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Figure 6. WRN regresses long fork substrate to Holliday junction structures cleaved by RusA. (A) A model replication fork substrate (fop left) was
constructed using four oligomers (identified in italics) in a two-step annealing process (see ‘Materials and methods’ section). Lagging and leading arms
were homologous (green) proximal and heterologous (red) distal to the fork junction; unique restriction sites for Xmn I and Rsa I specified blunt end
cleavage at the boundary between homologous and heterologous regions on the lagging and leading arms, respectively (blue arrows). Parental strands
contained non-complementarity (5Snt, in orange) precisely at the fork junction to prevent spontaneous branch migration. Digestion with Xmn I and
Rsa I generated a replication fork with shorter, homologous arms that, upon fork regression (by WRN-E84A) would yield daughter and parental
duplex products (top pathway). In contrast, potential WRN-E84A-mediated regression of the unrestricted fork would yield a Holliday junction
structure (bottom left) in which branch migration would be limited by the heterologous regions. Since both the labeled and unlabeled strands within
the homologous region of each arm contain consensus 5'-CC-3" sequences for RusA cleavage (sequences indicated in yellow and white while cleavage
sites denoted by solid and dotted arrows, respectively), putative Holliday junctions may be resolved by RusA to yield two nicked duplexes (bottom
right). Although resolution by RusA may occur on the labeled or unlabeled strands of the Holliday junction, only products generated by cleavage of
the labeled strands are depicted. (B) Rsa I- and Xmn I-restricted long fork substrate (50 pM) was incubated at 37°C for the indicated times
with WRN-E84A (100 pM). DNA products were analyzed by native PAGE with phosphorimaging, along with heat-denatured fork preparations
either slow-cooled to produce various annealing products (Mkr 1) or rapidly cooled to maintain oligomers in single-stranded form (Mkr 2).
Migration of relevant DNA structures is denoted at right. (C) Reactions containing unrestricted long fork substrate (50 pM) without or with



(see Figure 6A, lower right). When reactions containing
WRN-E84A and/or RusA were analyzed by denaturing
PAGE, neither WRN-E84A alone nor RusA alone
detectably produced any change to the labeled (122lead
and 82lag) strands of the fork substrate (Figure 6E, lanes 6
and 7). In contrast, reactions that contained WRN-E84A
followed by RusA showed new bands that co-migrated
with 30 and 70 nt markers (Figure 6E, lane 8). To further
clarify the nature of the events catalyzed by WRN-E84A
plus RusA, the new DNA products detected by native
PAGE (Figure 6E, lane 4, denoted a and b) were
individually excised, extracted, and subjected to denatur-
ing PAGE. This analysis indicated that the lower product
(a) contained both cleaved and uncleaved 82-mer
(Figure 6E, lane 10). The upper product (b) contained
both cleaved and uncleaved 122-mer with also some
82-mer (Figure 6E, lane 11), the latter apparently derived
from lagging parental-daughter duplex that nearly co-
migrates by native PAGE with this RusA cleavage
product. Regarding this outcome, it is important to
reiterate that CC sequences were also present on the
unlabeled (122lag and 72lead) strands within the homo-
logous regions. Thus, we conclude that after WRN-E84A
mediates fork regression, RusA can cleave either both
labeled or both unlabeled strands of the resulting Holliday
junction (see Figure 6A, bottom left, solid and dashed
arrows, respectively). While each set of cleavages generates
different locations of nicks, analysis by native PAGE
shows only two new products, a 72 bp duplex with 10nt 3’
overhang plus a 122 bp duplex, regardless of whether the
nicks are present in the labeled or unlabeled strands.
When these products are extracted and analyzed by
denaturing PAGE, concerted RusA cleavage of the
labeled strands yields shorter single-stranded products
(30- and 70-mers) while concerted cleavage of the
unlabeled (undetectable) strands leaves the labeled strands
intact (82- and 122-mers). These results clearly demon-
strate that WRN-E84A regresses this fork substrate to
generate a Holliday junction or ‘chicken foot’ structure
that is cleaved by RusA at its specific recognition
sequences.

DISCUSSION

Replication fork blockage is such a common event that
cells have evolved specialized pathways to handle these
situations. Regression of a blocked replication fork is
theorized to be the initial step in dealing with these serious
challenges to completion of DNA replication, genome
stability and cell survival (33-37). Fork regression would
involve pairing of nascent daughter strands and
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re-annealing of parental strands to form a Holliday
junction or ‘chicken foot’ intermediate. Following fork
regression, obstacles to replication might be addressed by
alternative pathways including (1) repair of a blocking
lesion and reverse branch migration to regenerate a forked
structure, (2) a strand-switching replication step in which
the lagging daughter strand serves as template followed
again by reverse branch migration, bypassing the blocking
lesion and re-establishing the fork or (3) resolution of the
Holliday junction to generate a double-strand break that
could initiate recombinational pathways to restore a
functional replication fork. A preliminary report from
our lab established that the human RecQ helicases WRIN
and BLM have the ability to regress a specific replication
fork substrate (49). In this study, we have examined the
ability of WRN to act on several model replication fork
substrates, including a series of short fork substrates
containing structural differences at the fork junction and
another longer substrate that allowed Holliday junction
formation and detection during a potential regression
reaction. Importantly, fork regression by WRN on our
long fork substrate directly forms a Holliday junction that
is detected using the RusA resolvase (Figure 6). Fork
regression requires the ATPase and helicase activities of
WRN, as it does not occur in reactions (1) lacking ATP or
including the poorly hydrolyzable analog ATP-y-S or (2)
using the WRN-K577M mutant that lacks both ATPase
and unwinding activity. Most notably, our experiments
with shorter fork substrates indicate a specific role for the
3 to 5 exonuclease activity of WRN during fork
regression—i.e. controlled digestion of the leading daugh-
ter strand to generate a more favorable structure for
regression and thereby increase the efficiency of this
process. These findings suggest a novel role for the
exonuclease activity of WRN during fork regression that
operates in coordination with its unwinding and annealing
activities. Thus, all of the DNA-dependent activities of
WRN may cooperate to promote replication fork
regression.

Enzymatic reactions containing WRN-E84A or
WRN-wt showed a concentration- and time-dependent
conversion of our short fork substrates to both parental
and daughter duplex products (see Figures 1 and 5A).
Daughter duplex formation is specific for a regression
event as it requires both unwinding and pairing of the
physically unlinked daughter strands (Figure 1A).
Although generation of free leading daughter strand
product is detectable in reactions containing relatively
high WRN concentrations, several lines of evidence
demonstrate that daughter duplex formation occurs
through an intimate linkage between unwinding of
parental-daughter arms and pairing of daughter strands.

WRN-E84A (100, 200, 400 or 600 pM) were initiated at 37°C, supplemented with RusA (10nM) after 1 min as indicated, and stopped after 5min
total. DNA products were analyzed as in B, along with a marker (lane 11) containing labeled 82lag/122lag, 122lead, 82lag and a 77 bp duplex.
(D) Reactions containing unrestricted long fork (50 pM) and WRN-E84A (200 pM) and RusA (10nM) where indicated were performed without (—)
or with (+) ATP (1 mM) or ATPyS (1 mM, denoted yS) and analyzed as in C, with the position of specific markers at right. (E) Reactions containing
unrestricted long fork substrate (200 pM), WRN-E84A (800 pM) and ATP were incubated at 37°C for 15min total with RusA (40nM) added at
I min where indicated. Aliquots were analyzed in parallel by native (left panel, lanes 1-4) and denaturing PAGE (right panel, lanes 5-8). For native
PAGE, the bands denoted a and b represent DNA species that were excised, extracted and analyzed subsequently by denaturing PAGE (right panel,
lanes 10 and 11, respectively). Also run on this gel were labeled 30-mer (lane 9) and 70-mer (lane 12) as markers for RusA cleavage at its specific sites
on the labeled 82lag and 122lead strands, respectively, of putative Holliday junction structures formed from unrestricted long fork substrate.
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First, WRN does not anneal the free daughter oligomers
(due to their short length) that comprise daughter
duplexes (Supplemental Figure 2), indicating that anneal-
ing does not independently follow unwinding of the
parental-daughter arms. Second, at limiting concentra-
tions of WRN-E84A (Figure 1), there is almost exclusive
production of daughter and parental duplexes with-
out significant generation of three-stranded forks or free
leading daughter strands. Furthermore, free leading
daughter strands are not significantly produced at any
time during our kinetic experiments (Figures 1D-F
and 4A), strongly suggesting that daughter duplexes are
formed from the fork substrates without release of
daughter strands. Most convincingly, a quantitative
analysis of WRN-E84A-mediated regression of 2llead
fork substrate over time demonstrates that the parental
and daughter duplexes are produced directly and essen-
tially simultaneously from intact four-stranded fork
(Figure 1F). Lastly, pairing of daughter strands during
regression is a process mediated by WRN (or BLM) but
not all unwinding enzymes, as other helicases such as
UvrD and Rep unwind both daughter strands of our short
fork substrates but do not produce daughter duplexes.
These results indicate that daughter duplex formation
does not simply occur spontaneously during daughter
strand unwinding. Taken together, our results suggest
that, during regression, the partially unwound daughter
strands are juxtaposed by WRN in a manner that
promotes their pairing to form a Holliday junction that,
for our short fork substrates, is subsequently converted to
daughter and parental duplexes. This is further supported
by the WRN-dependent conversion of our long fork
substrate to Holliday junctions (Figure 6) in which the
daughter strands are paired while still associated with the
parental strands. It seems very likely that WRN-mediated
fork regression occurs through coordination between its
unwinding function and its previously reported strand
annealing activity (23).

The results with our short fork substrates indicated that
the leading arm structure had a major influence on the
efficiency of fork regression. Specifically, daughter duplex
formation by exonuclease-deficient WRN-E84A was
greatly enhanced when the single-stranded gap on the
leading arm increased to 11 nt from <8 nt (Figures 1 and 2).
Although WRN-wt was similarly effective as WRN-
E84A in daughter duplex formation from substrate with
an 11 nt gap, it was much more efficient on fork substrates
with shorter leading strand gaps (Figure 2), suggesting
that WRN’s 3’ to 5 exonuclease activity might be
digesting the leading daughter strand to increase the gap
size. In addition, daughter duplexes formed by WRN-wt
migrated slightly faster by native PAGE than those
formed by WRN-E84A, in agreement with putative 3’ to
5" processing of the leading daughter strand. Analysis by
denaturing PAGE confirmed that WRN-wt was specifi-
cally degrading the leading daughter strand during these
regression reactions (Figures 3-5). However, the exonu-
clease activity of WRN-wt could not detectably digest
daughter duplexes (or displaced leading daughter
strands) once formed (Figure 3), indicating that digestion
of the leading daughter strand was occurring prior to or

concomitant with formation of daughter duplex. Further
analysis indicated that, during regression, exonucleolytic
digestion of the leading daughter strand by WRN-wt was
essentially limited to a defined range, regardless of the
original length of this strand in the fork substrate.
The observed preference for digestion to a length of 20
or 19 nt corresponds to generation of a 12 or 13 nt single-
stranded gap on the leading arm, respectively (Figure 5B
and C). Taken together, these results indicate that WRN
exonuclease activity promotes regression on substrates
with gaps shorter than 11nt by digesting the leading
daughter strand to increase the leading arm gap size.
The exonuclease-deficient WRN-E84A protein is unable
to alter the gap size and thus acts efficiently only on our
short fork substrate with an 11 nt gap. By this reasoning,
the optimum structure for regression by WRN,
without assistance from its exonuclease function, is a
fork with a leading arm gap of at least 11-13nt. This
conclusion is further supported by the highly efficient
regression and Holliday junction formation by WRN-
E84A on the longer fork substrate containing a leading
arm gap of 12nt (Figure 6B and C). These experiments
suggest WRN exonuclease activity may participate in
processing the leading daughter strand during regression
of blocked replication forks, but its degree of involve-
ment may depend on the precise structure at the fork
junction and perhaps the spatial relationship between
leading and lagging daughter strands.

The efficiency of WRN-mediated regression on forks
with >11nt leading arm gaps suggests that WRN may
preferentially act on forks in which leading strand
synthesis is blocked while lagging strand synthesis con-
tinues, leaving a single-stranded gap on the leading arm.
During fork regression, WRN exonuclease activity may
further digest the leading daughter strand, a processing
step that may simply generate the optimum structure for
enzyme-mediated pairing of the daughter strands.
However, there may be other advantages to this arrange-
ment. On this series of substrates, WRN-mediated
regression only occurs efficiently when the leading
daughter is at least 10—-12nt shorter than the lagging
daughter strand. If this structural relationship was
maintained (or perhaps further exaggerated) in vivo, fork
regression would always yield a Holliday junction contain-
ing a single free end with a 5’ overhang. Since formation of
Rad51-mediated filaments occurs on 3’ overhangs (61),
this structure might inhibit recombination, perhaps in
favor of alternate, less error-prone pathways such as (1)
repair of the blocking lesion and reverse branch migration
to re-establish a viable replication fork or (2) strand
switching synthesis and reverse branch migration with
concomitant bypass of the obstacle (on the parental
leading strand) that originally impeded fork progression.
Recent studies in E. coli suggest that lesion repair might be
the first alternative attempted following fork blockage
caused by DNA damage (62). It is tempting to speculate
that enzymatic regression processes have evolved to at
least initially favor less error-prone pathways such as
repair or strand switching. Cells from WS patients have a
higher rate of spontancous RADS51 foci formation than
normal cells, supporting the idea that recombination



might be utilized more often when WRN is non-functional
(43). Importantly, the notion that WRN regresses
replication forks to specifically generate intermediates
that suppress instead of promote recombination would
be consistent with the hyperrecombination phenotypes
of cells that have lost WRN function.

Fork structures with heterologous arms have previously
been shown to be excellent substrates for WRN helicase
(63). Here, we demonstrate that WRN specifically
regresses forks with homologous arms. With regard to
its action on fork structures, WRN binds in the vicinity of
the fork junction as judged by DNase I footprinting
(Machwe et al., unpublished results). It is quite relevant
that WRN-wt and WRN-E84A regression activities are
highly efficient when the structure of the fork substrate is
favorable. As judged by daughter duplex formation,
regression of the fork substrate with an 11nt gap on the
leading arm is readily detectable after 5 min using sub- and
near-equimolar levels of enzyme compared to substrate
(Figure 1B, lanes 19-23). Furthermore, at low concentra-
tions, WRN is more effective at catalyzing regression of
this fork substrate than unwinding a 27 bp partial duplex
(Figure 2). WRN also efficiently regresses our longer fork
substrate containing a 12nt gap at near-equimolar
concentrations (Figure 6B and C). Although these
experiments cannot determine the stoichiometry of
WRN with respect to the DNA substrate, the requirement
for unwinding of both parental-daughter arms during
regression might imply at least a dimeric structure.
Irregardless, the efficiency by which WRN catalyzes this
multi-faceted regression reaction suggests that it is
particularly suited to this task. It is noteworthy that
BLM, another human RecQ helicase that possesses
unwinding and strand pairing activities and DNA
substrate specificity similar to WRN, also performs fork
regression (49,64). Like WRN, BLM produces Holliday
junctions from our long unrestricted fork substrate that
are recognized and cleaved by RusA (data not shown).
However, BLM appears to be consistently less efficient in
fork regression of each of our short fork substrates than
WRN-wt (Figure 2A and B). Although RecG can also
regress model forks as previously reported (59), other
helicases (including UvrD, Rep and PriA implicated in
resolution of fork blockage in E. coli) tested thus far could
not perform this function, suggesting that fork regression
capability appears relatively limited to a small group of
helicases that includes WRN and BLM. Thus, some RecQ
helicases are structurally designed to catalyze fork
regression by combining their helicase and strand pairing
activities. Notably, two other human RecQ family
members, RecQ1 and RecQ5p, have also been shown to
possess both DNA unwinding and annealing activities
(25,26). It may be relevant in a physiological context that
BLM and other human RecQ helicases do not possess
exonuclease activity and alone cannot modify the struc-
ture at the fork junction in the way that WRN-wt can. We
speculate that WRN is preferentially involved in regres-
sion of blocked forks, while BLM may be more likely to
participate (in combination with topoisomerase IIloe and
BLAP75) in other DNA transactions, such as double
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Holliday junction resolution to prevent crossing over
during homologous recombination (65).

RecQ helicases have previously been postulated to play
roles in resolution of replication fork blockage (38,39,66).
The finding that both WRN and BLM can readily
regress model replication forks greatly strengthens this
hypothesis. However, formation of Holliday junctions
resulting from replication fork regression in vivo is
somewhat speculative and further proof is needed of
specific genome maintenance pathways utilizing fork
regression and under what circumstances they are
implemented. It is also noteworthy that WRN has been
hypothesized to participate in several other pathways
that preserve genome stability (such as telomere main-
tenance). Despite these caveats, potential involvement of
WRN in replication fork regression is consistent with
previous findings regarding WRN and certain properties
of WRN-deficient cells. WRN-deficient cells are slower
than their normal counterparts in completing S phase
and show asymmetric replication fork progression,
consistent with an inability to properly resolve fork
blockage (41,42). They are also hypersensitive to agents
that severely inhibit DNA replication including (1)
hydroxyurea, which depletes deoxynucleotide pools, (2)
topoisomerase inhibitors that induce strand breaks and
DNA-protein crosslinks and (3) interstrand crosslinking
agents (such as mitomycin C and cisplatin) that prevent
unwinding of the parental strands (8,11,43,44).
Furthermore, in normal cells, WRN migrates rapidly to
sites of DNA synthesis following treatment with these
and other DNA damaging agents (21,45-47), findings
that suggest that WRN is recruited to sites where
replication is blocked. Our results suggest the reason
for this relocalization—i.e., WRN is brought to blocked
replication forks to catalyze their regression as part of a
pathway that maintains genome stability. It is possible
that, although they lack exonuclease activity, other
human RecQ helicases such as BLM can partially
compensate for loss of WRN function in fork regression.
However, if such redundancy exists, it is likely imperfect
and there may be situations in which WRN-deficient cells
are still compromised in dealing with blocked replication
forks. As a result, cells lacking WRN are hyperrecombi-
nant and accumulate chromosomal abnormalities that
are almost assuredly responsible for the increased cancer
incidence of WS patients. Alternatively, in response to
these DNA metabolic problems some cell types may
trigger apoptosis or permanent cell cycle exit (senes-
cence). With time, the cumulative loss of either cells by
apoptosis or reduction in proliferative capacity within a
tissue may cause the premature aging phenotypes of WS.
Although more research is needed to confirm these
hypotheses, a specific function in fork regression is
highly consistent with existing knowledge regarding
WRN and WS.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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