Cell Cycle 11:16, 3036-3044; August 15, 2012; © 2012 Landes Bioscience

Werner syndrome protein suppresses
the formation of large deletions during
the replication of human telomeric sequences
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Werner syndrome (WS) is a disorder characterized by features of premature aging and increased cancer that is caused
by loss of the RecQ helicase WRN. Telomeres consisting of duplex TTAGGG repeats in humans protect chromosome
ends and sustain cellular proliferation. WRN prevents the loss of telomeres replicated from the G-rich strand, which can
form secondary G-quadruplex (G4) structures. Here, we dissected WRN roles in the replication of telomeric sequences
by examining factors inherent to telomeric repeats, such as G4 DNA, independently from other factors at chromosome
ends that can also impede replication. For this we used the supF shuttle vector (SV) mutagenesis assay. We demonstrate
that SVs with [TTAGGG], sequences are stably replicated in human cells, and that the repeats suppress the frequency of
large deletions despite G4 folding potential. WRN depletion increased the supF mutant frequency for both the telomeric
and non-telomeric SVs, compared with the control cells, but this increase was much greater (27-fold) for telomeric SVs.
The higher SV mutant frequencies in WRN-deficient cells were primarily due to an increase in large sequence deletions
and rearrangements. However, WRN depletion caused a more dramatic increase in deletions and rearrangements arising
within the telomeric SV (70-fold), compared with non-telomeric SV (8-fold). Our results indicate that WRN prevents large
deletions and rearrangements during replication, and that this role is particularly important in templates with telomeric

sequence. This provides a possible explanation for increased telomere loss in WS cells.

Introduction

Werner syndrome (WS) is a rare autosomal recessive disorder
characterized by features of premature aging and a predispo-
sition to cancer'. WS is caused by loss of the WRN helicase/
exonuclease, which is a member of the highly conserved RecQ
helicase family.? Cells from WS patients undergo premature
replicative senescence, exhibit an extended S-phase and show
increased levels of genomic and telomere instability.>* Evidence
indicates that WRN protein has a critical role in responding to
DNA replication stress, and functions in the prevention or res-
toration of stalled and broken DNA replication forks.”” WRN-
deficient cells exhibit reduced rates of replication fork elongation
after exposures to agents that induce replication stress by either
generating DNA damage or by depleting nucleotide pools.?
Consistent with this, WRN is required to prevent replication-
associated breaks at fragile sites in vivo and to prevent DNA
polymerase 8 from stalling at fragile site sequences in vitro.®’
Together the data indicate that WRN has roles in facilitating
DNA replication, which are critical for genome maintenance and
cancer prevention.
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Telomeres are protein-DNA structures that protect chromo-
some ends and are critical for sustaining cell proliferation and
genome stability. Telomere dysfunction contributes to aging-
related pathologies and carcinogenesis.!”"! Human telomeres are
comprised of 5-15 kb of duplex TTAGGG repeats followed by a
single stranded G-rich 3" overhang and are bound by the 6-mem-
ber shelterin protein complex.!* The 3" overhang folds back and
invades the duplex telomeric DNA to form a displacement loop
(D-loop) that stabilizes the lasso-like t-loop end structure."
Telomere shortening results from the inability to completely rep-
licate chromosome ends and from defects in DNA repair or repli-
cation at telomeres.'? The loss of telomeric repeats is compensated
for by telomerase, but most human somatic cells lack telomerase
activity."™" Telomere dysfunction results when telomeres reach a
critical length, or when shelterin proteins are defective.'™" This
activates a DNA damage response resulting in apoptosis or senes-
cence, or chromosome end fusions and aberrations if checkpoint
proteins are defective.?

Accumulating evidence indicates that WRN is required for
proper telomere replication. WRN-defective cells show (1) an
increase in stochastic loss of telomeres that were replicated from
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Figure 1. Structure of shuttle vector containing telomeric DNA. Six telo-
meric repeats were inserted upstream and within the supF gene of the
pSP189 shuttle vector as shown. Four nucleotides of the supF gene were
mutated as indicated so the last repeat was located in the stem of the
supF tRNA hairpin structure. A scrambled telomeric sequence of identi-
cal size and nucleotide context was introduced to generate the control
shuttle vector (see Table S1). The chloramphenicol aceytltransferase
gene was introduced at the BamH| site. The 5' end of the mature tRNA
(*G) is marked as position 99 following the traditional nomenclature.

the G-rich lagging strand template, and (2) elevated sister chro-
matid exchanges in telomeric regions.*'"'8?! Premature senes-
cence, genomic instability and stochastic telomere loss in WS
cells can be rescued with either WRN or telomerase, indicating
that telomerase can compensate for WRN at telomeric ends.'®
We and others showed that WRN is required to prevent telomere
loss resulting from endogenous and environmental effectors of
DNA replication stress.'>** However, the precise role of WRN in
preventing telomere loss is not well defined.

Recent data indicate that telomeres resemble common fragile
sites that are prone to breakage during DNA replication stress.
Fragile sites are known hotspots for DNA deletions and rear-
rangements.”*** Cells lacking shelterin TRF1 or exposed to a
DNA polymerase inhibitor all exhibit aberrant chromosomal
telomeres thought to arise from fragmentation.”® Several obsta-
cles to telomere replication have been described, which offer
various scenarios for replication fork stalling and WRN roles
at telomeres. (1) WRN disrupts the telomeric end D-loops that
may impede replication fork progression.’®** (2) Single-stranded
DNA at the telomeric 3' overhang, in the D-loop and in Okazaki
fragments during telomere replication are G-rich and can fold
into G-quadruplex structures (G4 DNA).? G4 DNA is a non-
B-DNA structure that blocks DNA synthesis and is unwound
by WRN and BLM helicases in vitro.*® Telomere fragility is
suppressed by BLM and other helicases but increased with G4

stabilizing ligands,®?"% suggesting that G4 folds interfere with
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telomere replication. (3) Misalignment of DNA primers and
templates in repetitive sequences may provoke replication fork
stalling.?? (4) Telomeres are transcribed into non-coding RNAs,
which can impede telomere replication.* Thus, obstacles specific
to chromosome ends and/or inherent to the telomeric repeats
themselves may impede DNA replication and cause telomere loss.
In this study, we investigated more directly whether WRN is
required to replicate telomeric sequences by using supF mutation
reporter vectors harboring telomeric repeats. This system elimi-
nates other potential replication obstacles that exist at chromo-
some ends, such as tloop/D-loops or telomerase. Previously we
showed that human TTAGGG repeats are replicated accurately
in human cells despite their ability to form G4 DNA, unlike other
sequences that can form non-B DNA structures.”?’ Here we
report that WRN depletion elevated the supF mutation frequency
for vectors with control non-telomeric or telomeric sequences, but
the increase was significantly higher for the telomeric vector and
was primarily due to a dramatic increase in sequence deletion
events. Our results establish that WRN is required to accurately
replicate human telomeric sequences and provide a mechanism to
explain the stochastic loss of telomeres in WRN-deficient cells.

Results

Development of telomeric supF mutagenesis assay. To deter-
mine whether WRN is required to replicate telomeric sequences
in human cells, we constructed a shuttle vector containing six
telomeric repeats upstream to and within the mutation reporter
supF gene. This approach offers several critical advantages. (1)
Deletions of telomeric DNA within the SV will not affect cell
survival. However, loss of telomeric repeats at chromosome

12 and short telomeres

ends can cause apoptosis or senescence,
and defects in repair proteins (i.e., WRN) may synergistically
decrease cell survival. (2) Episomal vectors allow for direct com-
parison in different genetic backgrounds. Since the vector is not
integrated in the genome, there are no confounding effects of dif-
ferent integration points. (3) The vector has sufficient telomeric
repeats to form G4 DNA, but does not form complex telomeric
t/D-loops and lacks the substrate for telomerase. Thus, the addi-
tion of telomerase inhibitors, as done previously,* is not required
to unmask WRN roles in preserving telomeric sequence. This
approach allows us to examine WRN roles in modulating fac-
tors inherent in telomeric sequence, independently from poten-
tial confounding effects of complex end structures, telomerase
activity and telomere transcription. The new supF vector inte-
grates the last repeat of the inserted [TTAGGG], sequence in
the acceptor stem of the supF tRNA (Fig. 1). The control vec-
tor contains a 36 bp scrambled sequence of identical nucleotide
composition as the [TTAGGG], sequence (Table S1). These
vectors have very low background mutant frequencies in E. coli.
For the scrambled control vector no mutants were detected in
14,694 colonies, yielding an estimated mutant frequency of <
6.8 x 10°. The telomeric vector provided a background mutant
frequency of 3.9 x 10~ (1 mutant/25,549 total colonies) indicat-
ing that both vectors are highly stable upon replication in the
indicator E. coli strain.
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WRN depletion increases the mutant frequency shCTRL shWRN B
of the telomeric vector. The control and telomeric 200 - p=0.0064 150
SVs were transfected into human U20S cells stably ' 1 ]
expressing either a control shRNA (shCTRL) or an p=0.0076
shRNA targeted against WRN (shWRN)* (Fig. 2). | € '
WRN expression was decreased to 24% of the control =
cells (Fig. 2B). SVs were replicated for 48 h, isolated g 1201
and subjected to Dpnl digestion to select for replicated g
vectors, which were then transformed into the E.coli §
reporter strain and subjected to blue/white screening | £ 801 F_EI z
for supF mutants. The mean mutant frequencies for | 3 e =2
the scrambled and telomeric vectors after replication 40 25 anti-WRN ﬁ
in shCTRL U20S cells were very similar at 5.2 x 104 I
and 5.6 x 10, respectively (Fig. 2A). Thus, human 52 56 l anti- Lamin B _I
telomeric repeats are not mutagenic and are stably 0 y = :
replicated in normal human cells in agreement with &&0 06\% &0\0 Qo\b
our previous results using a different shuttle vector %c}'b (\VQJ @c}q’ /\‘?@
mutagenesis system.” In contrast, replication of the ~ <
telomeric vector in WRN deficient U20S cells yielded
a significantly higher (6-fold) mutant frequency com- . S ) )

. Figure 2. WRN depletion significantly increases the supF mutant frequencies

pared with the scrambled vector (150 x 10 vs. 25 x 10, for the telomeric vector. (A) supF mutant frequencies for scrambled control and
p value = 0.0076). Thus, vectors with telomeric repeats telomeric vectors after replication in WRN-proficient and -deficient cells. Shuttle
are more mutagenic in the absence of WRN protein. | vectors were replicated in U20S cells expressing control or WRN shRNAs for 48 h,
Consistent with this, WRN depletion increased the isolated and transformed into the rgpo.rter E.coli strain to screen for.supF mutants.
scrambled vector mutant frequency 4.8-fold but signif— Value§ are the mean and error bars indicate SEM.from at !east three independent
i R experiments. (B) Western blot shows WRN protein levels in U20S cells stably
1cant1y elevated the relomeric vector mutant frequency expressing control or WRN shRNAs. Quantification revealed a 76% knockdown in
27-fold (p value = 0.0064), compared with control cells | WRN expression.

(Fig. 2A). The vectors with telomeric repeats exhibit
an increased dependence on WRN protein to suppress
mutagenic events during replication compared with non-telo-
meric vectors.

Reduced recovery of vectors from WRN-depleted U208
cells. Next, we examined whether insertion of the telomeric
repeats altered the efficiency of recovering replicated vectors from
the control and WRN-depleted human cells. For this the chlor-
amphenicol (chlor) resistant scrambled or telomeric vectors were
co-transfected with the kanamycin (kan) resistant vector pEYFDP-
Cl, which served as an internal standard, and were isolated 48
h after culturing. The mean recovery efficiency (see Methods
for calculation) of the replicated scrambled and telomeric vec-
tors from the shCTRL cells was 53 for both, indicating the telo-
meric repeats did not interfere with SV replication or recovery
in WRN proficient cells (Fig. 3). The mean recovery efficiency
for the scrambled vector from shWRN cells was 27, which was
slightly higher than for the telomeric vector at 20. WRN deple-
tion resulted in a near 2-fold decrease in recovery for both the
scrambled and telomeric vectors compared with WRN proficient
cells. This suggests WRN is required for efficient SV replication
and/or to prevent large deletions that impact the chlor resistant
gene or the mammalian/bacterial origins of replication on the
vector.

WRN depletion causes a large increase in deletion formation
in SVs with telomeric repeats. To determine the mechanism(s)
for the significant increase in supF mutant frequency for the telo-
meric vector upon WRN depletion, we investigated the mutations
arising from vector replication in the human cells. SVs replicated
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in U20S cells were transformed into the reporter E. coli strain.
Plasmids were isolated from independent white mutant bacteria
colonies and subjected to double digestion with Xhol and Eagl to
determine whether the telomeric or scrambled sequences and the
supF gene were present (see Methods and Fig. 1). The majority
of mutant telomeric vectors from the WRN-deficient cells exhib-
ited abnormal digest patterns (Fig. S1) indicating that the supF
gene was likely deleted. Therefore, vectors were sequenced using
a primer that binds at the 5'end of the CAT gene rather than
previously used primers.** Mutations sorted into two categories
(1) point mutations (PM) within the supF gene or (2) deletions
and unknown rearrangements (del/rrg). All the PM detected
were base substitutions with an obvious bias at G*C base pairs
(94%), compared with AT base pairs (3%), arising primarily
at GA*CT dinucleotide sites (Fig. S2), consistent with previous
reports for these cells.?” Neither the presence of telomeric repeats
or WRN depletion altered this bias. The majority of del/rrg were
well defined deletions greater than 500 bp and approximately
30-40% exhibited 1-3 bp of microhomology (Tables S2-5).
Again, neither the presence of telomeric repeats or WRN altered
the deletion sizes in an obvious way.

Insertion of the telomeric repeats did not significantly alter
the overall mutant frequency, but rather altered the types of
mutations generated after SV replication in shCTRL U20S cells
(Table 1). While the PM and del/rrg frequencies were nearly
identical for the scrambled vector (2.7 x 10 and 2.5 x 10,
respectively), the PM frequency was 2.2-fold higher than the
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Figure 3. The pSP189 vector recovery efficiency is decreased in WRN-
deficient cells. The graph shows vector recovery efficiencies for the
scrambled control and telomeric vectors after replication in control

and shWRN U20S cells. The kan-resistant vector pEYFP-C1 was co-
transfected with scrambled or telomeric pSP189 vectors into U20S cells.
Vectors were isolated after 48 h, electroporated into E. coli and plated
on selective media. The recovery efficiency was calculated as the ratio
of chlor- to kan-resistant colonies. Values are the mean and error bars
indicate SEM from two to three independent experiments.

del/rrg frequency (3.9 x 10 and 1.7 x 107, respectively) for the
telomeric vector. This agrees well with our previous result using
the HSV-¢£ shuttle vector that the insertion of human telomeric
repeats stabilizes the vectors and suppresses the occurrence of
large deletions and rearrangements.®

WRN is required to suppress both PM and del/rrg arising
within the telomeric SV upon replication in human cells. WRN
depletion increased the PM frequency slightly for the scrambled
SV and more noticeably (8.5-fold) for the telomeric SV com-
pared with the control cells (Table 1). However, WRN defi-
ciency caused a much greater effect on del/rrg events. The del/
rrg frequency for the scrambled vector was moderately increased
8-fold to 20 x 10, but was dramatically elevated 70-fold to 120
x 107 for the telomeric SV, compared with shCTRL cells. Next
we compared the proportions of mutation types. U20S cells
exhibited a higher proportion of PM relative to del/rrg; however,
WRN depletion shifted the bias toward del/rrg for both vectors
(Table 1). The shWRN-mediated increase in the proportion of
del/rrg was statistically significant for the telomeric vector (p =
0.0012) but not for the non-telomeric vector (p = 0.055), relative
to shCTRL cell (Fisher’s exact test). Several of the del/rrg events
exhibited endpoints within the supF gene and within or near the
telomeric repeats, although endpoints also existed within the
scrambled sequence of the control vector (Fig. 4). In summary,
the data indicate that WRN has a greater role in suppressing
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deletions and rearrangements, compared with point mutations,
and that this role is more critical in templates with telomeric
repeats.

G4 DNA structures form in single-stranded [TTAGGG],
sequences. One potential mechanism for the increase in dele-
tions arising within the telomeric SV upon WRN depletion is
unresolved G4 DNA structures that interfered with replication.
Therefore, we asked whether the telomeric repeats fold into G4
DNA in the context of the supF gene flanking sequences. We and
others established atomic force microscopy (AFM) as a useful
tool for detecting G4 folds in ssDNA, and showed G4 DNA gen-
erates structures with distinct peaks at heights close to 1 nm. 4!
AFM images were collected of the DNA oligonucleotides used
to construct the SVs with [TTAGGG], repeats or the scrambled
sequence (Table S1). The mean peak-height of structures in AFM
images of the scrambled sequence oligonucleotides was 0.6 nm (+
0.1 nm) (Fig. 5A and C), which is consistent with peak-heights of
ssDNA." On the contrary, the AFM images of the [TTAGGG],
containing oligonucleotides exhibited structures with a mean
peak-height at 0.9 (+ 0.2) nm (Fig. 5B and D), which is consis-
tent with G4 DNA folds or intermediate structures in the folding
pathway.**> A small population of the [TTAGGG], molecules
displayed peak-heights at 0.6 nm (Fig. 5D, black arrow), rep-
resenting unfolded ssDNA. This unfolded population served
as an internal standard for peak-height comparisons between
structures from the scrambled sequence molecules and the telo-
meric molecules. These data show that the telomeric repeats can
spontaneously fold into G4 DNA in the context of SV flanking
sequence and ssDNA.

Supercoiled telomeric SVs do not form G4 DNA prior
to replication in human cells. Next we wished to determine
whether the deletions induced in the telomeric SV were associ-
ated with replication. It is well established that the high-energy
state of supercoiled DNA can lead to formations of non-canonical
DNA structures, such as cruciforms, Z-DNA and H-DNA. 4%
Furthermore, transitions to these structures simultaneously relax
the DNA. Preformed alternate structures in supercoiled plasmids
can induce deletions independently of DNA replication.”” To
investigate whether telomeric sequences formed G4 structures
in the supercoiled SVs prior to transfection into human cells,
we visualized telomeric SVs using AFM. Previous work showed
AFM can be used to detect cruciforms and H-DNA in super-
coiled plasmids.** A representative AFM image of the telomeric
SV is shown in Figure 6. All circular DNA molecules observed
(n = 80 molecules) were in a plectonemic shape, with forma-
tions of large loops between very tightly twisted segments. These
images are consistent with previous AFM images of supercoiled

4 However,

DNA under similar sample preparation conditions.
no structures with peaks near 1 nm in height were observed on
the telomeric SVs except at regions where strands of duplex DNA
overlapped (Fig. 6, white arrow). These regions of overlapping
DNA were distinctly different from the defined peaks of a single
G4 structure formed from six telomeric repeats® (Fig. 5B). In
summary, contrary to Z-DNA and H-DNA, the data indicate
that G4 structures do no form on duplex telomeric DNA by
introducing supercoiling.
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Table 1. Sequenced mutations arising in the supF SV after replication in human cells

Scrambled shCTRL
5.2x10*

Mutation class

Overall mean mutant frequency

Point mutations

Mean mutation frequency 2.7x10*
Number 1
Proportion of total 0.52

Deletions and rearrangements?

Mean mutation frequency 2.5x10*
Number of mutations 10
Proportion of total 0.48

Total mutations (mutants) 21 (21)

[TTAGGG], shCTRL Scrambled shWRN [TTAGGG], shWRN
5.6x10* 25x10* 150x10*
3.9x10* 5.2x10* 33x10*

16 4 5
0.70 0.21 0.21
1.7x10* 20x10* 120x10*
7° 15¢ 194
0.30 0.79 0.79
23(17) 19 (19) 24 (21)

2ldentical deletions or rearrangements from the same SV transfection experiment in human cells were scored once to avoid the inclusion of potential
SV siblings (progeny from a single mutagenic event). *Includes a mutation in which one (AGGGTT) repeat was inserted into the [TTAGGG], sequence.
‘Includes one unknown rearrangement and 14 defined deletions. “Includes four unknown rearrangements, 14 defined deletions and a mutation in

which one (AGGGTT) repeat was deleted from the [TTAGGG], sequence.
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Figure 4. Deletions and rearrangements with endpoints in the supF gene and telomeric repeats. The supF gene with borders marked by
or scrambled sequence insert and the Xhol and Eagl restriction sites are shown 5' to 3'. Bases marked in grey are alterations in the tRNA acceptor stem.
End points of deletions or rearrangements are marked by an open arrow head (shCTRL) cells or a solid arrow head (shWRN) cells. Deleted or altered
sequences are all 3' to arrowheads unless otherwise noted with an arrow. The 5' end of the mature tRNA (*G) is marked as position 99 following the

telomeric

ul n
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Discussion

Previous studies showed WRN protein localizes to telomeres in
S-phase and is required to prevent the loss of chromosomal telo-
meres replicated from the G-rich lagging strand.***?* Here we dis-
sected WRN roles in the replication of telomeric sequences using
the supF shuttle vector mutagenesis assay to test factors inher-
ent to the repeats, such as G4 DNA, independently from chro-
mosome end structures and enzymatic processing. Consistent
with our previous results,”® we demonstrated that (1) SVs with
[TTAGGG], sequences are stably replicated in human cells and

(2) insertion of the repeats suppresses the frequency of large
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deletions despite G4 folding potential (Fig. 2). WRN depletion
increased the supF mutant frequency for both the telomeric and
non-telomeric scrambled SVs, compared with the control cells,
but this increase was much greater for the telomeric SVs (Fig. 2).
The higher supF SV mutant frequencies in WRN-deficient cells
were primarily due to an increase in large sequence deletions
and rearrangements for both vectors. However, WRN depletion
caused a more dramatic increase in deletions and rearrangements
arising within the telomeric SV compared with the scrambled
SV. Our results show that WRN prevents deleterious mutagenic
events during DNA replication, and that this role is particularly
important in templates with telomeric sequence.
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frequency obtained when the telomeric SVs were
replicated in WRN-deficient cells compared with
control cells (Fig. 2). Thus, while WRN can
unwind both Z-DNA and G4 DNA, it only sup-
presses deletions induced by telomeric sequences,
but not Z-DNA forming sequences.?** This may be
related to different mechanisms by which the telo-
meric and Z-DNA-forming sequences induce DNA
deletions. Z-DNA is pre-folded prior to replication
and the deletions are not dependent on replication,?”
unlike the telomeric DNA (Fig. 5). Furthermore,

the mutation spectrum of the control and Z-DNA
SVs in both WRN proficient and deficient cells
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consisted primarily of BS.* The domination of
BS was attributed to oxidative damage, which was
increased in WRN-depleted U20S cells.*” In con-
trast, we observed that WRN depletion resulted in
a much greater increase in deletions, compared with
BS (Table 1). This difference is likely explained by
our culturing the U20S cells at 5% oxygen to mini-
mize oxidative damage. Furthermore, the design of
our supF telomeric SV allowed for the detection of
larger deletions compared with the supF Z-DNA

SV, since we could detect deletions into the ampicil-

for each.

Figure 5. Telomeric repeats form G4 DNA in the context of the supF gene. Represen-
tative AFM images of oligonucleotides with scrambled sequence (A) or six telomeric
repeats (B) and supF gene flanking sequence (see Table S1). The images are 400 nm x
400 nm at 2 nm Z-scale. Histogram of peak-heights of structures in the AFM images
of oligonucleotides with scrambled sequence (C) or six telomeric repeats (D), n = 97

lin resistance gene up to the SV 40 origin. Thus, it
was possible for our system of selection to recover a
greater number of mutants with large deletions.
Our data indicate that the mechanism for SV
sequence deletions in WRN-depleted cells resulted
from replication-induced DSBs. Replication fork

We observed a greater role for WRN in suppressing deletions
and rearrangements compared with base substitutions (Table 1).
This increase in deletions is likely an underestimate, since the
recovery of SVs from shWRN U20S cells was lower compared
with shCTRL cells (Fig. 3). Large deletions that compromise the
SV drug resistant genes or replication origins will cause loss of the
SV, excluding these events from detection. WRN-deficient cells
exhibited a slightly reduced recovery of telomeric SV compared
with the scrambled SV, consistent with WRN roles in replicating
telomeric sequences. However, the recovery of both vectors was
reduced in WRN-deficient cells, compared with control cells,
suggesting that WRN has a more general role in SV mainte-
nance. Our data suggest this role is to prevent sequence deletions.
Consistent with this, previous studies of mutation rates at the
HPRT chromosomal locus from SV-40 transformed WS fibro-
blasts revealed an increase in large deletion events.” Importantly,
these studies also confirmed that SV-40 large T-antigen helicase
could not compensate for WRN roles in suppressing deletions,
consistent with our results using a SV that requires SV-40 large
T-antigen for replication.

A recent study by Bacolla et al. showed that WRN deple-
tion caused a 2-fold increase in mutant frequency for both the
control vector and the SV with Z-DNA forming sequences.®’
This is vastly different from the 27-fold increase in supF mutant
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stalling due to alternate structures or other fac-

tors can cause the fork to collapse into DSBs. >
AFM imaging of the supercoiled SVs revealed no evidence of pre-
folded alternate structures, including G4 DNA, in the telomeric
SV (Fig. 6). In contrast, the introduction of Z-DNA forming
sequences in the supF SV caused the formation of alternate struc-
tures prior to transfection into human cells and induced large
deletions independently from DNA replication.?” Thus, the dele-
tions could result from nuclease cleavage at Z-DNA structures.
In stark contrast to Z-DNA forming sequences, the introduction
of telomeric G4 forming sequences in the supF SV actually sup-
pressed the deletion frequency in control cells (Table 1). Thus,
our data are consistent with the model that deletions in the telo-
meric SV are due to secondary structures or others factors that
arise during replication, rather than nucleolytic processing of pre-
formed secondary structures.

Possible mechanisms for the increase in deletion frequencies
in WRN-depleted cells are (1) WRN roles in preventing DSB
formation during replication, or (2) WRN roles in promoting
error-free repair of replication-induced DSBs. While WRN is not
required for DSB repair, WRN minimizes nucleotide end resec-
tion to prevent large deletions during non-homologous end join-
ing (NHE]) of DSBs.” However, our data showed that the mean
deletion sizes in the SVs were similar in the presence or absence of
WRN and so was the percent of deletion endpoints that exhibited
microhomology at the junction sites. Therefore, our data indicate
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that WRN does not suppress end resection at break points in
our SV assay. Instead, we argue that the increase in deletion fre-
quency is a result of WRN roles in preventing replication fork
demise and collapse into DSBs, consistent with data that WRN
promotes replication fork progression on chromosomes.?

While our results clearly show that WRN suppresses the for-
mation of deletions during the replication of telomeric sequences,
we cannot rule out the possibility that factors inherent to telo-
meric sequence other than G4 formation may be responsible for
causing deletions. Mutating G residues in the TTAGGG repeats
or other G4 forming sequences prevents G4 folding, but also
alters sequence context effects which are known to influence DNA
polymerase activity.’>! G4 folding can be suppressed in vitro by
altering ionic reaction conditions;** however, this is not possible
in vivo. Indeed we observed that the replicative DNA polymerase
3 stalls on TTAGGG templates even under ionic conditions that
suppress G4 folding (our unpublished data). Consistent with
this, WRN promotes polymerase 8 DNA synthesis through the
FRAI6D fragile site in vitro and suppresses breakage at fragile
sites in vivo.®? Thus, there is precedent for WRN facilitating rep-
lication through difficult templates by mechanisms other than
G4 unwinding.

In summary, we demonstrate that WRN is required for sup-
pressing deleterious DNA deletions that are induced by factors
inherent to telomeric repeat sequences, independently from enzy-
matic processes and complex DNA conformations at chromo-
somal ends. Our data support the model that in WRN-deficient
cells, unresolved G4 DNA or other factors in telomeric sequences
induce replication fork stalling and collapse, leading to large
deletions. In a cellular context, this causes stochastic telomere
loss, which is a characteristic of WRN-deficient cells.’

Experimental Procedures

Cell culture and reagents. Human U20S osteosarcoma cells were
cultured in Dulbecco’s modified Eagle media (DMEM) supple-
mented with 10% fetal bovine serum and Penicillin/Streptomycin
(Invitrogen) and grown at 5% O,, 5% CO, and 37°C. U20S
cells proficient and deficient for WRN were generated by stably
expressing a scrambled shRNA (shCTRL) and shRNA against
WRN (shWRN) respectively, as described in reference 38. Cells
were cultured in the presence of hygromycin (200 pg/ml) (EMD
Chemicals Inc.) to maintain selective pressure for shRNA expres-
sion. All the restriction enzymes were obtained from New England
Biolabs. Chloramphenicol (chlor), 5-bromo-4-chloro-3-indolyl
B-d-galactoside (X-Gal) and kanamycin (kan) were purchased
from Sigma Chemical Co. while isopropyl (-d-thiogalactoside
(IPTG) was obtained from Fisher Bioreagents. All oligonucle-
otides were from Integrated DNA Technologies Inc. (Table S1).
Construction of supF reporter gene shuttle vectors contain-
ing telomeric repeats. The shuttle vector (SV) pSP189 harbor-
ing the supF mutagenic reporter gene was kindly provided by
Dr. Karen Vasquez (University of Texas).”® To optimize vec-
tor selection in bacteria, the chloramphenicol acetyltransfer-
ase (cat) gene was cloned into the BamHI site of pSP189. The
sequence (TTAGGG)6 was inserted such that the last repeat was
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2nm

Figure 6. Supercoiled telomeric shuttle vectors lack pre-folded G4
structures. Representative AFM image of telomeric SVs (0.5 wg/ml). The
image is 1.8 wm x 1.8 wm at 2 nm Z-scale. The white arrow points to a
region where strands of duplex DNA overlap.

present in the supF acceptor stem of the suppressor tRNA mol-
ecule (Fig. 1) to generate the telomeric SV. For this the following
mutations were introduced into the supF gene: G100T, G102A,
C176T, and C178A. To generate the scrambled control SV the
sequence [CTT GCT TAC GAC TTA CCG TTC ATC GTT
GA] was inserted 3' to the supF gene and the following residues
of the acceptor stem were mutated: T100A, G102A, C1767T, and
C178A. SV construction was as described previously.” Briefly,
oligonucleotides (Table S1) containing the telomeric or scrambled
control sequences and the supF gene were annealed and cloned into
the Xhol and Eagl restriction sites of the pSP189 vector. Ligation
reactions were transformed into the MBM7070 indicator E. coli
strain (provided by Dr. Karen Vasquez, University of Texas) and
plated on LB agar plates supplemented with chlor (50 pg/ml),
X-gal (0.12 mg/ml) and IPTG (0.3 mg/ml). Plasmids were iso-
lated from wild type blue colonies and sequenced (ACGT Inc.) to
confirm the correct sequence.

SupF mutational analysis of telomeric and control shuttle
vectors. SupF mutant frequencies of the various SVs were deter-
mined after replication in human U20S cells as described previ-
ously.”” For transfections, 2 g SV was mixed with 2 x 10° cells
in 100 ! of nucleofector kit V solutions and electroporated using
the Amaxa Nucleofection system (Lonza). After 48 h of growth
in supplemented DMEM media the SVs were isolated using the
PureLink Quick Plasmid Miniprep kit (Invitrogen). Vectors were
digested with Dpnl enzyme to remove vectors that were not rep-
licated in U20S cells, and were then transfected into MBM7070
bacteria, incubated for 45 min at 37°C, and plated on selective
media containing 50 pg/ml chlor, 0.12 mg/ml X-gal and 0.3
mg/ml IPTG to screen for supF mutants by blue-white screen-
ing.¥” All mutant white colonies were confirmed by re-plating on
selective media. The supF mutant frequency was determined as
the number of mutant white colonies divided by the total num-
ber of chlor-resistant colonies. To test for the recovery efficiency
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of the SVs after replication in human cells, we co-transfected
1 x 10° U20S cells with 1 g of SV harboring the chlor resis-
tant gene and 1 g of pEYFP-C1 (Clontech) harboring the kan-
resistant gene, which served as an internal standard to control
for differences in transfection efficiency. Both vectors contain an
SV40 origin of replication. The vectors were electroporated into
human cells as described above, isolated 48 h after culturing, and
transfected into MBM7070 E. coli. The recovery efficiency was
calculated as the ratio of chlor-resistant bacteria colonies to kan-
resistant colonies.

Generation of supF shuttle vector mutation spectra. To
obtain independent mutants for analysis, after electroporation
of replicated shuttle vectors into MBM7070 bacteria, the culture
was placed on ice and aliquoted into multiple tubes containing
200 pl media. After the 45 min recovery at 37°C, each aliquot
was plated on selective media, and one white mutant was iso-
lated for plasmid purification and DNA sequencing. This ensures
that any mutational hotspots were not due to division of bacte-
ria harboring supF mutant vectors during the 45 min recovery.
To initially screen for mutants with large deletions or rearrange-
ments the plasmids were digested with Xhol and Eagl restric-
tion enzymes (Fig. 1). Sequence changes and mutations within
the promoter and coding region of the supF gene, as well as the
telomeric inserts, were determined by dideoxy DNA sequencing
(ACGT Inc.). DNA sequence analysis was done using Align-X
software of Vector NTI Advance (Invitrogen). The primer used
for DNA sequencing (Table S1) annealed at the 5' end of the car
gene to prime sequencing through the supF gene. Mutant SVs
from the same transfection into human cells that exhibited the
identical deletion or rearrangement could have resulted from
either (1) that mutation occurring independently in different
U20S cells, or (2) from an early mutagenic event that was repli-
cated multiple times during the 48 h growth. To maintain rigor
and consistency, these mutants were considered siblings and were
scored once. The same mutations occurring in different clones
were considered independent.

Statistics. Means and standard deviations of mutant frequen-
cies were calculated and statistical significance was determined
by two-tailed ttest using Microsoft Excel. Fisher’s exact test
was used to calculate statistical significance between propor-
tions of deletions/rearrangements using GraphPad InStat version
3.10 for Windows, GraphPad Software (www.graphpad.com).

Significance was determined at p < 0.05.

AFM imaging and analysis. SupF telomeric SV or olig-
nucleotides used to construct the scrambled and telomeric SVs
(Table S1) were diluted to a final concentration of 0.5 or 1 g/
ml in a buffer containing 25 mM Hepes pH 7.5, 25 mM sodium
acetate, and 10 mM MgCl,. Buffers were pre-heated at 65°C for
15-30 min to dissolve small salt particles that may have accumu-
lated during storage. Molecules were pre-incubated at 37°C for 15
min immediately prior to deposition onto a freshly cleaved mica
disk (SPI Supply). All samples were washed with MilliQQ water
and dried under a stream of nitrogen gas. Images were collected
using a MultiModeV microscope (Veeco Instruments) using E
scanners in tapping mode. Pointprobe® plus noncontact/tapping
mode silicon probes (PPP-NCL, Agilent) with spring constants
of 50 N/m and resonance frequencies of ~190 kHz were used.
Images were captured at a scan size of 2 pum x 2 um, a scan rate
of 3 Hz, a target amplitude of 0.30 to 0.35 V and a resolution of
512 x 512 pixels.
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