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The resolution of recombination intermediates containing Holliday junctions (HJs) is critical for genome
maintenance and proper chromosome segregation. Three pathways for HJ processing exist in human cells and
involve the following enzymes/complexes: BLM-Topollla—-RMI1-RMI2 (BTR complex), SLX1-SLX4-MUS81-
EME1 (SLX-MUS complex), and GEN1. Cycling cells preferentially use the BTR complex for the removal of
double HJs in S phase, with SLX-MUS and GEN1 acting at temporally distinct phases of the cell cycle. Cells
lacking SLX-MUS and GEN1 exhibit chromosome missegregation, micronucleus formation, and elevated levels of
53BP1-positive G1 nuclear bodies, suggesting that defects in chromosome segregation lead to the transmission of
extensive DNA damage to daughter cells. In addition, however, we found that the effects of SLX4, MUSS81, and
GENT1 depletion extend beyond mitosis, since genome instability is observed throughout all phases of the cell
cycle. This is exemplified in the form of impaired replication fork movement and S-phase progression, endogenous
checkpoint activation, chromosome segmentation, and multinucleation. In contrast to SLX4, SLX1, the nuclease
subunit of the SLX1-SLX4 structure-selective nuclease, plays no role in the replication-related phenotypes
associated with SLX4/MUS81 and GEN1 depletion. These observations demonstrate that the SLX1-SLX4
nuclease and the SLX4 scaffold play divergent roles in the maintenance of genome integrity in human cells.
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DNA joint molecules arise during the recombinational
repair of DNA double-strand breaks (DSBs) and form
a physical connection between sister chromatids or
homologous chromosomes. In mitotic cells, the pri-
mary mechanism for their removal involves the BLM-
Topoisomerasellla-RMI1-RMI2 (BTR) complex, which
gives rise to noncrossover products (Wu and Hickson
2003). This constitutes an important mechanism of cross-
over avoidance, which otherwise can lead to loss of
heterozygosity and cancer predisposition.

Inactivation of the BLM helicase leads to the genome
instability disorder known as Bloom’s syndrome (BS). Cells
derived from BS patients display an increased frequency of
sister chromatid exchanges (SCEs) and genome instability
(Chaganti et al. 1974). These SCEs arise through the
actions of three structure-selective endonucleases, SLX1-
SLX4, MUS81-EMEI, and GEN1, which resolve recombi-
nation intermediates containing Holliday junctions (HJs)
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to form both crossovers and noncrossovers (Wechsler et al.
2011; Castor et al. 2013; Garner et al. 2013; Wyatt et al.
2013). SLX1-SLX4 and MUS81-EMEI] interact to form
an SLX1-SLX4-MUS81-EMEI1 complex (SLX-MUS) that
cleaves HJs by a nick and counternick mechanism (Fekairi
et al. 2009; Munoz et al. 2009; Svendsen et al. 2009; Castor
et al. 2013; Wyatt et al. 2013). These interactions occur at
G2/M phase of the cell cycle, when the SLX-MUS com-
plex forms in response to CDK-mediated phosphorylation
of EME] (Wyatt et al. 2013). In addition to SLX-MUS, the
HJ resolvase GENI1 provides an independent and geneti-
cally distinct resolution pathway and cleaves HJs by
introducing two coordinated and symmetrically related
nicks across the junction (Ip et al. 2008; Rass et al. 2010;
Garner et al. 2013; Wyatt et al. 2013). The GEN1 protein is
predominantly cytoplasmic and is thought to act later in
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the cell cycle than SLX-MUS, when breakdown of the
nuclear envelope enables it to gain access to chromatin
(Matos et al. 2011).

BS cells depleted for one or more HJ resolvase exhibit
reduced SCE formation and high levels of mortality
(Wechsler et al. 2011; Wyatt et al. 2013). Interestingly,
depletion of SLX4 + GEN1 or MUS81 + GEN1 from BS cells
also leads to the formation of elongated and segmented
chromosomes (Wechsler et al. 2011). Similar chromosome
abnormalities were observed in SLX4-deficient cells de-
pleted for BLM (Garner et al. 2013). It has been suggested
that this segmentation phenotype might result from ab-
normal chromosome condensation caused by the presence
of persistent sister chromatid entanglements that accumu-
late in cells lacking both BLM and HJ resolution activities
(Wechsler et al. 2011). Consistent with this proposal,
segmented/elongated chromosomes have not been ob-
served in cells with a functional BTR pathway.

Although it is thought that SLX-MUS and GENI
process persistent HJs that have escaped BTR-mediated
dissolution, normal cells depleted for SLX-MUS and
GENT1 exhibit defects in chromosome segregation exem-
plified by the appearance of DAPI-positive chromosome
bridges and lagging chromosomes (Wyatt et al. 2013). The
activities of SLX-MUS and GEN1 are also required for the
repair of DNA interstrand cross-links (ICLs), and cells
lacking these proteins display increased sensitivity to
cross-linking agents such as cisplatin or mitomycin
C (MMC) and show reduced damage-induced SCE forma-
tion (Fekairi et al. 2009; Munoz et al. 2009; Svendsen et al.
2009; Garner et al. 2013; Wyatt et al. 2013).

Mutations in SLX4 have been reported in patients with
Fanconi anemia (FA), a recessive genetic disorder marked
by the presence of genome instability, bone marrow failure,
cancer predisposition, and hypersensitivity to DNA-cross-
linking agents (Stoepker et al. 2011; Kim et al. 2013). Cells
derived from these patients exhibit gross mitotic defects
upon depletion of BLM or GENI, as indicated by the
presence of micronuclei, nuclear bridges, and irregular or
catastrophic nuclei (Garner et al. 2013). They also com-
monly undergo mitotic failure, resulting in the formation
of binucleate cells that fail to divide. Additionally, meta-
phase chromosomes from GEN1-depleted SLX4-null cells
exhibit paired acentric chromosome fragments (Garner
et al. 2013). These mitotic defects contribute to the high
levels of mortality observed in BLM- or GEN1-depleted
SLX4-null cells. However, whether the deficiency of these
enzymes also leads to genome instability in other phases of
the cell cycle is presently unknown.

In addition to its interaction with MUS81-EMEI, SLX4
provides a scaffold for the binding of several other DNA
repair proteins, including XPF-ERCC1, the mismatch
repair proteins MSH2-MSH3, the SNM1B/Apollo 5’ exo-
nuclease, and the shelterin proteins TRF2-RAP1 (Fekairi
et al. 2009; Munoz et al. 2009; Svendsen et al. 2009;
Salewsky et al. 2012). MUS81 and ERCC1 are important
for common fragile site breakage (or “expression”) during
G2/M phase, a process that aids faithful chromosome
disjunction by severing intertwined DNA strands at sites
of ongoing/incomplete replication (Naim et al. 2013; Ying
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et al. 2013). Consistent with this, MUS81- and ERCC1-
depleted cells exhibit high frequencies of segregation
defects and 53BP1-positive G1 nuclear bodies (NBs), in
particular when subjected to exogenous replication stress.
Moreover, micronuclei and 53BP1 NBs in MUSS8I-
depleted cells are frequently associated with fragile site
DNA sequences (Ying et al. 2013).

The MUSS81 nuclease has also been implicated in
replication fork restart in response to treatment with
replication inhibitors such as hydroxyurea (HU) and
aphidicolin (APH), although increased fork stalling in
the absence of exogenous replication stress was not
observed (Hanada et al. 2007; Shimura et al. 2008; Naim
et al. 2013; Ying et al. 2013). SLX4-depleted cells are sen-
sitive to replisome-blocking agents such as camptothecin
(Munoz et al. 2009; Svendsen et al. 2009; Kim et al. 2013),
but it is presently unclear whether the SLX1-SLX4
nuclease plays a role in replication fork maintenance, as
studies investigating the sensitivity of SLX1-depleted
human cells to replisome-blocking agents have produced
conflicting results (Fekairi et al. 2009; Munoz et al. 2009;
Svendsen et al. 2009; Kim et al. 2013). It is also unknown
whether the SLX4 scaffold coordinates the activities of
its interacting nucleases at replication forks.

Our present understanding of the functions of GEN1
relate almost exclusively to its role in the resolution of
HJs at mitosis (especially in the absence of BTR and/or
SLX-MUS HJ processing pathways), and it has been
suggested that GEN1 simply provides a backup resolu-
tion pathway that is required for the avoidance of mitotic
defects (Wechsler et al. 2011; Garner et al. 2013; Wyatt
et al. 2013). However, in the work described here, we
show that SLX4, MUS81, and GEN1 depletion not only
impedes the timely and faithful completion of mitosis in
undamaged or damaged BLM-proficient human cells but
also results in increased genome instability throughout
the cell cycle. We found that SLX4-, MUS81-, and GEN1-
depleted cells exhibit impaired replication fork move-
ment/S-phase progression, endogenous checkpoint acti-
vation, chromosome instability, and multinucleation.
The functions of SLX4 and MUSS81 are epistatic in
protecting against these phenotypes but synthetic with
the depletion of GEN1. Furthermore, we found that SLX1
is dispensable for these functions, providing evidence for
divergent roles for the SLX1-SLX4 nuclease and the SLX4
scaffold in the maintenance of genome integrity in human
cells.

Results

Anaphase bridge and lagging chromosome formation
in resolvase-depleted cells

Cells depleted of SLX-MUS and GENI1 exhibit high
frequencies of anaphase bridges and lagging chromo-
somes, particularly after treatment with DNA-damaging
agents (Garner et al. 2013; Wyatt et al. 2013). To charac-
terize these abnormalities in detail, HeLa cells were
depleted for SLX1-SLX4 using siRNA against SLX4,
treated with the DNA-damaging agent cisplatin, and
visualized by immunofluorescence (Fig. 1). As shown
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Figure 1. DAPI bridges and lagging chromosomes in SLX4-depleted cells contain BLM, centromeric DNA, yH2AX, and FANCD2. (A)
Visualization of BLM (red) on DAPI bridges and lagging chromosomes in cisplatin treated SLX4-depleted HeLa cells. (Panel i) BLM

centromeres at one or both ends of the bridge. (Panel iv) CREST foci on individual/pairs of lagging chromosomes. (C) Analysis of
anaphase bridges and laggards for FANCD2 (purple). (Panel i) An anaphase bridge with a FANCD2 focus at the central connection point
of the bridge. (Panels ii-iv) Lagging chromosomes containing FANCD2 foci or coating. (D) Appearance of YH2AX (red) on DAPI-positive
bridges and lagging chromosomes. (Panels i,ii) yH2AX coats DAPI bridges. (Panels iii,iv) yH2AX coating or foci on lagging

chromosomes. Bars, 10 pm. Arrows indicate points of interest.

previously, SLX4 depletion leads to destabilization of the
SLX1-SLX4 complex and a reduction in the levels of both
SLX1 and SLX4 (Supplemental Fig. 1A). In contrast, SLX1
depletion does not affect the stability of SLX4 (Munoz
et al. 2009; Castor et al. 2013; Wyatt et al. 2013).

When we examined 450 anaphase bridges and lagging
chromosomes from SLX4-depleted cells, we found that
~90% of the DAPI-stained DNA bridges also stained
positively for BLM (Figs. 1A [panel i], 2A), indicating that
the BTR dissolution pathway continues to attempt to
resolve joint molecules that persist until mitosis. Con-
sistent with this, BLM-deficient BS cells exhibit a higher
frequency of DAPI-positive bridges relative to BLM-
complemented isogenic cell lines (Supplemental Fig. 1B;
Chan et al. 2007). Moreover, depletion of SLX4 from BS
cells resulted in a further increase in DAPI bridges,
indicating that BTR and SLX-MUS constitute alternative
pathways for joint molecule processing/anaphase bridge
resolution in cycling cells (Supplemental Fig. 1B).

BLM foci were also present on the segregating DNA
masses in SLX4-depleted cells (Supplemental Fig. 1C). A
significant proportion of these foci colocalized with
vH2AX, a marker for DNA DSBs (data not shown),
indicating that they mark sites of damage that arise from
either the aberrant processing of recombination interme-
diates or the persistence of unusual DNA structures or
breaks. Similarly, BLM was found on extensive bridge-
like structures that connected lagging chromosomes to
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one another as well as to one or both masses of segregat-
ally, BLM staining was found to coat masses of lagging
DNA (Fig. 1A, panel iv).

All of the key observations made in cells depleted for
SLX4 were also seen in cells depleted for SLX1, MUS8I,
or GENI1 (data not shown), indicating that these find-
ings are representative of a general defect in the res-
olution of recombination intermediates. Due to the
phenotypic similarities observed after resolvase deple-
tion, the following section focuses primarily on cells
depleted for SLX4.

BLM-stained DAPI bridges link centromeric DNA

BLM-positive anaphase bridges are commonly classified
into (1) centromeric bridges that contain unresolved
fully replicated DNA catenanes or (2) FANCD2/FANCI-
associated bridges, which localize to chromosome arms (at
loci representing common fragile sites) and mostly contain
DNA replication intermediates (Chan et al. 2007, 2009;
Naim and Rosselli 2009; Chan and Hickson 2011). We
therefore examined whether the DAPI-positive bridges
observed in resolvase-depleted cells were primarily cen-
tromeric or FANCD2-associated.

Using an anti-centromere antibody (CREST), we found
that ~90% of the DAPI bridges contained centromeric
DNA at one or both ends of the bridge. In most cases,



[1 BLM only

[ FANCDZ2 only
3 yH2AX only
[ BLM & FANCD2

A

DAPI-positive anaphase
bridges

Bl BLM, yH2AX & FANCD2
Il no BLM, yH2AX or FANCD2

Lagging chromosomes

FANCD2

yH2AX

these foci lagged behind the main cluster of centromeres
present within the two segregating daughter DNA masses
predominantly centromeric, FANCD2 was detected in
only a small subset of DAPI-positive bridges (~15%).
When present, FANCD2 localized to either the base or
the center of the bridge (Fig. 1C, panel i). The presence of
FANCD?2 and centromeric DNA on DAPI bridges was
mutually exclusive, and only in very rare instances did
we find FANCD2 at the central connection point of
centromeric DAPI bridges (data not shown).

In contrast to the anaphase bridges, 34% of lagging
chromosomes contained centromeric DNA (Fig. 1B, panel
iv). Conversely, FANCD2 was more abundant on laggards
than on anaphase bridges (Fig. 1C, panels ii-iv). The
distinct differences observed with DAPI-positive bridges
and lagging chromosomes indicate that these structures
may contain different types of DNA intermediates.

DAPI bridges and laggards in resolvase-depleted cells
contain broken DNA

Our finding that the majority of lagging chromosomes
lack centromeres excludes the possibility that merotelic
kinetochore attachments contribute to their formation.
However, since resolvase-deficient cells exhibit ele-
vated levels of genome instability (Fekairi et al. 2009;

[ yH2AX & FANCD2

MERGE
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Figure 2. The presence of BLM, yH2AX, and, to a lesser
extent, FANCD2 on anaphase bridges and lagging
chromosomes in SLX4-depleted cells. (A) Proportion of
DAPI-positive anaphase bridges and lagging chromo-
somes containing BLM, FANCD?2, and/or yH2AX. More
than 150 DAPI bridges and lagging chromosomes were
analyzed. (B) BLM (red), FANCD?2 (green), and yH2AX
(purple) staining on the indicated gapped DAPI-staining
bridges (panel i), lagging chromosomes and fragments
(panels i-iii), and masses of lagging DNA (panel iv).
All quantifications and representative images were
obtained from cisplatin-treated, SLX4-depleted HeLa
cells. Bar, 10 pm. Arrows indicate points of interest.

Garner et al. 2013), we reasoned that the lagging chromo-
somes might represent broken DNA fragments that are
left behind as mitotic spindle forces pull segregating
daughter nuclei toward opposing spindle poles. This hy-
pothesis was supported by observations indicating that
>70% of laggards showed yH2AX foci/coating (Fig. 1D,
panels iii,iv).

Interestingly, YH2AX was found on 58% of the DAPI-
positive bridges in SLX4-depleted anaphase cells, often
localizing to visible gaps at the base or in the middle of
a bridge (Supplemental Fig. 1D) and, in some cases,
extending from these gaps to coat almost the entire bridge
(Fig. 1D, panels i,ii). This was clearly the case with late
anaphase/telophase cells (Supplemental Fig. 1E) and
could be a consequence of the breakage of persistent
bridges by mitotic spindle forces.

BLM and yH2AX often localized to the same anaphase
bridges (Fig. 2A), whereas FANCD2 was less abundant and
was only present on bridges that also contained BLM and/or
vyH2AX (Fig. 2B, panel i). On the lagging chromosomes,
most FANCD?2 foci (~>90%) localized with yH2AX, consis-
tent with them representing sites where DSBs are present
(Fig. 2A,B). The extensive YH2AX staining observed in these
cells indicates that DNA damage occurs and/or persists in
the absence of normal levels of resolution activities. More-
over, the requirement for BLM at anaphase indicates that it
is particularly important in SLX4-depleted cells.
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Elevated levels of micronuclei and multinucleation
in SLX-MUS- and GEN1-depleted cells

The presence of anaphase bridges and lagging chromo-
somes leads to micronucleus formation upon cytokinesis
(Fenech and Neville 1992; Hoffelder et al. 2004; Utani
et al. 2010). We therefore analyzed the effect of resolvase
depletion on the formation of micronuclei in both un-
damaged and damaged cells. Consistent with the levels of
bridges and laggards observed in undamaged resolvase-
depleted cells (Wyatt et al. 2013), cells lacking SLXI,
SLX4, MUSS81, or GEN1 showed only minor increases in
micronucleus formation (Fig. 3A, top panel; Supplemen-
tal Table S1). Cells lacking both SLX4 and GEN1, how-
ever, exhibited a significant increase in their formation
(Supplemental Table S1). Moreover, pairwise depletion of
SLX1 + GENI1, SLX4 + GENI, and MUSS81 + GENI1
followed by cisplatin treatment led to high levels of
micronucleus formation (Fig. 3A, bottom panel; Supple-
mental Table S1). Further increases in the levels of micro-
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nuclei were not observed upon depleting MUS81 with
either SLX1 or SLX4, consistent with observations show-
ing that SLX-MUS and GENI constitute two distinct
pathways of resolution that are important for ensuring
faithful chromosome segregation (Castor et al. 2013;
Garner et al. 2013; Wyatt et al. 2013). Interestingly, micro-
nuclei levels in SLX4-depleted cells were greater relative to
SLX1- and/or MUS81-depleted cells. This is consistent
with SLX4-depleted cells showing a higher incidence of
DAPI-positive bridges and laggards relative to SLX1/
MUSS8I1 depletions (Wyatt et al. 2013) and likely reflects
additional SLX4 scaffold functions mediated through one
of its other interacting partners. As with DAPI bridges and
laggards, we also observed yH2AX, BLM, and FANCD2 on
micronuclei, suggesting that these too contain damaged
DNA (Fig. 3C).

SLX4 + GENI- and MUS81 + GENIl-depleted cells
additionally exhibited significant levels of multinuclea-
tion, relative to cells treated with any of the single
siRNAs (Fig. 3D, top panel; Supplemental Table S1).

Figure 3. Micronucleus formation and multinuclea-
tion in SLX1-, SLX4-, MUS81-, and/or GEN1-depleted
cells. (A) Micronuclei were quantified in untreated and
cisplatin-treated HeLa cells depleted for the indicated
proteins (n = 6992 interphase cells). (B) Representative
image of micronuclei (arrowheads) found in SLX4-de-
pleted HeLa cells following cisplatin treatment. Bar, 16

m. (C) Visualization of BLM (red), FANCD2 (green),
and yH2AX (purple) in a micronucleus (arrowhead) in
a SLX4-depleted and cisplatin-treated HeLa cell. Bar, 10
wm. (D) Quantification of the frequencies of multinu-
cleate cells following treatment with the indicated
siRNAs with or without cisplatin (n = 7403 interphase
cells). (E) Examples of multinucleation (boxed) in dam-
aged HelLa cells depleted for SLX4. Bar, 32 um.
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Multinucleate cells were characterized by the presence of
more than one (up to eight) nuclear masses of varying
sizes accompanied by an expanded cytoplasm, as revealed
by a-tubulin staining. Representative examples observed
in SLX4-depleted cells are shown in Figure 3E. The pro-
portion of multinucleate cells increased further upon expo-
sure to cisplatin such that 10% and >20% of MUSS81 +
GENI1- and SLX4 + GEN1-depleted cells were multinu-
cleate, respectively (Fig. 3D, bottom panel; Supplemen-
tal Table S1). Depletion of MUS81 + SLX4 led to no
additional effects on the levels of multinucleation.

In contrast to cisplatin-treated cells in which SLX4 +
GENT1 were depleted, loss of SLX1 + GENI1 did not result
in significant levels of multinucleation (Fig. 3D; Supple-
mental Table S1). This was not due to inefficient de-
pletion of SLX1 (Supplemental Fig. 1A), since SCE levels
in these cells were comparable with those treated with
SLX4 siRNA (Supplemental Fig. 2). Indeed, both SLX1-
and SLX4-depleted cells exhibited significantly lower
levels of SCEs than control cells. These data indicate
that multinucleation does not result from the depletion
of the SLX1-SLX4 nuclease but is instead associated with
the deficiency of SLX4's scaffold functions.

Elevated levels of 53BP1-positive G1 NBs

DNA lesions, such as DSBs, can be transmitted to daughter
cells following mitosis, where they are sequestered into
53BP1 NBs (Harrigan et al. 2011; Lukas et al. 2011). Since
a large proportion of anaphase/telophase cells depleted for
HJ resolvases showed yH2AX foci, we next analyzed the
levels of 53BP1-positive G1 NBs to determine whether at
least some of this damage was transmitted to the daughter
cells.

We found that 53BP1-positive NBs were more common
in SLX1-, SLX4-, MUS81-, and/or GEN1-depleted cells,
relative to cells treated with control siRNA, even in the

0 W12 M 35 M >5 G1nuclear bodies
untreated
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absence of exogenous damage (Fig. 4A). The highest levels
were observed in cells depleted for both SLX-MUS and
GENI1 pathway proteins. This was further exacerbated by
the introduction of exogenous damage, with a subset of
SLX4 + GEN1- and MUS81 + GEN1-depleted G1 cells in
particular showing more than five 53BP1 NBs. Indeed, we
observed that SLX4 + GENI depletions led to signifi-
cantly more 53BP1 NBs than the corresponding SLX1 +
GENI1 depletions (Fig. 4A). Representative images of the
SLX4 and SLX4 + GENI1 depletions are shown in Figure
4B. Collectively, these data show that the DNA lesions
present in the resolvase-depleted anaphase cells remain
unrepaired and are transmitted to the daughters.

In normal cells, 53BP1 foci are rarely observed in the
S or G2 phases of the cell cycle unless the cells are
exposed to DNA-damaging agents such as ionizing radi-
ation (Lukas et al. 2011). However, we found that un-
damaged cyclin A-positive cells, characteristic of those in
S/G2 phase, exhibited increased levels of 53BP1 foci after
depletion of SLX-MUS and GEN1 (Supplemental Fig. 3).
This was particularly prominent in the SLX4 + GEN1 and
MUSS81 + GENI depletions, as 33%-37% of the cyclin
A-stained cells also contained 53BP1 foci. The appearance
of these foci indicates that depletion of SLX-MUS and
GENT1 leads to increased genome instability not only in
mitosis but also during S/G2 phases of the cell cycle.
However, whether they represent damage transmitted
from the preceding cell cycle or that acquired during
interphase in the absence of SLX-MUS and GENI is
presently unclear.

Severe chromosome abnormalities in SLX4-, MUSS81-,
and GEN1-depleted cells

BS cells depleted for SLX4 + GEN1 or MUSS81 + GENI1
exhibit severe chromosomal abnormalities, such as the
appearance of highly elongated and segmented chromo-

Figure 4. Resolvase-depleted cells exhibit
elevated levels of 53BP1-positive G1 NBs.
(A) Quantification of the proportion of Gl
cells containing zero, one to two, three to
five, and more than five 53BPI-positive
NBs following treatment with the indicated
siRNAs and with or without cisplatin treat-
ment (n = 8894 Gl1 cells). (B) Representative

cisplatin-treated
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somes (Wechsler et al. 2011). Similar observations have
been made in SLX4-null cells, derived from individuals
with FA, after depletion of BLM (Garner et al. 2013). To
determine whether loss of BLM function is directly
related to the segmentation phenotype, we analyzed their
formation in BLM-proficient cells following resolvase
depletion. We found that depletion of SLX4 + GENI1 or
MUSS81 + GENI1 from cisplatin-treated HeLa cells led to
the formation of segmented chromosomes (Fig. 5A,B),
providing the first demonstration that this phenotype
occurs in cells proficient for BLM. Chromosome segmen-
tation was not observed in SLX1, SLX4, MUS81, or GEN1
single knockdowns or when SLX-MUS pathway proteins
were depleted together (Fig. 5C).

Consistent with our earlier observations with the multi-
nucleation phenotype, treatment with SLX1 + GENI
siRNAs did not lead to the formation of elongated/seg-
mented chromosomes, in contrast to the results obtained
with SLX4 + GENI1 depletion (Fig. 5A,C). These results
indicate that cells lacking the nuclease activity of SLX1-
SLX4 are phenotypically distinct from those depleted for
SLX4’s scaffold function. Similar observations were made
in undamaged BS cells treated with SLX1 + GEN1 siRNAs,
which exhibited significantly lower levels of chromosome
segmentation compared with SLX4 + GEN1-depleted cells
(Supplemental Fig. 4A,B). Furthermore, upon exposure to
exogenous damage, SLX4-depleted BS cells, but not those
depleted for SLX1, displayed severe chromosome segmen-
tation (Supplemental Fig. 4C,D), highlighting the im-
portance of the SLX4 scaffold, but not the SLX1-SLX4

nuclease, for maintaining normal chromosome architec-
ture in the absence of BLM function.

Loss of SLX4, MUS81, and GEN1 triggers a checkpoint
response

BS cells, which display elevated levels of genomic in-
stability, exhibit an ATM/CHK2-mediated DSB check-
point response (Rao et al. 2007). We therefore determined
whether elevated levels of genomic instability associated
with SLX-MUS and GENI1 depletion also lead to activa-
tion of the same checkpoint. Analysis of the levels of
phospho-Thr68 of CHK2 revealed that CHK2 was acti-
vated by depletion of SLX4 + GENI1 and, to a lesser extent,
by MUSS81 + GENI (Fig. 6A). Marginal levels of CHK2
activation were observed after SLX4 or SLX4 + MUS81
depletion. Interestingly, CHK2 activation was not ob-
served in SLX1-, SLX1 + MUSS81-, or SLX1 + GENI-
depleted cells, indicating that a deficiency of the SLX4
scaffold, rather than the SLX1-SLX4 nuclease, is respon-
sible for triggering the checkpoint. Loss of SLX-MUS and
GEN1 pathway proteins, however, failed to activate
CHK]1, exemplified by the absence of Ser317 or Ser345
phosphorylation (Fig. 6A). Activation of CHK2, rather
than CHKI1, indicates that the checkpoint response in
SLX4/MUS81- and GEN1-depleted cells is predominantly
triggered by DSBs rather than single-stranded breaks.
This was further corroborated by the absence of signifi-
cant RPA32 phosphorylation (S4/S8) in SLX-MUS- and
GEN1-depleted cells (Fig. 6A).
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SLX4, MUS81, and GEN1 are required for replication
fork progression

Cells depleted for SLX4 + GEN1 or MUS81 + GENI1, but
not SLX1, SLX4, MUSS1, GEN1, SLX1 + MUS81, SLX4 +
MUS81, or SLX1 + GENI1, were found to be sensitive to
HU (Fig. 6B; Supplemental Fig. 5A). We therefore deter-
mined whether SLX4 + GEN1 or MUSS81 + GEN1 depletion
affected the proportion of cells in S phase. Previously, it was
shown that increased fractions of SLX4 + GENI- and
MUS81 + GENI1-depleted cells possess a “4n” (or G2/M)
DNA content (Wyatt et al. 2013). However, using phospho-
histone H3 labeling, we found that these cells had similar
mitotic fractions compared with those treated with either
control siRNA or SLX4, MUS81, or GEN1 siRNA (Supple-
mental Fig. 5B). Using a flow cytometric assay for bromo-
deoxyuridine (BrdU) labeling, we found that SLX4 + GEN1
or MUS81 + GENI1 depletion instead led to the enrichment
of cells in late S phase (Fig. 6C), in which the DNA content
is similar to that of cells in G2 or M phase. Elevated
populations of late S-phase cells were not observed in the
single depletions or other pairwise combinations.
Enriched S-phase populations can stem from cells that
slow replication or arrest during S phase, leading us to
determine whether SLX4 + GEN1- or MUS81 + GEN1-
depleted cells exhibited a delay in S-phase progression. To
do this, we pulsed asynchronous populations of siRNA-
treated cells with BrdU for 30-45 min (to selectively label
S-phase cells) and then followed the progression of labeled
cells over the next 10 h using flow cytometry. Significant
delays in S-phase progression were observed in both
SLX4 + GEN1- and MUS81 + GEN1-depleted cells rela-

tive to those treated with either control or SLX4, MUSS81,
or GEN1 siRNA (Fig. 7A,B). Indeed, after 10 h, when
81%—-89% of the single siRNA-treated cells had com-
pleted cell division and progressed to a new cell cycle
(G1), only 47%-50% of SLX4 + GENI1- or MUS81 +
GEN1-depleted cells had progressed normally, and the
rest of the cells remained in S or G2 phase (Fig. 7B). Delays
in cell cycle progression were further exacerbated by the
presence of exogenous damage, with significant propor-
tions of SLX4 + GEN1- or MUS81 + GEN1-depleted cells
exhibiting 8n DNA contents (Supplemental Fig. 6A). In
contrast to SLX4 + GEN1-depleted cells, those lacking
SLX1 + GENI displayed normal cell cycle progression
kinetics (Supplemental Fig. 6B,C), consistent with our
observations showing that they were insensitive to HU
treatment and exhibited normal DNA content distribu-
tions (Supplemental Fig. 5A,B).

Endogenous checkpoint activation, sensitivity to replica-
tion inhibitors, and slow S-phase progression are indicative
of defects in DNA replication. We therefore examined
replication dynamics in SLX4-, MUS81-, and/or GEN1-
depleted cells using molecular combing, in which repli-
cating DNA was visualized by consecutively pulsing
cells with iododeoxyuridine (IdU) and chlorodeoxyuridine
(CIdU). Since the stretching factor of combed DNA fibers
is constant, the lengths of IdU and CIdU tracts provide
reliable estimates of fork velocity. We found that depletion
of SLX4 + GEN1 or MUS81 + GENI reduced replication
fork velocity by 28%-35% relative to control cells (Fig.
7C,D). We did not observe any significant reductions in
fork speed in SLX1-, SLX4-, MUSS1-, GEN1., SLX4 +
MUS81-, SLX1 + MUS81-, or SLX1 + GEN1-depleted cells.
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Figure 7.

Impaired replication fork progression in SLX4-, MUSS81-, and GEN1-depleted cells. (A) Cell cycle progression of BrdU-

positive (S-phase) cells following treatment with the indicated siRNAs. (B) Kinetics of cell cycle progression, quantified as in A. (C)
Representative images of IdU-labeled (green) and CldU-labeled (red) combed DNA fibers prepared from HeLa cells treated with the
indicated siRNAs. (D) Replication fork velocity (kilobases per minute) in undamaged siRNA-treated HeLa cells. Data represent the
mean fork velocity after each siRNA treatment (values are indicated at the top of the graph). P-values were determined using two-tailed

Mann-Whitney tests. (ns) Not significant. Error bars indicate =SD.

These data bolster the concept that the SLX1-SLX4 nu-
clease is dispensable for replication fork maintenance and
thus for efficient S-phase progression. Depletion of the
SLX4 scaffold or MUS81 in combination with GENI,
however, leads to defects in fork progression. Given that
MUSS81 is known to play a role in replication fork restart
following exposure to HU (Hanada et al. 2007; Ying et al.
2013), these results implicate the SLX4 scaffold in facili-
tating MUSS81 actions at stalled forks.

Discussion

In mitotic human cells, HJs that arise during recombina-
tional repair are preferentially dissolved by the BTR
pathway. The HJ resolvases have largely been viewed as
backups for this pathway, assisting in the removal of
persistent HJs in G2/M phase, especially in the absence of
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BTR-mediated dissolution (as in BS) or when the damage
load on the cells is high (e.g., after exposure to genotoxic
agents such as cisplatin) (Wechsler et al. 2011; Garner
et al. 2013; Wyatt et al. 2013). Here, we show that
depletion of SLX4, MUSS81, and GEN1 from undamaged
BLM-proficient cells leads to genome instability not only
in mitosis but also throughout the cell cycle.
Importantly, we found that SLX4/MUS81 and GEN1
are important for normal DNA replication and S-phase
progression in human cells. Indeed, depletion of SLX4/
MUSS81 and GENI led to reduced replication fork speed
and delayed S-phase progression, resulting in skewed
DNA content distributions with enriched late S-phase
populations. Significant replication fork impediments
were observed only when both the SLX4/MUS81 and
GEN1 pathways were depleted, consistent with func-
tional redundancies between these proteins. The ob-



served reduced replication fork velocity may result from
a defect in replication fork recovery, as observed pre-
viously in MUS81-deficient human and mouse cells after
HU or APH treatment (Hanada et al. 2007; Ying et al.
2013). Consistent with this proposal, we observed the
activation of CHK2 in SLX4/MUS81- and GEN1-depleted
cells, most likely caused by replication fork collapse and
DSB formation.

SLX4/MUS81- and GENl-depleted, cisplatin-treated
cells exhibit gross chromosomal abnormalities character-
ized by the appearance of highly segmented chromo-
somes. Similar phenotypes have been observed in BLM-
depleted SLX4-null cells and SLX4/MUS81- and GENI1-
depleted BS cells (Wechsler et al. 2011; Garner et al. 2013).
It has been suggested that segmentation might result
from abnormal chromosome condensation in cells lack-
ing HJ dissolution/resolution functions. Consistent with
this, the chromosome indentations found within intact
chromosomes are free of the condensin SMC2 and can be
suppressed by expression of the cryptic bacterial re-
solvase RusA (Wechsler et al. 2011; Garner et al. 2013).

How might the presence of DNA intermediates that are
normally processed by BTR, SLX4/MUS81, and/or GEN1
impede chromosome condensation? One possibility is
that delays in replication timing/progression promote
defects in chromosome condensation. For example, hu-
man and mouse cells exposed to ionizing radiation
exhibit delayed replication timing and impaired chromo-
some condensation (Breger et al. 2004). Similarly, muta-
tions in Drosophila replication genes such as orc2 and
orc5 have been linked with abnormal chromosome con-
densation (Pflumm and Botchan 2001). These observa-
tions indicate that a normal density of active replication
origins as well as the timely completion of S phase are
important for proper chromosome condensation. It is
therefore possible that the condensation defects seen in
SLX4/MUSS81- and GEN1-depleted cells are also causally
linked to the impaired replication dynamics observed in
these cells. In accord with this, SLX1 + GEN1-depleted
cells, which show normal S-phase progression, are largely
devoid of chromosome segmentation.

We found that depletion of SLX4/MUS81 and GENI1 led
to significant levels of multinucleation. Hyperploidy has
been reported in BLM- and GENl-depleted SLX4-null
human cells (Garner et al. 2013), Drosophila mus312
(SLX4) and mus309 (BLM) double mutants (Andersen
et al. 2011), and Saccharomyces cerevisiae sgsl (BLM)
and mms4 (EME1) double mutants (Matos et al. 2013).
Although the precise cause for multinucleation remains
unclear, it is possible that significant replication delays and
DNA repair defects in SLX4/MUS81- and GEN1-depleted
cells lead to the inhibition of cytokinesis and promote
multinucleation. Indeed, delayed replication timing is
associated with hyperploidy in irradiated mouse primary
cells and with multinucleation in the absence of Orc6 in
Drosophila (Breger et al. 2004). This might also explain
why SLX1 + GEN1-depleted cells, which display normal
replication kinetics, do not display multinucleation.

Although a role for MUSS81 in replication fork mainte-
nance is well established, GEN1 has not previously been

Roles of SLX-MUS and GEN1 in genome stability

linked with DNA replication. However, S. cerevisiae
mutants lacking both Yenl and Dna2, an essential
replication gene, are synthetic-lethal (Budd et al. 2005),
and yenl mus81 double mutants are exquisitely sensi-
tive to DNA-damaging agents that perturb replisome
progression (Blanco et al. 2010). Importantly, we found
that SLX1-depleted cells displayed normal replication
fork velocity and S-phase progression. Moreover, SLX1-,
SLX1 + MUSS81-, or SLX1 + GEN1-depleted cells did not
exhibit CHK2 activation, multinucleation, or chromo-
some segmentation. The absence of replication defects
even in the absence of both SLX1 and GENI1 indicates
that the SLX1-SLX4 nuclease does not contribute to the
striking SLX4 + GENI1 replication-related phenotypes.
Similar observations have been reported in S. cerevisiae,
where SIx4, but not SIx1, is important for replication
fork recovery following DNA damage (Roberts et al.
2006; Flott et al. 2007). Since SLX4 and MUS81 were
epistatic in ensuring normal replication in our study, it
is tempting to speculate that SLX4 is important for
targeting MUSS81 to replication forks during S phase
and/or stimulating its activity on these structures.
Consistent with this, SLX4 stimulates the cleavage
activity of MUS81 on model replication fork structures
(Munoz et al. 2009). Partially nonoverlapping functions
for SLX1 and MUS81 within the context of the SLX4
scaffold also explains why SLX1 + MUS81-depleted cells
show reduced survival relative to the respective single
knockdowns (Wyatt et al. 2013).

Although the SLX1-SLX4 nuclease appears to be dis-
pensable for replication progression, it is nonetheless im-
portant for damage-induced SCE formation and faithful
chromosome segregation (Wyatt et al. 2013). Accordingly,
SLX1-SLX4-, MUS81-, and/or GEN1-depleted anaphase
cells show elevated levels of DAPI-positive chromosome
bridges and lagging chromosomes, particularly in the pres-
ence of exogenous damage (Wyatt et al. 2013). We found
that the BLM helicase is ubiquitous on these structures.
Since most DAPI-positive bridges in resolution-deficient
cells are centromeric (and FANCD2-negative), it is likely
that BLM dissolves persistent, fully replicated DNA cate-
nanes that are present within these structures. In this
respect, the BTR pathway in turn serves as a backup for
defects in HJ resolution during anaphase.

The anaphase bridges and laggards found in resolvase-
depleted cells are also frequently positive for the DSB
marker yH2AX, with BLM and yH2AX staining often
apparent on the same structures. The recruitment of BLM
to yH2AX-positive bridges and laggards presumably in-
dicates its involvement in DSB repair in the absence of
the SLX-MUS and GENI1 proteins. In addition to con-
taining yYH2AX, many laggards lack centromeric DNA,
suggesting that they represent broken DNA fragments
that fail to attach to the mitotic spindle apparatus.
Increased genome instability in SLX4-, MUS81-, and
GEN1-depleted S/G2 cells may thus contribute to the
mitotic defects observed in these cells. This, to some
extent, also explains why laggards are more common in
SLX4/MUS81- and GEN1-depleted undamaged cells rel-
ative to those lacking SLX1 and GEN1 (Wyatt et al. 2013).
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Finally, we found that depletion of SLX-MUS and GEN1
pathway proteins is associated with increased levels of
53BP1-positive G1 NBs, indicating that at least some of the
damage observed during anaphase remains unrepaired and is
transmitted to the daughter cells. The hallmark features of
genome instability associated with their deficiency are thus
explicit throughout the cell cycle in the form of elevated
levels of 53BP1-positive NBs in G1, impaired replication fork
progression during S phase, and chromosomal instability and
missegregation during M phase.

Materials and methods

Cell lines and cell culture

HeLa Kyoto cells, BLM-deficient GM08505 fibroblasts, and BLM-
complemented (GM08505-derived) PSNF5 fibroblasts were main-
tained in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS). All cultures were
grown at 37°C in a humidified atmosphere containing 10% CO,.

siRNA transfections and Western blotting

siRNA-mediated protein depletions were carried out as de-
scribed (Wyatt et al. 2013). The efficiency of protein depletion
was monitored by Western blotting 48 and/or 72 h after the first
transfection. Cells were lysed on ice in buffer containing 20 mM
Tris-HCI (pH 7.5 or 8.0), 150 mM NaCl, 2 mM EDTA, 0.1% (v/v)
Triton X-100, 10% (v/v) glycerol, and a cocktail of complete,
EDTA-free protease inhibitors (Roche). Aliquots (20-50 wg) of
whole-cell extracts were subjected to SDS-PAGE, and the pro-
teins were transferred onto nitrocellulose membranes for West-
ern blotting. The primary antibodies used were sheep anti-SLX1
and SLX4 (a gift from J. Rouse), rabbit anti-GEN1 (Wechsler et al.
2011), mouse anti-MUS81 (MTA30 2G10/3, Santa Cruz Bio-
technology), mouse anti-XPF (ab3299, Abcam), mouse anti-
CHK2 (05-649, Millipore), mouse anti-CHK1 (C9358, Sigma),
rabbit anti-phosphoCHK2 (Thr68) (2661, Cell Signaling Technol-
ogy), rabbit anti-phosphoCHK1 (Ser345) (2348, Cell Signaling
Technology), rabbit anti-phosphoCHK1 (Ser317) (2344S, Cell
Signaling Technology), mouse anti-RPA32 (ab2175, Abcam),
and rabbit anti-phosphoRPA32 (S4/S8) (A300-245A, Bethyl
Laboratories).

Drug treatment

Unless otherwise indicated, cells were treated with 2 pM
cisplatin 48-60 h after the first transfection. After 1 h, the cells
were washed with PBS and then maintained in fresh medium.

Immunofluorescence

Cells were harvested 36 h after the first transfection and replated
on coverslips in six-well cell culture plates. After 12 h, when
required, the cells were treated with 2 wM cisplatin for 1 h,
washed in PBS, and released into fresh medium for 60 h. The cells
were then washed three times in PBS and fixed in 4% formalde-
hyde for 10 min. After washing twice more with PBS, the cells
were permeabilized with 0.2% Triton X-100 for 5 min and
washed again. Cells were then blocked in 2% BSA and 20 mM
glycine (in PBS) for 15 min, followed by 2% BSA for another 15
min. The primary antibodies used were mouse anti-yH2AX (05-
636, Millipore), goat anti-BLM (C-18, Santa Cruz Biotechnology),
rabbit anti-FANCD2 (NB100-182, Novus Biologicals), human
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anti-centromere (CREST) (HCT-0100, Immunovision), rat anti-
tubulin (MCA 78G, AbD Serotec), rabbit anti-53BP1 (ab36823,
Abcam), and mouse anti-cyclin A (ab16726, Abcam). Alexa 488-,
Alexa 555-, or Alexa 647-conjugated donkey anti-rabbit, donkey
anti-mouse, donkey anti-rat, donkey anti-goat, and goat anti-
human secondary antibodies were purchased from Molecular
Probes (Invitrogen). All antibodies were diluted in 2% BSA in
PBS, and antibody incubations were carried out for 1 h at either
room temperature (primary antibodies) or 37°C (secondary anti-
bodies). Cells were washed three times in PBS after the primary
and secondary antibody incubations. Finally, coverslips were
mounted on glass slides using ProLong gold anti-fade reagent with
DAPI (Life Technologies). The slides were viewed using a Zeiss
Axio Imager M2 microscope with an EC Plan-Neofluar 40%/1.3
objective. Images were captured using a Hamamatsu ORCA-R2
(C10600-10B) camera with Volocity 5.5 software (PerkinElmer).

Metaphase spreads

HeLa Kyoto cells were treated for 1 h with 0.2 ug/mL colcemid
48 h after exposure to cisplatin. Both undamaged and damaged
GMO08505 cells were treated with colcemid 72 h after the first
transfection (where indicated, GM08505 cells were treated with
1 uM cisplatin for 24 h prior to colcemid treatment). The cells
were then harvested, swollen in 75 mM KCl at 37°C for 15-30
min, fixed with 3:1 methanol:acetic acid, and spread on glass
slides. After air-drying, the slides were stained with 7% Giemsa
for 10 min. After mounting, the slides were viewed, and images
were captured as described above using a Plan-Apochromat 63 /1.4
objective.

SCE assays

The assay was adapted from a published protocol (Bayani and
Squire 2005). Briefly, cells were incubated in medium containing
110 wM BrdU for 48 h, followed by 0.2 wg/mL colcemid for 1 h.
Cells were harvested, fixed, and spread on glass slides as de-
scribed above. After air-drying, the slides were incubated in 0.1
mg/mL Hoechst-33258 for 30 min, washed with PBS, and
exposed to UV light for 10 min. The slides were then soaked in
2x SSC for 1 h and stained with 7% Giemsa for 10 min. Slides
were viewed, and images were captured as described above.

Clonogenic cell survival assay

Cells were harvested 48 h after the first transfection and replated
in 10-cm tissue culture plates. After 12 h, the cells were treated
with 0, 0.2, 0.4, 0.8, or 1.6 mM HU for 24 h. The cells were then
washed three times with PBS and maintained in fresh, drug-free
medium for 2 wk. Colonies were stained for 2-10 min in 40 mg/mL
crystal violet solution containing 20% ethanol. Survival (percent-
age) following exposure to HU was calculated against an undam-
aged sample treated with the same siRNA.

Flow cytometry

Analyses of DNA content distribution and estimation of pro-
portions of mitotic and S-phase cells were performed in parallel
with immunofluorescence and DNA-combing experiments.
Cells were harvested 36 h after the first transfection and replated
on 10-cm cell culture plates for another 72 h. To determine the
proportions of S-phase populations following siRNA treatments,
cells were incubated in medium containing 10 M BrdU for 30
min prior to harvest. For analyses of cell cycle progression, cells
were replated 36 h after the first transfection. After 12 h, when



required, cells were treated with 2 uM cisplatin for 1 h, washed
in PBS, and released into fresh medium for 60 h. Next, cells were
pulsed with 10 uM BrdU for 30-45 min and released into fresh
medium for 0, 2, 4, 6, 8, or 10 h. Following harvest, cells were
washed three times with PBS and fixed in ice-cold ethanol for at
least 30 min at 4°C.

For DNA analysis, fixed cells were washed twice in PBS,
treated with 50 p.L of 100 pg/mL RNase, and stained with 50 pg/mL
propidium iodide (PI) (Sigma). Samples were run on an LSRFortessa
(Becton Dickinson) using 561-nm excitation for PI, with fluores-
cence being detected using a 610/10-nm filter. Cell doublets and
debris were excluded from analysis, and at least 10,000 events
were acquired per sample. DNA histogram analysis was per-
formed using the Watson pragmatic algorithm with FlowJo
software (Watson et al. 1987).

For BrdU staining, cells were washed twice in PBS, treated
with 2N HCI for 20 min, and then washed three times in PBS
with 0.1% Tween-20. Cells were treated with mouse anti-BrdU
antibody (Becton Dickinson) for 30 min at room temperature,
washed twice, and stained with rabbit anti-mouse FITC (Dako)
for 30 min. Following two more washes, the cells were stained
with PI as above. Samples were run on an LSR Fortessa using
561-nm excitation for PI and 488-nm excitation for FITC.
Fluorescence was collected using a 610/10-nm bandpass filter
and a 530/30-nm bandpass filter, respectively. Debris and dou-
blets were excluded, and at least 10,000 BrdU-positive events
were acquired. Data were analyzed in Flow]Jo with a gate set on
BrdU-positive events, and PI histogram data of these events were
obtained using the Watson pragmatic algorithm.

For phospho-histone H3 analysis, samples were washed twice
and treated with mouse anti-phospho-histone H3 antibody
(Ser10) (Cell Signaling Technology) for 60 min at room temper-
ature. Cells were washed twice and stained with rabbit anti-
mouse FITC (Dako) for 30 min. Following two more washes, the
cells were stained with PI as above. Samples were run on an LSR
Fortessa using 561-nm excitation for PI and 488-nm excitation
for FITC. Fluorescence was collected using a 610/10-nm band-
pass filter and a 530/30-nm bandpass filter, respectively. Debris
and doublets were excluded, and at least 10,000 events were
acquired. Data were analyzed in FlowJo.

DNA combing

DNA combing was performed as described (Michalet et al. 1997).
Briefly, cells were sequentially pulsed with medium containing
20 uM IdU and 200 p.M CIdU for 20 min prior to harvest. DNA
fibers were extracted in agarose plugs and stretched on salianized
coverslips using the molecular combing system (Genomic Vi-
sion). CldU and IdU were detected using rat (ab6326, Abcam) and
mouse FITC-conjugated (347583, Becton Dickinson) anti-BrdU
antibodies, respectively. Alexa 594- or Alexa 488-conjugated goat
anti-rat, chicken anti-goat, rabbit anti-mouse, and donkey anti-
rabbit secondary antibodies were purchased from Molecular
Probes (Invitrogen). The coverslips were mounted on glass slides
using VectaShield mounting medium. Slides were viewed, and
images were captured using an EC Plan-Neofluar 40x/1.3 objec-
tive. Images were processed as described (Michalet et al. 1997).
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