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important for understanding genome instability diseases.
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(Background: Repeated sequence non-B DNA structures impede replication forks and produce replication stress.
Results: A PKDI polypurine-polypyrimidine mirror repeat sequence stalls replication forks in an orientation-dependent

Conclusion: Non-B DNA structure formation of the Pu-rich lagging strand template leads to checkpoint activation.
Significance: Deciphering how non-B DNA structures provoke replication stress, checkpoint activation, and adaptation is
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DNA sequences prone to forming noncanonical structures
(hairpins, triplexes, G-quadruplexes) cause DNA replication
fork stalling, activate DNA damage responses, and represent
hotspots of genomic instability associated with human disease.
The 88-bp asymmetric polypurine-polypyrimidine (Pu-Py) mir-
ror repeat tract from the human polycystic kidney disease
(PKD1) intron 21 forms non-B DNA secondary structures in
vitro. We show that the PKD1I mirror repeat also causes orien-
tation-dependent fork stalling during replication in vitro and in
vivo. When integrated alongside the c-myc replicator at an
ectopic chromosomal site in the HeLa genome, the Pu-Py mirror
repeat tract elicits a polar replication fork barrier. Increased
replication protein A (RPA), Rad9, and ataxia telangiectasia-
and Rad3-related (ATR) checkpoint protein binding near the
mirror repeat sequence suggests that the DNA damage response
is activated upon replication fork stalling. Moreover, the proxi-
mal c-myc origin of replication was not required to cause orien-
tation-dependent checkpoint activation. Cells expressing the
replication fork barrier display constitutive Chk1 phosphoryla-
tion and continued growth, i.e. checkpoint adaptation. Excision
of the Pu-Py mirror repeat tract abrogates the DNA damage
response. Adaptation to Chkl phosphorylation in cells express-
ing the replication fork barrier may allow the accumulation of
mutations that would otherwise be remediated by the DNA
damage response.

The polycystic kidney disease 1 (PKD1; Online Mendelian
Inheritance in Man (OMIM) 173900) gene encodes the poly-
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cystin 1 protein, an integral membrane protein important for
cell-cell adhesion and signal transduction (1). In humans, germ-
line mutations in the PKDI gene (chromosome 16p) are asso-
ciated with more than 85% of cases of autosomal dominant
polycystic kidney disease. A screen for mutations in 131 unre-
lated patients with autosomal dominant polycystic kidney dis-
ease revealed that missense, polymorphism, and frameshift
mutations were more than twice as frequent in exons 15-17 (1
per 49 bp) and 22-26 (1 per 48 bp), flanking intron 21 (IVS21),
than in exons 1- 8 (1 per 132 bp) (2), suggesting that the PKD1
intron 21 may promote mutations in neighboring sequences.
The PKDI gene lies immediately adjacent to the tuberous
sclerosis 2 (TSC2) tumor suppressor gene that is commonly
mutated in tuberous sclerosis complex (3, 4). In a study of 45
unrelated tuberous sclerosis patients by Brook-Carter et al. (5),
renal ultrasound revealed 18 patients with renal cysts. Of these
patients, 11 also displayed renal angiomyolipomata (6), and six
had severe infantile polycystic kidney disease with large chro-
mosomal deletions disrupting both 7SC2 and PKDI (5, 7).
The PKDI locus contains a 2.5-kb polypurine-polypyrimi-
dine (Pu-Py)* tract comprising several large mirror repeat
sequences capable of forming triplex or G-quadruplex struc-
tures (8, 9). The PKDI Pu-Py sequences establish polar barriers
to DNA replication (9) and form triplex structures visible by
atomic force microscopy (10). Consistent with the view that an
alternative DNA structure formed by the PKDI IVS21 is
responsible for mutagenesis in polycystic kidney disease (11),
Bacolla ez al. (12) demonstrated that plasmids containing the
PKD1 IVS21 DNA sequence were recognized as DNA lesions
by the nucleotide excision repair pathway and induced a DNA
damage response in Escherichia coli, and Wang et al. (13) dem-

“The abbreviations used are: Pu-Py, polypurine-polypyrimidine; FRT, FLP
recombinase target; FLP, flip recombinase enzyme; DUE, DNA unwinding
element; ATR, ataxia telangiectasia- and Rad3-related; RPA, replication
protein A; gPCR, quantitative PCR; TF, triplex forward; TR, triplex reverse;
DF, DUE forward; DR, DUE reverse; STS, sequence-tagged site(s).
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onstrated that mutations are induced by triplex formation in
SV40-derived plasmids replicating in COS-1 cells.

DNA sequences that are able to adopt non-B form alternative
DNA structures represent obstructions to DNA replication and
generate hotspots of chromosomal breakage, recombination,
and rearrangement (14 —17). In bacterial and yeast model sys-
tems, DNA hairpin-, triplex-, and G-quadruplex-forming
sequences act as kinetic barriers to replication fork movement
(18 -24), which promote DNA double strand breaks (25, 26).
Sequence alterations that increase the stability of alternative
DNA structures in vitro also increase the mutability of these
sequences in vivo, whereas knockdown of replication fork-sta-
bilizing proteins or DNA damage sensors enhances the rate of
mutation at alternative DNA structures (27-33). These obser-
vations implicate non-B forms of DNA generated during repli-
cation or repair in activating DNA damage checkpoints, pro-
moting DNA breakage, and enhancing genome instability (34,
35).

DNA tracts that form alternative DNA structures are most
often repetitive sequences. In the case of mirror repeat polypu-
rine-polypyrimidine (Pu-Py) sequences, a DNA strand from
one-half of the repeat can form a triple helix by folding back
into the duplex major groove and pairing with a polypurine
segment of the adjacent DNA through Hoogsteen or reverse
Hoogsteen hydrogen bonding, whereas its complement
remains single-stranded (10, 36). The polypurine strand of the
PKD1 IVS21 mirror repeat also contains multiple copies of the
G-quadruplex consensus motif, most often at least four runs of
three or more guanines. Therefore, Pu-Py sequences DNA
could theoretically act to stall replication by sequestering tem-
plate DNA in triplex or G-quadruplex structures (9, 20, 37) or,
conversely, promote replication as origin DNA unwinding ele-
ments (38 —40) by exposing single-stranded template to heli-
cases or polymerases. Triplex structures have been detected in
vivo (41), and the sequence-specific induction of mutation and
recombination by triplex-forming oligonucleotides also sug-
gests their in vivo existence (42). Indeed, instability at the FRDA
locus in patients with Friedreich ataxia has been ascribed to
triplex formation by GAA-TTC repeats that stall polymerases
and promote chromosome recombination (43-45). Further
evidence for in vivo effects of alternative DNA structures comes
from model studies of the region between the P1 and P2 pro-
moters of the human c-myc gene, which contains an asymmet-
ric Pu-Py tract that can form triplex and G-quadruplex DNA
(46). Mutations that destabilize the G-quadruplex enhanced
c-myc-driven transcription in transient luciferase plasmid
reporter assays (47), whereas mutations that enhanced triplex
formation increased the frequency of mutation during plasmid
replication assays (48).

In the present work, we show that the PKD1 IVS21 88-bp
Pu-Py mirror repeat sequence asymmetrically blocks primer
extension in vitro and forms a polar barrier to plasmid DNA
replication in cell extracts and human chromosome replication
in vivo. To examine the effect of the IVS21 Pu-Py tract on
human chromosomal DNA replication, the IVS21 Pu-Py
sequence was cloned alongside the c-myc replication origin
2.4-kb core fragment and integrated at the single FLP recombi-
nase target (FRT) site in the HeLa acceptor cell line 406 (49, 50).
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The c-myc core replicator integrated at this ectopic site displays
the replication timing, chromatin structure, and replication
protein (origin recognition complex (ORC), Cdc6, minichro-
mosome maintenance (MCM), DUE-B, and Cdc45) binding of
the endogenous c-myc origin (38, 51, 52). Clonal c-myc:Pu-Py
cell lines were created in which the Py-rich sequence is repli-
cated as the leading or lagging strand template from the neigh-
boring c-myc origin to determine whether alternative DNA
structure formation results in an orientation-dependent barrier
to replication fork movement. Because triplex formation also
results in an unpaired DNA strand (8), we also tested whether
the Pu-Py sequence could act as a functional DNA unwinding
element (DUE) for replication origin activity in clonal cell lines
in which the PKD1 Pu-Py mirror repeat sequence replaced the
DUE of the c-myc replicator (39).

Using these cell lines, we demonstrate that the ectopic IVS21
sequence could not functionally replace the c-myc origin DUE,
but was capable of orientation-dependent replication fork stall-
ing when replicated from the proximal c-myc origin or from a
distal chromosomal origin. When replicated from the neigh-
boring c-myc origin, orientation-dependent fork stalling by the
IVS21 Pu-Py sequence resulted in activation of the ataxia telan-
giectasia- and Rad3-related (ATR) and Chkl DNA damage
response pathway. Cells in which fork stalling occurred were
able to adapt to this replication stress and continue cell division.
FLP recombinase-mediated excision of the c-myc:Pu-Py cas-
sette eliminated constitutive Chkl phosphorylation. These
results suggest that non-B DNA formed by the single copy
IVS21 Pu-Py sequence directly and constitutively activates the
cellular DNA damage response. In PKD1 patients, adaptation
may allow the accumulation of mutations that would otherwise
be eliminated during cell cycle checkpoint arrest.

EXPERIMENTAL PROCEDURES

In Vitro Replication Extracts—Cytosolic extracts for in vitro
DNA replication were prepared using ~2 X 10® exponentially
growing cells that were collected by centrifugation at 1000 X g,
washed (at 5 X 10° cells/ml) with ice-cold isotonic buffer (20
mM Hepes, pH 7.5, 5 mm KCl, 1.5 mm MgCl,, 1 mMm dithiothre-
itol, and 250 mm sucrose), and again washed with the same
volume of hypotonic buffer (isotonic buffer without sucrose)
(53, 54). The cells were resuspended in hypotonic buffer, at
~108 cells/ml, and disrupted by Dounce homogenization. After
incubation on ice for 45 min, cell extract supernatant was col-
lected following centrifugation at 14,000 X g for 10 min and
stored in small aliquots at —70 °C.

Primer Extension Reactions—Reactions were performed
essentially as described previously (9). The Pu-rich reaction tem-
plate and primer were 5'-AGGGGGGAGGAGGGGAGGAGG-
GAGGAGGGGAGGAGGGGGGA-3' and 5'-TCCCCCCTCC-
TCCCCTCCTC-3', respectively; the Py-rich reaction template
and primer were 5'-TCCCCCCTCCTCCCCTCCTCCCTCCT-
CCCCTCCTCCCCCCT-3' and 5'-AGGGGGGAGGAGGGGA-
GGAG-3’, respectively; and the control reaction template and
primer were 5'-AGGCATTTTGCTGCCGGTCAGGAGGA-
GGGGAGGAGGGGGGA-3' and 5'-TCCCCCCTCCTCCCCT-
CCTC-3' (same primer as in the Pu-rich template reaction),
respectively.
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FIGURE 1. The Pu-rich strand of the IVS21 88-bp mirror repeat Pu-Py sequence inhibits primer extension. A, sequence of the 88-bp PKD1 Pu-Py sequence.
Ramped shapes indicate mirror symmetry repeats. B, primer extension. Bovine polymerase « (pol a) was used to extend primers on oligonucleotides containing
the IVS21 Pu-rich (R) or Py-rich (Y) template sequence. At physiological pH, replication is inhibited only with the Pu-rich template. Lane 1, marker; lanes 2, 5, and
8, no polymerase; lanes 3 and 4, 6 and 7, and 9 and 10, contain the polypyrimidine (Py-rich) template, the control template (C), and the polypurine (Pu-rich)
template at low and high polymerase concentration, respectively. C, interpretation of primer extension results.

In Vitro Replication—The 88-bp Pu-Py sequence from plas-
mid pJB4 (9) was cloned in pZ189 (5502 bp). Replication reac-
tions (30 ul) contained 25 ng of plasmid template DNA; 100 ug
of lymphoblast extract protein; 30 mm Hepes (pH 7.5); 100 um
each of dATP, dGTP, and dTTP; 50 um dCTP; 10 uCi of
[@-32P]dCTP; 200 um each of GTP, UTP, and CTP; 4 um ATD;
40 mMm creatine phosphate; 10 ug of creatine phosphokinase;
and 1 ug of SV40 large T antigen (55, 56). Following incubation,
reactions were terminated and purified by extraction with phe-
nol and chloroform. Unincorporated radionucleotides were
removed by spin dialysis against Tris-EDTA (pH 7.5), using a
Centricon 30 microconcentrator. The reaction was extracted
with phenol and chloroform and further digested by Ndel to
release a fragment that was resolved using two-dimensional gel
electrophoresis as described by Brewer and Fangman (57). The
two dimensions were run under two different agarose concen-
trations such that length was resolved in the first dimension,
and structure was resolved in the second (18, 57, 58).

Cell Culture—HeLa/406 acceptor cells containing a single
chromosomal FLP recombinase target were constructed,
grown, and transfected as described (49). FRT integrants were
subjected to drug selection using G418 and ganciclovir (50).
Cells were grown at 37 °C and 5% CO,, in DMEM supplemented
with 10% newborn calf serum. Nascent DNA was isolated from
human cell lines by denaturing gel electrophoresis and quanti-
tated by real time qPCR (38). qPCR results are based on at least
two biological replicates (independent nascent DNA isolations)
quantitated in triplicate. Cell lysates were prepared using
M-Per reagent (Pierce). Chkl was detected using antibody
2345, and phospho-Chk15¢"3** was detected using antibody
2341, both from Cell Signaling Technology.

ChIP—Immunoprecipitation of formaldehyde cross-linked
chromatin was performed as described (52, 59). Antibodies
used for chromatin immunoprecipitation were as follows: ATR
(Santa Cruz Biotechnology sc-1887), RPA (Santa Cruz Biotech-
nology sc-25376), and Rad9 (Santa Cruz Biotechnology
sc-8324).

33414 JOURNAL OF BIOLOGICAL CHEMISTRY

Flow Cytometry—Cells were either untreated or treated with
2 ug/ml aphidicolin overnight or with UCN-01 (300 nm) (7-hy-
droxystaurosporine, a generous gift from Dr. Mirit Aladjem,
National Institutes of Health) for the indicated times. The syn-
chronized cells were then rinsed three times with PBS and re-
fed with fresh drug-free medium. At the appropriate times, cells
were trypsinized, washed with PBS, and fixed in cold 70% eth-
anol overnight. Cells were centrifuged at low speed and resus-
pended in PBS and then treated with 50 units/ml RNase A at
37 °C for 20 min. Propidium iodide (50 ng/ml) was added, and
cells were incubated at 4 °C for 30 min. Cells were warmed to
room temperature before processing.

Drug Treatment— After release from aphidicolin, cells were
rinsed three times with PBS and fed with normal medium.
Where indicated, medium was supplemented with 5 mm caf-
feine (Sigma) for 2 h.

RESULTS

Alternative DNA Structures Formed by the 1VS21 Pu-Py
Tract— At physiological pH, triplex or G-quadruplex formation
occurs preferentially through the Pu-rich strand (60, 61),
whereas acidic pH allows intramolecular triplex formation
involving a protonated C-rich strand (62) in negatively super-
coiled or relaxed DNA (8, 63). Bovine DNA polymerase o was
used to assay for primer extension on the IVS21 mirror repeat
(Fig. 1A) Py-rich strand or Pu-rich strand at physiological pH.
As shown in Fig. 1B, the Pu-rich template did not allow primer
extension, whereas a control template was efficiently extended
using the same primer, as was the Py-rich template and its com-
plementary primer, suggesting that the Pu-rich template strand
adopts a conformation incompatible with DNA synthesis (Fig.
1C). These results are consistent with previous demonstrations
that alternative DNA structure formation impedes bacterial
DNA polymerases (20), although the current experiment does
not allow unambiguous assignment of triplex or G-quadruplex
structure to the Pu-rich IVS21 sequence because this template
contains multiple matches to the G-quadruplex consensus

VOLUME 287 -NUMBER 40+SEPTEMBER 28,2012



Nde | Cloning site

origin p-lactamase

Replication Stalling by a PKD1 Mirror Repeat Tract

Nde |

300 900

1500

2100 2700 3300 3900

A 4 1N

FIGURE 2. In vitro replication demonstrates a polar replication blockade. A, map of the SV40 origin of replication in relation to the cloning site of the PKD1
mirror repeat sequences and the Ndel restriction endonuclease cut sites in the pZ189-based vector. B, neutral-neutral two-dimensional replication gel
revealing a smooth Y arc of replication intermediates for the vector alone. C, a smooth Y-arc similar to the replication pattern of the vector alone is seen when
leading strand synthesis encounters the Pu-rich template. D, a strong pause is seen when the Pu-rich sequence is in the lagging strand template. The horizontal
signal extending from the 1N spotis commonly seen in plasmid replication (93). £, diagram explaining the results in panel D, depicting the increase in signal due

to fork stalling (dashed circle, on arc of Y-intermediates).

(four runs of G_, N,_,), and either triplex and G-quadruplex
formation is possible under these conditions.

The IVS21 Pu-Py Repeat Forms a Polar Replication Fork Bar-
rier in Vitro—DNA sequences capable of forming noncanonical
structures can stall replication forks in vitro and in vivo (9, 64).
In the case of Pu-Py mirror repeat sequences, the orientation
dependence of fork stalling suggests that inhibitory structures
are formed when the Pu-rich strand becomes single-stranded.
To test the effect of the IVS21 Pu-Py sequence on T antigen-
dependent replication in human cell extracts, the PKD1 88-bp
Pu-Py mirror repeat tract (PKD1 nucleotides 34,575-34,662)
was cloned downstream of the viral replication origin in the
pZ189 SV40 shuttle vector such that the Pu-rich strand would
be replicated as the leading strand template (forward orienta-
tion) or the lagging strand template (reverse orientation); rep-
lication intermediates were visualized by two-dimensional gel
electrophoresis (18, 57, 58). The vector alone (Fig. 2B) or the
vector with the IVS21 Pu-Py insert in the forward orientation
(Fig. 2C) produced a smooth Y-arc. In contrast, the plasmid in
which the Pu-rich strand was replicated as the lagging strand
template showed a significant proportion of stalled replication
forks, evident as a pronounced bulge in the Y-arc of replication
intermediates (Fig. 2, D and E) (18, 23, 58, 65). Inasmuch as only
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the Pu-rich strand impedes in vitro replication at physiological
pH (Fig. 1, B and C), these results imply that the Pu-rich strand
forms a structure that inhibits replication fork progress when it
is replicated as the lagging strand template. This contrasts with
the replication polarity-independent stalling of replication
forks at hairpin-forming (CTG),,-(CAQG),, trinucleotide repeats
in replicating yeast plasmids (66, 67) and human chromosomal
DNA (68).

Replication of the IVS21 Pu-Py Tract at an Ectopic Chromo-
somal Site in HeLa Cells—To determine the effect of the IVS21
Pu-Py 88-bp mirror repeat tract on replication in eucaryotic
chromosomes, clonal c-myc:Pu-Py cell lines were constructed
in which the mirror repeat Pu-Py tract was substituted for the
c-myc replicator triplex-forming sequence (46) (TF and TR
cells) and integrated at a unique ectopic FRT site (chromosome
18p11.22) (39, 49, 50, 67) (Fig. 3A). In the TF (triplex forward)
cells, the Py-rich sequence is replicated as the lagging strand
template from the neighboring c-myc origin, whereas in the
TR (triplex reverse) cells, the Pu-rich sequence is replicated
as the lagging strand template from the c-myc origin. We
postulated that preferential triplex or G-quadruplex forma-
tion by foldback of the single-stranded Pu-rich lagging
strand template in TR cells might result in an orientation-
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FIGURE 3. Construction and validation of ectopic c-myc:Pu-Py cell lines. A, a c-myc replicator construct containing the 88-bp IVS21 Pu-Py mirror repeat
sequence was specifically integrated at the FRT (acceptor) site of the HeLa/406 acceptor cell line (94). Four constructs were used to create separate clonal cell
lines. For TF or TR cell lines, the Pu-Py tract was inserted in place of the c-myc triplex-prone region in either the forward (Pu-rich strand replicated as the leading
strand template) or the reverse (Pu-rich strand replicated as the lagging strand template) orientation, respectively. For DF and DR cell lines, the Pu-Py sequence
was inserted in place of the c-myc DUE in the same orientations as in TF and TR cells, respectively. Sequence-tagged sites pBrand pML and hybridization probes
Hyg and neomycin (Neo) are shown. TK, thymidine kinase. B, analytical PCR of acceptor and integrant cell line DNAs. A product with primer set 7,2 indicates an
empty acceptor site, whereas a product with primer set 7,3 indicates integration of the c-myc construct. Ac, acceptor cell line (HeLa/406) without insert. W,
acceptor cell line containing the wild type 2.4-kb c-myc core replicator. DF, DR, TF, and TR are c-myc:Pu-Py cell lines. C and D, Southern blot hybridization of
genomic DNA from the indicated cell lines probed with Hyg (C) or neomycin (Neo) (D) probes. A single band of the correct size hybridizing to the Hyg probe
demonstrates integration at the correct site. A single band of the correct size hybridizing to the neomycin probe indicates that only one copy of the insert had

integrated into the genome.

dependent barrier to replication fork movement, as occurred
during replication in vitro.

Under conditions of triplex formation, the 88-bp IVS21
sequence becomes sensitive to the P1 nuclease, reflecting the
formation of single-stranded DNA (8). To assess whether
the triplex-prone sequence could functionally substitute for the
c-myc replicator DNA unwinding element (39, 50), a pair of cell
lines, DF and DR, was engineered in which the IVS21 88-bp mirror
repeat sequence was cloned in either orientation in place of the
c-myc origin DUE (39) and integrated at the same chromosomal
site. DF and DR cells contain the Py-rich sequence on the same
DNA strands, respectively, as TF and TR cells.

Southern hybridization and PCR amplification confirmed
that the c-myc:Pu-Py donor plasmids had integrated uniquely
at the FRT (Fig. 3, B-D). To assess the replicator activity of the
c-myc origin in these constructs, short (0.5-2.0-kb) nascent
DNA from unsynchronized cells in logarithmic growth was
quantitated by real time qPCR at two sites flanking the ectopic
c-myc replicator (STS-pBR, -pML) and at a control distal site
(STS-Hyg) (Fig. 4). As reported previously, deletion of the
201-bp c-myc DUE domain (ADUE) eliminated the origin activ-
ity of the wild type c-myc replicator (WT) (50), quantitated as
relative nascent strand abundance, whereas previous work has
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shown that heterologous DUEs comprising expanded
(ATTCT),, or (ATTCT),, pentanucleotide repeats from the
ATXN10/SCAI0 locus could function as DUEs and restore
ectopic origin activity (39). However, replacement of the c-myc
DUE with the IVS21 Pu-Py repeat in either orientation did not
restore origin activity to a level greater than that at an unoccupied
ERT site or at the FRT site occupied by non-origin control
sequences (49, 50). This indicates that although this sequence may
have a greater tendency to form alternative DNA structures than
nonrepetitive DNA, this tendency alone is not sufficient to replace
the DUE functionality and restore origin activity.

In contrast, replacement of the c-myc triplex-forming
sequence in TF and TR cells did not reduce origin activity when
compared with cells containing the wild type c-myc origin, as
evidenced by the similar nascent strand abundance at STS-pBR.
However, a dramatic decrease of nascent strand abundance was
observed downstream of the c-myc origin (at STS-pML) in TR
cells, where the Pu-rich strand of the IVS21 repeat was repli-
cated as the lagging strand template (Fig. 4B).

Orientation-dependent Replication Fork Stalling by the
I1VS21 Pu-Py Sequence—The nascent strand abundance
upstream (STS-pBR) and downstream (STS-pML) of the
ectopic c-myc origin activity of TF cells mirrors that of cells
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FIGURE 4. Origin activity of c-myc:Pu-Py integrants. A, diagram of the inte-
gration site in c-myc:Pu-Py cell lines DF, DR, TF, and TR, including sequence-
tagged sites (STS) used for qPCR quantitation of nascent DNA. DF and DR
contain the PKD1 IVS21 88-bp mirror repeat sequence in place of the c-myc
DUE; TF and TR contain the PKD11VS21 88-bp mirror repeat sequence in place
of the c-myc triplex-forming region. R and Y refer to the orientation of the
Pu-rich and Py-rich strands of the 88-bp Pu-Py repeat, respectively. B, short,
nascent DNA (0.5-2.0 kb) was harvested from the indicated cell lines and
quantitated by gPCR at STS-Hyg, -pBR, and -pML. WT, wild type 2.4-kb c-myc
core origin; ADUE, DUE deleted c-myc core origin. Error bars indicate S.D.

containing the wild type c-myc replicator (Fig. 4), suggesting
that nascent strands initiating within the c-myc replicator pro-
gress bidirectionally without stalling when the Py-rich strand is
replicated as the lagging strand template. In TR cells, however,
there was a significant decrease in the quantity of short (0.5—
2.0-kb) nascent DNA at STS-pML, suggesting that there is a
barrier to nascent DNA synthesis between the origin and STS-
pML when the Pu-rich strand is replicated as the lagging strand
template. To confirm the asymmetry of nascent strand abun-
dance in TR cells, one-step denaturing gel electrophoresis was
used to size fractionate nascent DNA between 0.3 and 4.0 kb
(39, 50).

When nascent DNA was isolated from c-myc WT, TF, or TR
cells (Fig. 54) and quantitated as shown in Fig. 5, B and C, the
qPCR signal at STS-pBR was low in the 0.3—0.5- and 0.5-1.0-kb
fractions and increased substantially in the 1.0 -2.0- and 2.0 -
4.0-kb nascent DNAs, consistent with the distance between
STS-pBR and the major initiation sites near the DUE of the
c-myc replicator (69, 70). However, when quantitated at STS-
pML, a reduction of ~4-fold was observed in 1.0 -2.0- and 2.0 —
4.0-kb nascent DNA from TR cells when compared with WT
c-myc or TF cells (Fig. 5C). The orientation dependence of the
nascent strand depletion in TR cells argues that replication of
the Pu-Py sequence in the orientation in which the Pu tract is
replicated as the lagging strand template promotes the forma-
tion of a fork barrier that stalls the replicative polymerases in
vivo.

DNA Damage Checkpoint Protein Binding near the Ectopic
Pu-Py Sequence—The intra-S phase checkpoint response is
activated when the MCM replicative helicase is dissociated
from the replisome at barriers to DNA polymerization (71).
Under these conditions, the ATR and Rad9-Rad1-Husl com-
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plex proteins are recruited to RPA-bound single-stranded DNA
generated by fork opening in the absence of DNA synthesis
(72-74). To investigate whether replication stalling by the
IVS21 Pu-Py sequence correlated with checkpoint protein
binding, cross-linked chromatin was immunoprecipitated with
antibodies against the ATR, RPA70, or Rad9 proteins. In TR
cells versus TF cells, each of these proteins was enriched near
the downstream qPCR primer site pML proximal to the Pu-Py
tract when compared with the occupancy at the upstream
sequence-tagged site pBR (Fig. 5D). These results suggest that
lagging strand replication of the Pu-rich template and polym-
erase stalling leads to activation of the ATR-Chk1 checkpoint
signaling pathway. To test directly for activation of the ATR-
Chkl1 pathway in the four ectopic c-myc:Pu-Py cell lines (Fig.
6A), activated Chkl (phosphorylated on serine 345, phospho-
Chk15°3%%) was analyzed (75, 76). Phospho-Chk1%"3*> was
not detected in TF cells (Fig. 6B). In contrast, phospho-Chk1°*"
345 was observed constitutively in TR cells, and this phosphor-
ylation was reduced by treatment of the cells with caffeine, an
inhibitor of the ATR kinase (77).

Conversely, phospho-Chk1%¢™3** was not detected in DR
cells, but nominal caffeine-sensitive Chk1°*">*> phosphoryla-
tion was observed in DF cells (Fig. 6C). Because the c-myc rep-
licator is inactive in DF and DR cells, the Pu-Py mirror repeat
must be replicated from a neighboring origin, which previous
work has estimated to be more than 4 —8 kb downstream (49).
The simplest explanation for the constitutive phosphorylation
of Chk1%¢"3** in DF cells but not DR cells is that the Pu-Py
mirror repeat in the DF and DR cell populations is most often
replicated from downstream origins, opposite to the direction
of replication of the Pu-Py tract in TF and TR cells. In this
scenario, the Pu-rich strand would be the lagging strand tem-
plate in DF cells.

Phosphorylation of Chk15¢"3*® was not observed in TF or DR
cells. To confirm that TF and DR cells are capable of phos-
phorylating Chk1%°"3%5, the c-myc:Pu-Py cell lines were treated
with the DNA polymerase inhibitor aphidicolin to activate the
intra-S phase checkpoint (71). All four c-myc:Pu-Py cell lines
responded to aphidicolin treatment by caffeine-sensitive phos-
phorylation of Chk15¢*-*** (Fig. 6, D and E). However, the levels
of phospho-Chk15¢"3** in TF and DR cells diminished within
3 h after removal of aphidicolin, whereas phospho-Chk1%*-3%>
remained at elevated levels in TR and DF cells following relief of
the polymerase inhibition. Thus, the persistent phosphoryla-
tion of Chk1%¢"3*% in TR and DF cells but not in TF or DR cells
suggests that the lagging strand replication of the IVS21 mirror
repeat Pu-rich strand led to constitutive checkpoint activation
during clonal expansion of the TR and DF cell lines. Surpris-
ingly, only modest differences were detectable in the flow
cytometry profiles of the four c-myc:Pu-Py cell lines (Fig. 6F).
Taken together, these data imply that the presence of the Pu-
rich mirror repeat in the lagging strand template orientation
has caused constitutive Chk1%*"*** phosphorylation in TR and
DF cells and that the continued proliferation of these cells
reflects a process of checkpoint adaptation. Moreover, the rate
of BrdUrd incorporation did not differ significantly between TF
and TR cells, and these cells showed similar viability upon pas-
sage (data not shown).
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Excision of the Pu-Py Insert Restores a TF-like Phenotype to
TR Cells—1It is formally possible that the constitutive activation
of the ATR-Chk1 pathway in TR is not due to the replication
polarity of the Pu-Py repeat element from the c-myc origin, but
to other genotypic differences that arose sporadically during
clonal expansion of these cells. To test whether the single copy
c-myc:Pu-Py tract was specifically responsible for Chk15*-3%
phosphorylation in TR cells, the ectopic c-myc:Pu-Py construct
was excised from TR cells using FLP recombinase, and clonal
lines from which the c-myc:Pu-Py tract had been removed were
isolated by limiting dilution (referred to as FLP-TR1 and FLP-
TR2 cells).

Excision of the ectopic c-myc:Pu-Py insert from FLP-TR1
and FLP-TR2 cells reversed the constitutive phosphorylation of
Chk1%°73* (Fig. 7, A-D). As in TR cells, aphidicolin treatment
of FLP-TR1 and FLP-TR2 cells gave rise to prolonged caffeine-
sensitive phosphorylation of Chk15¢"3*>, We further tested
whether Chk1 kinase activity, and by extension the intra-S
phase checkpoint, was important for the viability of TR and
FLP-TR cells by treatment with the Chkl kinase inhibitor
UCN-01 (75, 78). As shown in Fig. 7E, TR cells showed a
marked sensitivity to killing (appearance of sub-G; cells) by
UCN-01. In contrast, FLP-TR1 and FLP-TR2 cells were
resistant to killing by UCN-01 (Fig. 7F). We infer that addi-
tional mutations that may have accumulated during adapta-
tion of the TR cells are not responsible for activation of the
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intra-S phase checkpoint and do not make the FLP-TR cells
dependent on Chk1 kinase activity for survival.

DISCUSSION

The Pu-rich strand of the PKD1 IVS21 mirror repeat forms a
structure that is incompatible with primer extension in vitro
and plasmid replication in human cell extracts. Considered
with the orientation-dependent inhibition of replication by the
Pu-Py mirror repeat tract in HeLa cells, our results suggest that
non-B DNA structures formed during lagging strand replica-
tion of the Pu-rich template result in polymerase stalling and
activation of the ATR-Chk1 checkpoint signaling pathway.

The distribution of mutations in the PKDI locus of patients
with polycystic kidney disease implicates the IVS21 region as a
focus of genomic instability (2). A mechanistic explanation for
the instability posits that mirror repeat Pu-Py tracts in the
IVS21 region hinder DNA polymerization and cause DNA dou-
ble strand breaks, which are repaired by nonhomologous end
joining (11). In support of this thesis, non-B DNA structures are
known to inhibit replication fork progress (18, 20, 64) and acti-
vate DNA damage checkpoints (35, 79). Under physiological
conditions, the Pu-rich strand may form G-quadruplex or tri-
plex structures, whereas C-rich strand structures are less likely
to occur in vivo as they are stabilized by hemiprotonated C-C™*
base pairing at acid pH (62, 80). Our results demonstrate that
the PKDI IVS21 Pu-Py tract can inhibit primer extension on
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purified DNA in vitro and in human chromosomes in a polar
manner. Therefore, fork stalling is likely a consequence of an
alternative structure of the Pu-Py mirror repeat DNA.

In TR cells, replication of the IVS21 Pu-rich strand as the
lagging strand template results in fork stalling, checkpoint pro-
tein binding near the stalled fork, and activation of the Chk1
checkpoint kinase. The observation that TR and DF cells con-
tinue to divide at approximately the same rate as TF and DR
cells suggests that the TR and DF cells have adapted to over-
come cell cycle arrest (81, 82) despite constitutive Chk1 activa-
tion. Adaptation was originally described in Saccharomyces
cerevisiae cells harboring a nonessential chromosome with an
unrepaired HO endonuclease-induced double strand break,
which could replicate the broken chromosome, proceed past
the G,/M checkpoint, and divide for several generations (82).
Subsequent experiments using the same yeast strain showed
that adaptation was defective in strains containing the CdcS-ad
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Polo-like kinase mutant (81). In Xenopus egg extracts, nuclei
could adapt to an aphidicolin-induced intra-S phase cell cycle
checkpoint and proceed through mitosis. Adaptation involved
Polo-like kinase Plx1 phosphorylation of Claspin, a replication
fork-bound adaptor protein required for ATR activation of
Chkl. Plx1 phosphorylation caused the release of Claspin from
chromatin and the loss of Claspin-mediated Chk1 phosphory-
lation (83).

Down-regulation of Chk1 has also been implicated in check-
point adaptation in human cells. Following ionizing radiation-
induced G, checkpoint arrest, human U-2-OS osteosarcoma
cells enter mitosis with y-H2AX foci (76). Adaptation was pro-
moted by inhibiting Chkl and delayed by RNAi depletion of
Plk1. The effects of Chkl and Plkl knockdown were additive;
thus, the authors proposed that Chk1 and Plk1 may control the
process of adaptation by independent signaling pathways.
However, the exact mechanism of adaptation may differ in frog
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egg extracts and humans because knockdown of Claspin did
not accelerate mitotic entry of U-2-OS cells following ionizing
radiation (76, 84).

In contrast to the foregoing models of adaptation, phospho-
Chk1573% Jevels remain elevated in dividing TR and DF cells.
This raises the possibility that a checkpoint factor downstream
of Chk1 has been altered in these cells. Because the HeLa cells
used in the current experiments are deficient in p53 protein due
to interaction with the HPV18 E6 protein (85), p53 and its tran-
scriptional target, the cyclin-dependent kinase (CDK) inhibitor
p21, are candidates. However, in HCT116 cells subjected to
ionizing radiation, the initial G,/M cell cycle arrest does not
require p21 or p53, although these proteins are necessary to
prolong the G,/M arrest (86, 87). Likewise, HeLa cells retain the
ability to arrest at the G,/S phase and G,/M phase cell cycle
checkpoints (78, 87— 89). Alternatively, the cellular reaction to
high levels of DNA damage may differ from the responses to
lower levels of damage encountered physiologically or the sin-
gle genomic copy alternative DNA structures formed in TR and
DF cells.

TR cells display elevated levels of phospho-Chk and
are sensitive to killing by UCN-01 treatment, whereas FLP-TR
cells do not display elevated levels of phospho-Chk1%¢">*> and

1 Ser-345
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have decreased sensitivity to UCN-01. These observations sug-
gest that constitutively activated Chkl provides a function
essential for viability that is specifically related to ameliorating
the consequences of the activating lesion, i.e. the formation of a
non-B DNA structure. One simple mechanism to accommo-
date these observations is that activated Chkl stabilizes the
replisome stalled by the non-B DNA structure and allows the
Pu-Py sequence to be replicated in the opposite direction from
a downstream replication origin.

Cell division with damaged DNA increases the risk of
genome instability. In the context of PKD1, adaptation may
lead to a mutator phenotype (90-92) and the subsequent
accumulation of additional mutations (e.g. covalent DNA
modification, expansion of repetitive DNA sequences, and muta-
tions of genes encoding genome stabilization proteins). In this sce-
nario, adaptation relies on the replication of the IVS21 Pu-Py mir-
ror repeat as the lagging strand template in a subpopulation of
kidney cells. Consistent with this suggestion, we have recently
shown that the replication polarity of hairpin-forming sequences
affects their pattern of instability in human cells (67). This model
would suggest an evolutionary pressure for the selection of origin
sites that minimize the formation of alternative DNA structures
that stall replication.
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