssDNA binding proteins, helicases and nucleases)[60-63]. Depending on the
15


https://doi.org/10.1101/354050
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/354050; this version posted June 22, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

context of the G4, specific factors may be better suited for G4 prevention or
resolution. For example, RPA and CST have similar ssDNA binding and G4
unfolding activities[64]. However, use of CST to resolve G4s during DNA replication
may be advantageous because CST can unfold G4 structures more rapidly than RPA
and CST-coated ssDNA does not cause ATR activation (Fig. 1 and[19]). Helicases are
another major group of proteins known to promote efficient resolution of G4
structure[65]. However, engagement of a helicase on G4-containing DNA requires
either an adjacent region of ssDNA for loading or interaction with another protein.
For example, TRF1 is needed to recruit the BLM helicase to telomeres for G4
resolution[66]. In contrast to helicases, CST can load bind to and unwind G4 in the
absence of adjacent sSDNA[26].

Going forward it will be important to explore how CST interfaces with other G4
resolving activities in a cell. It could be that CST serves as a first line of defense
against G4-induced replication issues by coating the exposed ssDNA to prevent G4
formation without activating DNA damage signaling. CST-mediated G4 regulation
may be also important for processes beyond DNA replication. G4 structures are
expected to form at thousands of sites in the genome where they can affect a wide
ranges of cellular processes including transcription and translation. Interestingly,
mutations in CST cause Coats plus, a lethal disease with very pleiotrophic
symptoms[67-69]. While some symptoms mirror those of telomere maintenance
syndromes such as dyskeratosis congenita, others are unique. It is possible that the
diverse symptoms of Coats plus patients reflect both altered gene expression and

genome-wide replication issues due to loss of normal CST G4-resolving activity.

Material and Methods:

Cell culture:

Different HeLa, HelLa 1.2.11 cell clones and U20S cells were cultured in RPMI 1640,
HCT116 cells in McCoy’s 5A media containing 10% FBS, antibiotics and glutamine.

EMSA assays
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For Kd analysis, CST (0.75-60 nM) was incubated with 32P-labeled Tel21 (0.05 nM)
in binding buffer (10 mM Tris pH 7.4, 1 mM DTT) containing either150 mM NaCl or
150mM LiCI for 2h at 4°C to reach reaction equilibrium. DNA binding was then
monitored by EMSA. Samples were separated in 0.7% agarose gels with 1 x TAE for
1 h at 90V and 4°C and then quantified by Phosphorlmaging. To determine Kd, app,
the amount of bound versus free DNA was quantified using ImageQuantTL software.
Data were fit to a one site specific saturation binding equation using Graphpad prism

software.

CD Spectra

Tel21 DNA (0.5 uM) were dissolved in 10 mM Tris (pH 7.4) with 150 mM NaCl or
150 mM LiCl, heated at 95 °C for 5 min, and then cooled down to room temperature
over night.CD spectrum was collected from 320 to 220 nm at 1-nm bandwidth on a
Chirascan Plus CD spectropolarimeter (Applied Photophysics) with a 10-mm

pathlength at 25°C. Buffer blank correction was made for both samples.

Fluorescence Resonance Energy Transfer

Tel21 DNA labeled with fluorescein (FAM) at the 5'-end and tetramethylrhodamine
(TAMRA) at the 3'-end, were purchased from Takara Biotech (Dalian, China).) The
DNA (1 uM) was incubated with 25 or 100 nM proteins in 10 mM Tris (pH 7.4)
buffer containing 150 mM NaCl for 2h at 4°C. Then the fluorescence measurements
were carried out on a Spex Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon,
France) at 25°C. The excitation and emission slits were both 5 nm. Excitation was set
at 480 nm, and emission was collected from 490 to 650 nm. Lamp fluctuations were
corrected by using the reference channel. A buffer blank was subtracted for all

spectra.

Immunofluorescence (IF):
Cells were grown in chamber slides and fixed in 4% paraformaldehyde for 15 minutes,

washed 3 times with PBS, permeabilized with 0.15% Triton X-100 for 15 minutes,
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washed 3 times for 5 minutes with PBS, blocked with 10% BSA at 370 C for 1 hr in
humidified chamber, incubated with primary antibodies for overnight at 40 C, washed
with PBS three times, incubated with secondary antibody at r.t. for 1 hr, and finally
washed 3 times in PBS. Slides were treated with cold ethanol series, dried in the dark,
and DAPI-containing mounting medium (Vector Labs) was applied for visualization.
Images were taken under Nikon ECLIPSE Ti fluorescence microscope with a 100X
objective. Antibodies used were as follows: Flag-tag, Sigma-Aldrich, F3165; TRF2,
Millipore, 05-521; 53BP1, NOVUSBIO, NB100-304; HA-tag, Immunoway, YM3003;
Dylight 488-anti-mouse 1gG (ThermoFisher) and Dylight 549-anti-rabbit 1gG
(ThermoFisher).

Chromatin Immunoprecipitation

As previously described[19], cells were fixed with 1% formaldehyde for 20 min. then
treated with 200 mM glycine for 10 min to quench the reaction. Cell were pelleted by
centrifugation, suspended in swelling buffer (25 mM HEPES, pH 7.9, 10 mM KClI,
1.5 mM MgClI2, 1 mM EDTA, 1 mM DTT, 0.25% Triton X-100 and protease
inhibitors) on ice for 10 min, pelleted and incubated in sonication buffer (50 mM
HEPES, pH 7.9, 150 mM NaCl, 1 mM EDTA, 0.1% Sodium deoxycholate, 0.1% SDS,
1% Triton X-100 and protease inhibitors) and sonicated for 20 min. in a sonication
system (Dajin). Samples were centrifuged at 14 000 rpm for 10 min and the
supernatant used for ChlP. Samples containing supernatant (0.3 mg protein), antibody
(10 pg TPP1, abcam, ab54685; 5 pg Flag, Sigma-Aldrich, F3165; 15 ug Pol o, Santa
Cruz, sc-5921; 15 pg Pol 6, Santa Cruz, sc-10784; 15 pg Pol €, Santa Cruz, sc-398582)
and 1 pg yeast RNA were incubated overnight at 4°C. Protein A/G PLUS agarose
beads (Santa Cruz) were then added and samples incubated for 1 h at 4°C. Beads were
washed sequentially with wash buffer A (20 mM Tris—HCI, pH 8.0, 1 mM EDTA, 0.1%
SDS, 1% Triton X-100, 150 mM NacCl), buffer B (20 mM Tris—HCI, pH 8.0, ] mM
EDTA, 0.1% SDS, 1% Triton X-100, 500 mM NaCl), buffer C (20 mM Tris—HCI, pH
8.0, 1 mM EDTA, 0.5% NP40, 0.5% sodium deoxycholate, 250 mM LiCl) and TE

buffer (10 mM Tris—HCI, pH 8.0, 1 mM EDTA). The immunoprecipitate was eluted
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in 450 pl elution buffer (1% SDS, 0.1 M NaHCO3), and cross-linking was reversed by
incubation at 65°C overnight. The eluate was brought to 10 mM EDTA, 40 mM Tris—
HCI, pH 6.8 and treated with RNase A at 37°C for 1 h and protease K at 55°C for
another hour and the DNA purified by phenol-chloroform extraction. The input and
precipitated DNAs were analyzed by slot blot hybridization with either Tel or Alu
probes and the signal quantified by Phosphorimager. The background from the no
antibody control was subtracted and the amount of precipitated DNA was calculated

as a percentage of the corresponding input.

Telomere FISH

FISH was performed on metaphase spreads from methanol/acetic acid fixed cells as
previously described (18), with FITC G-strand probe (5
CCCTAACCCTAACCCTAA, Biosynthesis) or TelG-Cy3 PNA C-strand probe (5’
GGGTTAGGGTTAGGGTTA, Biosynthesis). Images were taken at a constant
exposure time. Multiple Telomere Signals (MTS) and Signal free ends (SFE) are
quantified by eye.

Telomere Southern Blot

Purified genomic DNAs were restriction digested then run on 1% agarose gels. Then
gels were denatured, dried and hybridized with *2P-labeled (TAAGGG)sTTA probe to
the telomere. The signal was quantified by Phosphorimager. Signal was quantified by
Phosphorlmager, and mean telomere length was determined by dividing each lane
into 100 boxes using ImageQuant and applying the formula XSig/Z(Sigl/LI), where
Sig is the sum of the signal from all 100 boxes, Sigl is the signal in an individual box,
and LI corresponds to the average length of the DNA in that box as determined using
DNA markers and a standard curve. To determine the relative amount of telomeric
DNA in each sample, the gel was then hybridized with a probe to the B-actin gene and
the signal quantified. The total telomere signal from individual lanes was divided by

the signal from the B-actin gene to normalize for gel loading.
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Analysis of Genomic DNA and Telomere Replication Rates

Whole genome replication rates were determined based on EdU uptake[14]. Cells
were cultured with or without PDS for 24 hours, then pulsed with 50 uM EdU for 45
min. Cells were stained for EdU uptake using Click-1t AlexaFluor488 according to the
manufacturer’s instructions. To quantify EdU uptake, the average fluorescence (AFU)
of individual nuclei was determined with Image J using particle analysis with
watershed. The defined regions of interest (ROI) were overlaid onto the image with
the EdU signal. The mean AFU was then acquired for each ROI. These numbers were
used to determine the average AFU of all nuclei and to show the distribution of nuclei
with different ranges of AFU/EdU uptake. At least 700 or 400 nuclei were scored for
each independent experiment.

For telomere replication analysis, HeLa cells were released into S phase after a
double-thymidine block and cultured in the media containing 50 uM PDS for 4 hrs,
then cells were washed and pulse labeled with BrdU (100 mM) for 2 hrs. Genomic
DNA was isolated by high-salt precipitation. Leading and lagging strand daughter
telomeres were separated in CsCl density gradients as described[18]. Gradients were
fractionated and the amount of telomeric DNA in each fraction was determined by
slot blot using *-P labeled C-strand probe. The percentage of newly synthesized
telomere was calculated by dividing the replicated leading or lagging strand peak by

the sum of all peaks.
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Figure legends:

Figure 1. CST and RPA bind telomeric ssDNA and disrupt G4 structure. (A-E)
Comparison of CST and RPA binding to Tel21 in 150 mM LiCl or NaCl. (A & C)
EMSASs showing CST (A) or RPA (C) binding. Reactions contained the indicated
amounts of protein and 0.05 nM DNA. (B & D) Quantification of CST (B) or RPA (D)
binding to Tel21 in LiCl versus NaCl. Data were fit to a one site specific model to
obtain binding isotherms and Kd(app). Mean £ SEM, n = 3 independent experiments
each with a different protein preparation. (E) Comparison of Kd(app) for CST and
RPA binding to Tel2l in LiCl or NaCl. (F) Emission spectra for
5’(FAM)-Tel21-(TAMRA)3’ following addition of indicated amount of CST or RPA
and excitation with 494 nM light. Reactions contained 150 mM KCI. (F) FRET
showing the disruption of G4 by CST and RPA. Donor fluorescence monitored in
real-time upon addition of 100 nM CST or RPA. The base line was set to 0 and the
maximum value for scan was set to 100. CST or RPA was added at the 50 seconds

time point. Related to Figure S1.

Figure 2. CST is recruited to telomeres after G4 stabilization. (A) Co-localization
of FLAG-STN1 and telomeres in HelLa cells after treatment with G4 stabilizers
TmPyP4 or PDS. Red, FLAG-STN1 immunostaining; Green, Telomere FISH; Blue,
DAPI. (B) Quantification showing FLAG-STN1 foci at telomere induced by G4
ligands. (C) Quantification showing increased numbers of FLAG-STN1 foci
following treatment with TmPyP4 or PDS. (C-D) ChIP analysis to examine changes
in localization of the indicated proteins to telomeres or Alu repeats after PDS
treatment. (D) Slot-blot analysis of DNA precipitated with antibody to TPP1, FLAG
(STNZ1), pol a, pol 6 or pol €. Blot was hybridized with a telomere (Telo) or Alu probe.
(E) Quantification of ChIP. Telo and Alu ChlIP signals were normalized against input
DNA. (B & D) Values are mean + SEM, n = 3 experiments, * P < 0.05. Related to
Figure S2.

Figure 3. STN1 depletion induces G4 formation and slows DNA replication upon
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G4 stabilization. (A) Localization of G4 and telomere DNA in control (NT sh) or
STN1-depleted (STN sh) HeLa cells. NT, non-target control shRNA. Red,
imunolocalization of G4 DNA; Green, telomere FISH; Blue, DAPI. Arrows indicate
telomere and G4 co-localization. Arrows indicate telomere and G4 co-localization. (B)
Quantification of total (left) and telomeric (right) G4 foci. Values are mean + SEM, n
= 3 experiments, * P < 0.05, ** P < 0.01. (C) Representative image of FLAG-STN1
expressing cells stained with antibody to FLAG and G4 DNA. Red, FLAG-STN1;
Green. G4; blue, DNA stained with DAPI. (D) Experimental timeline. NT sh, STN sh
or STN1 sh-R cell lines were treated with PDS for 24 hours with EdU added for the
last 45 min of treatment. STN1 sh-R, STN1 sh cells expressing sh-resistant
FLAG-STN1 allele. (E) EdU incorporation by the indicated PDS-treated cell lines.
Blue, DAPI; green, EdU. White boxes indicate regions enlarged in bottom panel.
White boxes indicate regions enlarged in bottom panel. (F) Quantification of EdU
uptake in the presence of PDS, as measured by mean fluorescence intensity (Mean *
SEM, n = 3 experiments, * P < 0.05). Each bar indicates the percent of nuclei within
the indicated AFU range. AFU, arbitrary fluorescence units. Related to Figures S3 to
Figures S5.

Figure 4. STN1 depletion and G4 stabilization cooperate to cause sudden
telomere loss. (A) Southern blot showing telomeric restriction fragments from NT sh
and STN1 sh HelLa cells grown with or without 10 uM PDS for 48 hrs. Probe was
(T2AG3)sTTA (top) or B-actin (bottom). M, molecular weight markers. (B) Scans
showing relative intensity of hybridization signal. Scans for each sample were from
top to bottom of blot. (C) Quantification of total telomere hybridization signal from
the indicated HeLa and U20S cell lines grown with or without PDS. Related to
Figure S5.

Figure 5. Combined STN1 depletion and G4 stabilization results in preferential
loss of telomeric C-strand DNA. (A) Model showing how G4 formation may block

DNA synthesis during telomere replication. Red indicates C-strands (identified in
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telomere FISH using Cy3-TTAGGG)3;TTA (red) probe), green indicates G-strands
(identified using FITC-(CCCAAT)3;CCC (green) probe). (B-E) Telomere FISH with
control NT sh or STN1 sh HelLa cells grown with or without 50 uM TmPyP4 for 48
hr. (B-C) FISH with probe to G-strand. (D-E) FISH with probe to C-strand. (B & D)
Representative images of metaphase spreads showing multiple telomere signals (MTS,
yellow arrows) and signal free ends (SFE, white arrows). (C & E) Quantification of
MTSs and SFEs. (Mean + SEM, n = 3 experiments, * P < 0.05, * P < 0.01, *** P
<0.001).

Figure 6. STN1 depletion enhances G4-induced telomere damage. (A)
Immunolocalization of 53BP1 (red) and TRF2 (green) inthe indicated cell lines
grown with or without 50 uM TmPyP4 for 48 hrs. Yellow arrowheads indicate TIFs
(sites of 53BP1 colocalization with telomeres). Scale bar, 5 um. (B) The percentage of
cells with >4 TIFs was determined for at least 50 cells in each experiment (Mean +

SEM, n = 3 experiments, * P < 0.05, ** P < 0.01).

Figure 7. STN1 depletion preferentially decreases lagging strand telomere
replication after G4 induction. (A) Experimental timeline. (B) Strategy to separate
replicated leading and lagging strand telomeres. Diagram shows BrdU labeling and
sedimentation profile for leading, lagging and unreplicated telomeres. Top of the CsCl
gradient is to the left. (C) Detection of leading and lagging telomeres by slot blot
hybridization with (TTAGGG)sTTA probe. (D) Quantification of telomeric DNA
hybridization from each gradient fraction. (E) Percent of newly replicated leading and
lagging strand telomere signals relative to the total telomere signal. Data are
representative of three independent experiments (Mean + SEM, n = 3, *P < 0.05,

**P < 0.01).

Figure 8. Model for how CST prevents preferential loss of telomeric C-strand
DNA following G4 stabilization. Top: In the absence of STN1/CST, replication of

the leading strand telomere is unaffected, however formation of G4 structure on the
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lagging strand template blocks Okazaki fragment synthesis. Bottom: CST/ STN1
resolves or prevents G4 formation. CST may also recruit DNA polo primase to

reinitiate replication after G4 resolution.

Supplemental Figure Legends
Figure S1. CD spectra of Tel21. The DNA was incubated in 150 mM NaCl (Purple
line) or 150 mM LiCl (Green line). The data was obtained with a 0.5 uM strand

concentration (pH 7.4) at 25°C. Buffer blank correction was made for both samples.

Figure S2. CTC1 is recruited to telomeres upon G4 stabilization. ChIP was
performed with HA antibody using HA-CTC1 expressing HelLa cells with and
without treatment with TmPyP4 or PDS. (A) Slot blot analysis of precipitated DNA.
Hybridization was with telomere probe (Telo) or Alu probe. (B) Quantification of
ChIP data. Telo and Alu ChIP signals were normalized against input DNA.

Data are expressed as mean £ SEM, n = 3, *P < 0.05. Related to Figure 2.

Figure S3. BG4 antibody recognizes DNA but not RNA-based G4 DNA. (A)
Immunofluorescence detection of G4 (red) in HelLa cells using BG4 antibody. Cells
were treated with RNase (left) or DNase (right) prior to immunolocalization and

counterstained with DAPI (blue).

Figure S4. Representative enlarged image of FLAG-STN1 expressing cells stained
with antibody to FLAG and G4. Red, FLAG-STNL1; Green. G4; blue, DNA stained
with DAPI. Related to Figure 3 Yellow arrowhead indicates rare co-localization of

FLAG-STN1 and G4.

Figure S5. STN1 depletion slows bulk genomic DNA replication after G4
stabilization. (A & B) Quantification of EdU uptake based on fluorescence intensity.
(A) Average fluorescence intensity values for all nuclei. The indicated HeLa cell lines

were grown with/without 10 uM PDS for 24 hrs. NT sh, non target control; STN1 sh,
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cells depleted of STN1 with shRNA; STN1 sh-R, STN1 sh cells expressing
sh-resistant FLAG-STN1. (B) Quantification of the percent of nuclei within the
indicated fluorescence range. EdU labeling was in the absence of PDS treatment.
AFU, arbitrary fluorescence units. Data are expressed as mean = SEM, n = 3, *P <

0.05. Related to Figure 3.

Figure S6. STN1 depletion induces telomere loss not telomere shortening after
G4 stabilization. (A) Genomic DNA from pools of U20S cells (control with NT
shRNA or knockdown with STN1 shRNA) was resolved by agarose gel
electrophoresis. Telomere restriction fragments were detected with 3’P-labeled
(TTAGGG)3STTA telomere probe. M, molecular weight markers. (B) Scans showing
relative intensity of hybridization signal. Scans for each sample were from top to

bottom of blot. Related to Figure 4.

Figure S7. Synchronization of cells used to separate leading and lagging strand

telomeres. (A) FACS analysis showing synchrony of cells used to collect DNA in Figure 7 D.
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