Vertebrate CTF18 and DDX11 essential
function in cohesion is bypassed
by preventing WAPL-mediated
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The alternative PCNA loader containing CTF18-DCC1-CTFS8 facilitates sister chromatid cohesion (SCC) by poorly
defined mechanisms. Here we found that in DT40 cells, CTF18 acts complementarily with the Warsaw breakage
syndrome DDX11 helicase in mediating SCC and proliferation. We uncover that the lethality and cohesion defects of
ctf18 ddx11 mutants are associated with reduced levels of chromatin-bound cohesin and rescued by depletion of
WAPL, a cohesin-removal factor. On the contrary, high levels of ESCO1/2 acetyltransferases that acetylate cohesin
to establish SCC do not rescue ctf18 ddx11 phenotypes. Notably, the tight proximity of sister centromeres and in-
creased anaphase bridges characteristic of WAPL-depleted cells are abrogated by loss of both CTF18 and DDX11. The
results reveal that vertebrate CTF18 and DDX11 collaborate to provide sufficient amounts of chromatin-loaded
cohesin available for SCC generation in the presence of WAPL-mediated cohesin-unloading activity. This process
modulates chromosome structure and is essential for cellular proliferation in vertebrates.
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Organizing chromosomal DNA is a fundamental but chal-
lenging task in all domains of life. The cohesin complex
plays important roles in several aspects of chromosome
dynamics (Yatskevich et al. 2019). Structurally, cohesin
is amolecular ring composed of several essential subunits:
SMC3, SMC1, RAD21, and SA1/SA2. Cohesin further as-
sociates with the WAPL and PDS5A/B subunits, which
control opening and closure of the cohesin ring (Peters
and Nishiyama 2012). Cohesin links DNA double helices
but can also interact nontopologically with DNA. Cohe-
sin-mediated in cis interactions of DNA within the
same chromatid mediate the formation of chromosomal
domains and the establishment of transcriptional pro-
grams. Cohesin-mediated in trans interactions between
the sister chromatids leads to sister chromatid cohesion
(SCC), which is essential for faithful chromosome segrega-
tion and facilitates error-free DNA repair by recombina-
tion (Peters and Nishiyama 2012; Tittel-Elmer et al.
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2012; Fumasoni et al. 2015; Yatskevich et al. 2019). How
these different interactions of cohesin with DNA are mod-
ulated is not well understood, but cohesin regulators may
provide insights into these processes (Dauban et al. 2020).

Cohesin binds dynamically to DNA, and this interac-
tion is converted to a more stable one during replication
via SMC3 acetylation at conserved lysine residues (Ben-
Shahar et al. 2008; Unal et al. 2008; Zhang et al. 2008;
Onn et al. 2009). Cohesin acetylation is mediated by
Ecol in budding yeast and its ESCO1 and ESCO2 orthologs
in vertebrates and mammalian cells. SMC3 acetylation is
thought to stabilize cohesin on DNA by inactivating or
preventing the access of the cohesin release factor WAPL
(Rowland et al. 2009; Sutani et al. 2009; Nishiyama et al.
2010; Chan et al. 2012; Beckouét et al. 2016; Elbatsh
et al. 2016; Ouyang and Yu 2017). Although ESCO1 func-
tions throughout the cell cycle (Minamino et al. 2015),
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replication-associated cohesin acetylation is mediated
primarily by ESCO2, via temporal regulation of ESCO2
degradation and its interactions with the MCM2-7 heli-
case and/or the polymerase clamp PCNA (Higashi et al.
2012; Ivanov et al. 2018; Minamino et al. 2018; Bender
et al. 2020).

A number of other replisome-associated factors facilitate
SCC in budding yeast by mechanisms not fully understood.
One such factor is Ctf18-RFC, composed of Ctf18-Dccl-
Ctf8 (CTF18-DSCC1-CTF8 in mammalian cells), which as-
sociates with Rfc2-5 (Hanna et al. 2001; Mayer et al. 2001)
and polymerase & (Garcia-Rodriguez et al. 2015; Stokes
et al. 2020). The Ctf18-RFC complex represents an alterna-
tive PCNA clamp loader, besides the Rfcl canonical clamp
loader and the Elg1 alternative clamp loader (Lee and Park
2020). While the Elgl-RFC unloads PCNA, Ctf18 and Rfcl
facilitate PCNA loading to leading and lagging strands (Liu
et al. 2020). The roles of the budding yeast Ctfl18 clamp
loader in SCC are controversial. One view holds that
Ctf18-RFC function is linked to cohesin acetylation by sup-
plying additional PCNA at replication forks to facilitate re-
cruitment of Ecol (Liu et al. 2020). The other model holds
that Ctf18-RFC mediates de novo loading of cohesin at rep-
lication forks (Srinivasan et al. 2020).

The above models of Ctf18 function were developed in
budding yeast, in which nonessential SCC regulators are
associated with the replisome (Lengronne et al. 2006)
and are divided into two SCC groups (Xu et al. 2007). Re-
cent work provided evidence that factors in the two
groups have different modes of action. Ctf18-RFC func-
tions together with Scc2 to mediate de novo cohesin load-
ing, whereas Ctf4 (AND-1 in vertebrates), Chll (DDX11 in
vertebrates), and Csm3-Tofl (TIMELESS-TIPIN in verte-
brates) convert cohesin associated with unreplicated
DNA into cohesive structures, independently of Scc2 (Sri-
nivasan et al. 2020).

Of note, with the exception of DDX11 whose mutations
in humans cause a cohesinopathy known as Warsaw
breakage syndrome (van der Lelij et al. 2010; Pisani et al.
2018) and whose contributions to SCC are studied in
cell lines and mouse models also in relation to its physical
interaction with TIMELESS-TIPIN (Inoue et al. 2007; de
Lange et al. 2015; Abe et al. 2016; Cortone et al. 2018; Far-
amarz et al. 2020; van Schie et al. 2020), little is known
about the role of other replisome-associated SCC regula-
tors in vertebrate and mammalian cells. Importantly,
the role of the vertebrate CTF18 complex, belonging to a
SCC group different from Chl1/DDX11 in budding yeast,
where it contributes to checkpoint activation (Pan et al.
2006; Crabbé et al. 2010; Kubota et al. 2011; Garcia-Rodri-
guez et al. 2015) and prevents fragility at repeat elements
(Gellon et al. 2011), is currently unknown. Because CTF18
is mutated in cancers (Price et al. 2013) and required for
fertility (Berkowitz et al. 2012; Holton et al. 2020), under-
standing its molecular function and identifying function-
ally related pathways in vertebrates is important and may
provide medical value.

To model the consequence of CTF18 inactivation in
vertebrate cells, we established CTF18 knockout and con-
ditional depletion in avian DT40 cells defective in the p53
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apoptotic pathway (Abe and Branzei 2014), often inacti-
vated in cancers (Negrini et al. 2010). We found that
ctf18 mutant cell lines proliferate normally in spite of a
mild reduction in fork speed but are fully dependent on
the DDX11 helicase for proliferation and normal chromo-
some segregation. We uncover that the essential joint role
of vertebrate CTF18 and DDX11 is linked to SCC and is no
longer required in the absence of the cohesin-releaser
WAPL, in contrast to the situation in budding yeast. Nota-
bly, the cohesin-mediated apparent overcondensation
state of chromosomes in WAPL-defective cells is attenu-
ated by concomitant CTF18 and DDX11 inactivation.
Chromatin fractionation and fluorescence recovery after
photobleaching (FRAP) experiments further revealed re-
duced stable binding of cohesin to chromatin in ctf18
ddx11 mutant cell lines and restoration of this pool
upon WAPL depletion. Altogether, the results highlight
vertebrate DDX11 and CTF18 as critical complementary
regulators of SCC and show that they act to provide suffi-
cient amounts of chromatin-loaded cohesin available for
SCC generation in the presence of WAPL-mediated cohe-
sin-unloading activity.

Results

CTF18 inactivation causes replication fork slow-down
and sensitivity to mitotic poisons

To establish CTF18 inactivation in DT40 cells, we applied
the auxin-induced degron (AID) system, which enables
rapid degradation of target proteins by the proteasome
(Nishimura et al. 2009; Kawasumi et al. 2017; Abe et al.
2018a). Specifically, we used the flip-in system (Kobayashi
et al. 2015) to C-terminally tag the endogenous CTF18 al-
leles with 3AID-6FLAG and 3AID-6HA, respectively (Sup-
plemental Fig. S1A). After sequential transfection, we
obtained CTF183AIDOFLAG/SAIDOHA (o] expressing TIR1-
9myc (referred to here as ctf18-aid cells). The correct
insertions of the AID tags to CTF18 and auxin-induced
depletion of CTF18-AID proteins were confirmed by West-
ern blotting (Fig. 1A). After auxin addition, CTF18-AID
proteins largely disappeared within 3 h (Fig. 1A) without
detrimental effects on cellular proliferation (Fig. 1B).
Moreover, we established CTF18 knockout DT40 cells
(Supplemental Fig. S1B), referred to as ctf18, and found
that they supported normal proliferation, similarly with
WT and CTF18-depleted DT40 cells (Fig. 1B).

Because the CTF18 complex affects replication fork
speed, either decreasing it in budding yeast (Lopez-Serra
et al. 2013) or accelerating it in human cells (Terret
et al. 2009), we performed DNA fiber analysis, which re-
vealed a mild but significant reduction in fork speed
upon CTF18 depletion (Fig. 1C), similar in trend to the sit-
uation in human cells (Terret et al. 2009). We noted a mod-
est decrease in fork speed in ctf18-aid cells even in the
absence of auxin (Fig. 1C), suggesting a mild dysfunction
in CTF18 caused by the C-terminal tagging. The defect
was further aggravated by induced CTF18 depletion
with auxin. Moreover, we observed similar reduction in
fork speed in ctf18 cells (Supplemental Fig. S1C).
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Figure 1. CTF18 inactivation causes replica-
tion fork slow-down and sensitivity to mitotic
poisons. (A) Total cell lysates were prepared
from cells of the indicated genotypes and ana-
lyzed by Western blotting using a CTF18 anti-
body. Cells were treated with auxin (Aux)
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(C) Replication fork velocity was determined
by DNA fiber assay for WT and ctf18-aid cells
with or without auxin treatment. Scale bar on
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than 50 molecules were analyzed for each con-
dition. (Middle line) Median, (box) 25th and
75th percentiles, (bars) 10th and 90th percen-
tiles. P-values were calculated by Student’s
t-test, and indicated. (D) Cell cycle distribution
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Next, we examined BrdU incorporation by flow cytom-
etry and found that CTF18-depleted cells had a modest in-
crease in the S-phase population (Fig. 1D). Because the
alternative CTF18-RFC clamp loader affects PCNA load-
ing and stimulates Pole-mediated replication (Garcia-Ro-
driguez et al. 2015; Stokes et al. 2020), we monitored the
levels of PCNA associated with chromatin in normal
conditions and upon CTF18 depletion. By analyzing
chromatin-bound versus total PCNA levels detected in
whole-cell extracts upon release of cells from nocodazole-
induced metaphase arrest, we found a reduction in chroma-
tin-bound PCNA in CTF18-depleted cells (Fig. 1E).

To address whether changes in chromatin-associated
PCNA levels, which correlate with a reduction in fork
speed, affect the ability of cells to deal with replication
stress cues and mitotic poisons, we examined the viability
of CTF18-depleted cells in various conditions. We found
no significant viability drop in response to aphidicolin
and hydroxyurea, which cause replication slow-down by
Pola uncoupling and reduction of ANTP pools, respectively,
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but increased sensitivity to nocodazole that causes micro-
tubule depolymerization and to MPS1 (mitotic kinase
Monopolar Spindle 1) inhibitor CFI-402257 that causes
premature mitotic entry (Fig. 1F).

Sensitivity to microtubule depolymerizing drugs can be
associated and caused by defective SCC, phenotypes re-
ported for budding yeast CTF18 deletion mutants (Mayer
et al. 2001). To examine whether this is the case in DT40
cells depleted for CTF18, we scored SCC defects on meta-
phase chromosomes of ctf18-aid cells. In line with previ-
ous reports (Abe et al. 2016; Kawasumi et al. 2017), in
control cells, a high fraction of DT40 cell metaphases
has well-cohered tight chromosomes, with only 5%-
25% of metaphase cells having chromosomes with arms
slightly apart, a phenotype scored as a modest chromo-
some arm SCC defect (Supplemental Fig. S1D). The SCC
status was not aggravated by CTF18 depletion, indicating
that CTF18 does not have a major impact on SCC (Supple-
mental Fig. S1D). We further analyzed whether CTF18
loss causes a defect in SMC3 acetylation as reported in
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budding yeast (Borges et al. 2013; Liu et al. 2020). We ob-
served only a mild decrease in SMC3 acetylation in ctf18-
aid cells, which was not further decreased by addition of
auxin and was not statistically significant (Supplemental
Fig. S1E). This mild reduction in SMC3 acetylation may
be related to CTF18 dysfunction caused by tagging.
Thus, vertebrate CTF18 is not critical for SCC, although
it facilitates cellular viability in the presence of mitotic
poisons.

CTF18 acts in parallel with DDX11 to mediate
cellular proliferation

DDX11 encodes a DNA helicase that interacts physically
with CTF18 (Farina et al. 2008) and contributes to SCC in
budding yeast (Mayer et al. 2004; Xu et al. 2007) and in ver-
tebrates (van der Lelij et al. 2010; de Lange et al. 2015;
Abe et al. 2016; Cortone et al. 2018; Faramarz et al. 2020).
To address whether DDX11 mediates proliferation in
CTF18-depleted cells, in analogy to the situation reported
in budding yeast (Xu et al. 2007; Srinivasan et al. 2020),
we knocked out DDX11 in the ctf18-aid background to es-
tablish CTF183AIPSFLAG/SAIDSHA Dy 117/~ cells (referred
to here as ctf18-aid ddx11 cells). Differently from single
ctf18 and ddx11 mutants that proliferate normally, ctf18-
aid ddx11 cells are severely impaired in proliferation upon
auxin addition, indicating synthetic lethality (Fig. 2A).

We further assessed whether the cause of the observed
synthetic lethality relates to replication problems.
DDX11 knockout did not affect fork speed in either
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wild-type (ctf18-aid without auxin) or CTF18-depleted
backgrounds (Fig. 2B), suggesting that DNA replication
defects are unlikely the source of the observed synthetic
lethality. Consistent with this notion, cell cycle analysis
by BrdU uptake revealed that BrdU incorporation is nor-
mal but the mitosis is severely impaired in ctf18 ddx11
cells (Fig. 2C).

To examine the time in the cell cycle in which CTF18 is
essential for proliferation in DDX11 knockout cells, we
synchronized ctf18-aid ddx11 cells in metaphase with
nocodazole and added auxin at different times, up to 8 h
of release from nocodazole, scoring the cell cycle profile
of the cultures. We then measured cellular viability at
16 h after release from nocodazole arrest and compared
it with the one measured at 8 h and different auxin treat-
ments to evaluate whether one cell division has occurred
upon CTF18 depletion in DDX11 knockout cells. The re-
sults revealed that only when auxin was added early
enough to achieve CTF18 depletion prior to S phase, the
viability of ddx11 cells was impaired (Fig. 2D). Thus,
CTF18 acts prior to or early during replication to facilitate
proliferation in DDX11 knockout cells but without im-
pairing the ability of cells to complete bulk replication.

CTF18-depleted cells rely on the DDX11 helicase
and TIPIN-mediated SCC axis for proliferation

One hypothesis that could explain the above results is
that CTF18 supports SCC generation in parallel with
DDX11. Supporting this notion, ctf18-aid ddx11 cells

Figure 2. CTFI8 contributes in parallel
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SMC3 versus total SMC3 was reduced in whole-cell ex-
tracts of double mutants compared with WT, although
this decrease was observed even in the absence of auxin,
reminiscent of the defect observed in ctf18-aid cells (Sup-
plemental Fig. 1E). Next, we investigated the levels of
cohesin and its acetylation in whole-cell extracts and
chromatin fractions from WT and ctf18-aid ddx11 cells
that reached mitosis after release from nocodazole arrest
in the presence of auxin (Fig. 3D). Importantly, while we
recapitulated the reduction in acetylated SMC3 versus
SMC3 in whole-cell extracts of double mutants, this pat-
tern does not apply to the chromatin fraction, in which
the ratio is similar to what is observed in WT cells (Fig.
3D). This phenotype of double mutants is likely due to re-
duced levels of SMC3 on chromatin as observed from

treated with auxin showed a strong increase in metaphas-
es exhibiting centromere separation defects (severe type of
SCC defect), not observed in ctf18 and ddx11 single mu-
tants (Fig. 3A). Moreover, ctf18-aid ddx11 cells have a
high percentage of misaligned chromosomes in meta-
phase (Fig. 3B) and lagging chromosomes in anaphase
(Fig. 3C), common phenotypes of SCC-defective mutants
(Sonoda et al. 2001; Abe et al. 2016; Kawasumi et al. 2017).
Thus, vertebrate CTF18 and DDX11 compensate for each
other in SCC.

To examine whether the SCC defects and mitotic le-
thality in ctf18-aid ddx11 cells relate to aberrant distribu-
tion of cohesin or its acetylation, we first analyzed the
relative levels of SMC3 and its acetylation in whole-cell
lysates (Supplemental Fig. S2A). The ratio of acetylated-

D

Noc

l7'—“'—’h>Fh'eleas

7 h after release from Noc
-aid
1

Asyn

o
k3
3

Aux

l7h

Cell cycle
analysis

aly:

ctf18:
WT dax1

Chromatin
€ 'l fractionation

ctf18-aid ctf18-aid

ddx11

Lagging
chromosomes

Normal Misalignment

C

Normal

|

5 um
12 12 12 12(exp)
6 - 6 Aux (h)
ctf18-aid
dax11

g
o
z
w
[$)
T
<
a

DAPI CENP-T

®

[=]
o
=]

=]
®
=]

N oA O
oS O
[N}
o O O

=
3
misalignment (%)

o

Anaphase cells with
lagging chromosomes (%)

Metaphase cells with

N
o

12 12
-6
ctf18-aid

1.2 (exp)
- 6 Aux (h)

ctf18-aid ctf18-aid
ddx11

wcCL
Whole
cell lysate

CHR
Chromatin
fraction

P =0.000054 0.67

=

level

n
o
3

eil

S 080

WT
ctf18-aid
dadx11

(kDa)
140

acSMC3

0.20
0.00

NItN

DNA content

E

Count

LA

GFP intensity

ctf18-aid ddx11

+GFP-DDX11

WT
K87R —
KAE —

Normalized pr

140 SMC3 acSMC3
7SMC3

in WCL
B WT m ctf18-aid
dadx 11

P=0.037
0.000048

acSMC3
/SMC3
on CHR

SMC3
/H4
on CHR

a-tubulin

IR

PN |

Histone H4

F

(kDa)
140

(9}

ctf18-aid ddx11
WT _K87R KAE +GFP-DDX11
GFP-DDX11

PN
o

< 1.00
0.000082
anti-GFP —

Histone H4

0.92 1.07 0.98 : GFP/H4

Relative cell number
Auxin (-) vs 24

° o 9o 9o
N A ®
© © © o

00 T Ke7R_KAE + GFP-ODX1T

ctf18-aid dadx11

Figure 3. CTF18-depleted cells rely on the

3\:;80 ms DDXI11 helicase-mediated SCC axis. (A)
3 50 overe Sister chromatid cohesion status was as-
® O Modest . .
& 40 O Tight sessed for the cells of indicated genotypes.
g 20 Metaphase chromosomes were classified
20 T B R in three groups depending on the level of
eX| .
- 5 - 5 Auf ) cohesion, and >100 metaphase cells were

analyzed for each genotype with or without
auxin treatment. The results of two inde-
pendent experiments are plotted. Represen-
tative images of each class are shown. (B,C)
Metaphase cells with chromosome mis-
alignment (B) and anaphase cells with lag-
ging chromosomes (C) were scored.
CENP-T was used to visualize small chro-
mosomes that are barely visible by DAPI
staining. At least 50 cells were analyzed
for each condition. The results of two inde-
pendent experiments are plotted. Represen-
tative images of misalignment and lagging
chromosomes are shown. (D) Analysis of
SMC3 and its acetylated form in whole-
cell lysates and chromatin fractions of WT
and ctf18-aid ddx11 cells, released for 7 h
in the presence of auxin from nocodazole
arrest. Cell cycle profile was analyzed by
PI staining. Mean values and SEs of three
independent experiments showing ratios
of acSMC3 versus SMC3 in whole-cell ly-
sates, chromatin, and the ratio of SMC3
versus histone H4 on chromatin are plot-
ted. P-values were calculated by Student’s
t-test and indicated. (E) FACS profile show-
ing GFP-DDX11 expression levels for vari-
ous DDX11 variants. The  Y-axis
represents cell count, and the X-axis repre-
sents GFP intensity in log scale. (F) West-
ern  blotting  showing  GFP-DDX11
expression levels for various DDX11 vari-
ants normalized versus histone H4. (G) Rel-
ative cell number after 24 h of auxin
treatment determined by CellTiter-Glo via-
bility assay for indicated genotypes. Results
of four independent clones for each geno-

type were combined. P-values were calculated by Student’s t-test and plotted. Error bars represent SD obtained from the result of
four independent clones.
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quantifying SMC3 versus histone H4 in the chromatin
fraction (Fig. 3D).

Previous work indicated that DDX11 facilitates cohe-
sion in cooperation with TIPIN-TIMELESS with which
it physically interacts (Leman et al. 2010; Abe et al.
2016; Cali et al. 2016; Cortone et al. 2018). To inquire
on the DDX11 functions required for viability in CTF18-
depleted cells, we transfected ctf18-aid ddx11 cells with
GFP-tagged WT DDX11, the helicase-dead K87R DDX11
variant, mutated in the Walker A domain, or the KAE
DDX11 variant defective in interaction with TIM/TIME-
LESS (Cortone et al. 2018), selecting clones expressing
these variants at similar levels, as assessed by FACS (Fig.
3E) and then confirmed by Western blotting (Fig. 3F). Pro-
liferation experiments measuring cell number after 24 h
upon auxin addition revealed that both the helicase activ-
ity of DDX11 and the interaction with TIMELESS contrib-
uted to normal proliferation, with the helicase activity
being essential in this regard (Fig. 3G).

To further inquire whether DDX11 compensates for
CTF18 loss jointly with TIPIN-TIMELESS, we established
combinations between the CTF18 KO and TIPIN condi-
tional mutant in which TIPIN depletion is induced by
doxycycline (Dox) (Supplemental Fig. S2B; Hosono et al.
2014). Tet-tipin ctf18 cells stopped proliferation after
Dox-induced TIPIN depletion (Supplemental Fig. S2C)
and displayed a strong increase in anaphase lagging chro-
mosomes (Supplemental Fig. S2D), resembling the lethal-
ity of ctf18 ddx11 cells (see Fig. 3C). Thus, vertebrate
CTF18 compensates for DDX11-TIPIN regarding SCC
and their concomitant loss leads to cell death due to mas-
sive chromosome missegregation.

CTF18 Ioss does not synergize with ESCO1
and ESCO2 loss in SCC defects

In DT40 cells, individual DDX11 and TIPIN deficiency
leads to synthetic lethality in combination with the
esco2-W615G mutation (Abe et al. 2016), which mimics
the relatively common human esco2-W539G mutation
found in Roberts syndrome patients (Fig. 4A; Gordillo
et al. 2008). A similar genetic relationship between
DDX11 and ESCO2 toward SCC has been reported in hu-
man cells (Faramarz et al. 2020). To investigate the con-
nections between CTF18 and ESCO2, we established
ESCO2/W615C CTF183AIDOFLAG/SAIDOHA (referred to here
as ctf18-aid esco2-W615G cells). The proliferation of
ctf18-aid esco2-W615G cells was not affected by the pres-
ence of auxin (Fig. 4B) and did not result in severe SCC de-
fects (Fig. 4C) or lagging chromosomes in anaphase
(Supplemental Fig. S3A), differently from ctf18 ddx11 mu-
tants. We also examined the CTFI8 genetic interaction
with ESCO1, which shows compensatory functions with
ESCO2 in centromeric cohesion (Kawasumi et al. 2017).
ctf18-aid escol cells proliferated similarly in the presence
asin the absence of auxin (Fig. 4D) and had similar levels of
mild cohesion defects with escol cells (Fig. 4E). Thus,
CTF18 functions genetically with ESCO1/2 and in com-
plementary fashion with DDX11.

Cohesion essentially relies on CTF18 and DDX11

ESCO1/2 overexpression does not rescue ctf18 ddx11
synthetic lethality

Because the level of acSMC3 was reduced in ctf18-aid
ddx11 cells, we addressed whether forced recovery of
acSMC3 level by ESCO1/2 overexpression restores the
SCC defects and viability of ctf18-aid ddx11 cells. We
transfected ESCO2 and ESCO1 expression constructs in
ctf18-aid ddx11 cells and assessed their expression levels
in independent clones, using as reference points esco2
cells overexpressing ESCO1 at levels that suppressed their
cohesion defects (Kawasumi et al. 2017) and ESCO2
knockout. We isolated ctf18-aid ddx11 clones expressing
about 20-fold more ESCO1 or ESCO2 compared with WT
levels (Supplemental Fig. S3B,C). We verified the high lev-
els of ESCO1 and ESCO2 by western blotting and found
that they fully compensated the cohesin acetylation
defect observed in ctf18-aid ddx11 cells in whole-cell ly-
sates (Fig. 4G; Supplemental Fig. S3D) but did not rescue
the lethality of ctf18 ddx11 cells (Fig. 4H,1I).

We further attempted to analyze whether in DDX11 KO
cells ESCO1/2-mediated acetylation of cohesin at con-
served lysine residues K105 and K106 accounts for the ob-
served lethality with ctf18. To this end, we established
DDX11 knockout in smc3-aid cells (Kawasumi et al.
2017) and expressed the SMC3 WT or the SMC3-AA var-
iant containing the HA tag (Supplemental Fig. S3E). Upon
auxin addition, ddx11 smc3-aid cells expressing SMC3
variants degrade endogenous SMC3-AID and rely on exog-
enously introduced SMC3 and SMC3-AA variants, ex-
pressed at similar levels (Supplemental Fig. S3E). Both
SMC3 variants allowed proliferation of ddx11 smc3-aid
cells, with only mild impairment observed upon expres-
sion of the smc3-AA variant (Supplemental Fig. S3F). We
note that previous biochemical work suggested that all
SMC3 variants with mutations in the acetylation sites, in-
cluding SMC3-AA, may function as bypass mutants
(Nishiyama et al. 2010). Although we cannot exclude
the possibility that SMC3-AA is an acetylation bypass
mutant, collectively, the results suggest that the CTF18
function required for proliferation in the absence of
DDX11 may not be simply linked to defective cohesin
acetylation.

WAPL loss suppresses the synthetic lethality of ctf18
ddx11 in vertebrate cells but not in budding yeast

How CTF18, DDXI11 and other nonessential SCC regula-
tors are involved in SCC is not fully elucidated. Yeast
Chll (vertebrate DDX11) and Ctf18 were proposed to sup-
port SCC by providing sufficient cohesin amounts during
replication through cohesin conversion and de novo load-
ing, respectively (Srinivasan et al. 2020). As double mu-
tants ctf18-aid ddx11 have low levels of cohesin on
chromatin (Fig. 3D), we asked whether increasing chroma-
tin-bound cohesin levels by preventing its WAPL-mediat-
ed unloading would rescue ctf18 ddx11 cohesion defects
and synthetic lethality in vertebrate cells. To this end,
we established ctf18-aid ddx11 wapl-aid cells after
sequential transfections of the WAPL KO construct and
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the WAPL-3AID-6FLAG vector (Kawasumi et al. 2017) to
ctf18-aid ddx11 cells. Strikingly, the lethality of ctf18-aid
ddx11 cells in the presence of auxin was rescued by con-
comitant removal of WAPL (Fig. 5A; see below). We note
that this is different from the situation of escol esco?2 le-
thality, which was instead aggravated by WAPL depletion
(Kawasumi et al. 2017).

Characterizing the conditional ctf18-aid ddx11 wapl-
aid cells, we found that the severe SCC defects and the
high frequency of lagging chromosomes observed in
ctf18-aid ddx11 cells in the presence of auxin were also
rescued by WAPL depletion (Fig. 5B,C). Moreover, double
mutants ctf18-aid ddx11 accumulate yH2AX and mitotic
phosphorylation at H3-S10, and these defects were res-
cued by WAPL depletion (Supplemental Fig. S4A). Thus,
the severe cohesion defects and mitotic catastrophe in
the absence of both CTF18 and DDX11 are linked to low
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levels of cohesin available for SCC generation due to the
cohesin-unloading activity of WAPL.

The synthetic lethality between ctf18A and chllA is
also observed in budding yeast (Fig. 5D; Xu et al. 2007;
Stokes et al. 2020). Similar to the situation in vertebrates,
we found that the helicase activity of Chll, disrupted in
the chl1-K48R allele, is essential in the absence of Ctf18
(Fig. 5E). However, in budding yeast, the chl1A ctf18A le-
thality is not suppressed by deletion of the WAPL ortholog
WPL1 (Fig. 5D). This difference may be owing to a para-
doxical positive role for budding yeast Wpll toward effi-
cient establishment of cohesion (Rowland et al. 2009;
Sutani et al. 2009; Guacci and Koshland 2011). We further
investigated whether increased levels of chromatin-bound
PCNA caused by deletion of the PCNA unloader Elgl, re-
ported to rescue phenotypes of ctf184 cells in SCC (Liu
et al. 2020), can relieve the lethality of ctf18A chliA cells.
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Figure 5. The synthetic lethality of c¢tf18 ddx11 is rescued by WAPL depletion in vertebrate cells but not in budding yeast. (A) Growth
curves of cells of indicated genotypes with or without auxin treatment as in Figure 2A. (B) Frequency of lagging chromosomes at anaphase
as in Figure 3C. The results of two independent experiments (except for WT cells) are plotted. (C) Metaphase chromosomes were analyzed
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Genetic interactions between ctf18A, chl1A, chl1-K48R, wpl1A and elg1A were assessed by tetrad dissection analysis of the indicated dip-

loid budding yeast strains.

However, neither elgIA alone nor wpllA elglA combina-
tion could suppress the observed synthetic lethality (Fig.
5F,G). Moreover, higher levels of the cohesin loader
Scc2, two copies of which suppress the cohesion defect
of ctf4A cells (Srinivasan et al. 2020), expressed here
from an ADH1 promoter, either alone or in combination
with wpliA, did not suppress the chlIA ctf18A lethality
(Supplemental Fig. S4B,C). Thus, ctf18 ddx11 synthetic
lethality in vertebrates is strongly linked to SCC genera-
tion defects, whereas in budding yeast, it may result
from other causes or be compounded by other defects.

WAPL and DDX11-CTF18 have opposite effects
on mitotic chromosome structure and sister
centromere proximity

To validate the effects observed upon WAPL depletion in
conditional CTF18 DDX11 mutants, we reintroduced
HA-tagged WAPL to ctf18-aid ddx11 wapl-aid cells (Fig.
6A). Re-expressing WAPL-HA in ctf18-aid ddx11 wapl-
aid cells caused defects in proliferation (Fig. 6B) along co-
hesion defects and increased lagging chromosomes simi-
lar to the situation observed in ctf18-aid ddx11 cells
after auxin addition (Fig. 6C,D).
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We further noted that CTF18 and DDX11 deficiency in
WAPL-depleted cells decreases the frequency of tight and
twisted, visually “unseparated” chromosomes character-
istic of WAPL-depleted cells (Fig. 6C; see Fig. 5C; Kawa-
sumi et al. 2017). We thus asked whether such mutual
suppression between wapl and ctf18 ddx11 is relevant
for the mitotic bridges that are strongly increased in
wapl cells. This was indeed the case (Fig. 6E). Next, we ex-
amined whether the extreme tightness of sister chroma-
tids in WAPL-depleted cells is improved by loss of
CTF18 and DDXI11. To this end, we measured the sister
centromere proximity in different genotypes by assessing
the CENP-T distance. ctf18 ddx11 cells show increased
sister centromere distance in comparison with control
cells, in line with centromeric SCC defects, whereas
WAPL-depleted cells have sister centromeres in very tight
proximity (Fig. 6F). Strikingly, ctf18 ddx11 wapl mutants
had sister centromere distances similar to control cells,
indicating that CTF18-DDX11 and WAPL act in opposing
manners on chromosome structure. The results thus indi-
cate that chromosome structure is regulated through an
exquisite balance between positive and negative regula-
tion of sister chromatid cohesion and resolution.

DDX11-CTF18 and WAPL have opposite effects on the
stable association of cohesin with chromatin

The above results could be most simply explained by
CTF18 and DDX11 functioning in two different pathways
that positively influence the levels of cohesin on chroma-
tin, in manners opposite from WAPL. We probed this hy-
pothesis by analyzing the relative levels of cohesin and its
acetylated form in chromatin and nucleoplasmic fractions
versus whole-cell lysates. We used mitotic cells synchro-
nously released from nocodazole arrest in the presence of
auxin to manifest different genotypes and analyzed the
relative levels of SMC3 and its acetylation in different
fractions (Fig. 7A). The relative acSMC3 level versus
SMC3 in whole-cell lysates was decreased in ctf18-aid
ddx11 cells (see also Fig. 3D) and rescued by WAPL deple-
tion. However, the relative ratio of acSMC3 on chromatin
was not significantly altered across the mutants (Fig. 7A).
Instead, we observed striking differences on the levels of
SMC3 associated with chromatin, which was increased
in wapl-aid, decreased in ctf18-aid ddx11, and rescued
in ctf18-aid ddx11 wapl-aid to levels comparable with
WT cells (Fig. 7A). As expected, the relative amount of
cohesin on chromatin showed an inverse pattern with
the one in nucleoplasmic fractions in all mutants, being
increased in ctf18-aid ddx11 and decreased in wapl-aid,
whereas ctf18-aid ddx11 wapl-aid cells showed levels
comparable with WT cells (Fig. 7A).

We next examined the cohesin dynamics using fluores-
cence recovery after photobleaching (FRAP) to have in-
sight into the kinetics of cohesin diffusion on chromatin
as ameasure of the strength of the interaction. To this pur-
pose, we tagged one SMC3 allele with C-terminal EGFP in
all relevant backgrounds and used a similar synchroniza-
tion procedure of cells to collect cells in late S-G2 for
FRAP analysis (Fig. 7B). The FRAP results confirmed
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very stable chromatin association of cohesin in wapl cells
and revealed less stable chromatin binding of cohesin to
chromatin in the double mutant ctf18-aid ddx11 in com-
parison with WT cells. This trend was observed at differ-
ent times upon release when ctf18-aid ddx11 cells were
enriched in S phase (5 h) or strongly enriched at S-G2 (6
h). Notably, concomitant depletion of WAPL stabilized
cohesin on chromatin in ctf18-aid ddx11 mutant cells
to the levels observed in wapl single mutant (Fig. 7B).

Altogether, the results confirmed that CTF18 and
DDXI11 function in two different pathways that control
the levels of cohesin on chromatin.

Discussion

Establishment of sister chromatid cohesion is linked in
space and time to replication fork progression (Terret
et al. 2009). Cohesin acetylation by Ecol and ESCO1/2
acetyltransferases is important for cohesion establish-
ment, but other transactions may be required. SCC estab-
lishment has been modeled in vitro using recombinant
fission yeast cohesin, and it appears to critically require
the cohesin loader, ssDNA, and DNA synthesis (Mur-
ayama et al. 2018). Several SCC regulators that associate
with the replisome have been identified in budding yeast
(Lengronne et al. 2006), and further genetic dissection sep-
arated these factors in two different classes based on their
genetic interactions with the cohesin loader Scc2 and with
each other (Xu et al. 2007; Srinivasan et al. 2020). The rep-
lication fork mediators have multiple roles in replication-
associated processes (Crabbé et al. 2010; Garcia-Rodriguez
et al. 2015; Abe et al. 2018a), and the importance of their
function in cohesion toward cellular proliferation and ge-
nome integrity remains unclear (Stokes et al. 2020).

Here we started out by investigating the functions of
CTF18-RFC versus DDX11, both associated with DNA re-
pair and implicated in human disease (Gellon et al. 2011;
Price et al. 2013; Abe et al. 2018b; van Schie et al. 2020;
Jegadesan and Branzei 2021). We found that in avian
DT40 cells, CTF18 loss causes negligible defects, but com-
bined deficiency in CTF18 and DDX11 genes causes syn-
thetic lethality due to severely compromised SCC and
chromosome missegregation. Of interest, chromosome
replication is not affected, indicating that their joint SCC
function is not required for bulk chromosome replication.
Although underreplication of centromeric regions cannot
be formally excluded, the suppression of ctf18 ddx11 le-
thality by the removal of WAPL indicates that the core
problem in ctf18 ddx11 cells is related to cohesin levels
on chromatin and cohesion deficiency (Fig. 7C).

While most models of SCC establishment invoke a crit-
ical role for cohesin acetylation (Borges et al. 2013; Liu
et al. 2020), our analyses with ESCO1/2 overexpression,
cohesin dynamics, and assessment of cohesin and its acet-
ylated form in chromatin fractions indicate that CTF18
and DDX11 engender cohesion in a manner largely uncou-
pled from this modification. Importantly, the essential
function of CTF18 and DDXI11 in cohesion is linked to
low levels of chromatin-bound cohesin in their absence
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Figure 6. WAPL and DDX11-CTF18 have opposite effects on mitotic chromosome structure and sister centromere proximity. (A) Expres-
sion of complemented WAPL-HA was monitored by Western blotting as in Figure 1A. (B) Growth curves of cells of indicated genotypes
with or without auxin treatment as in Figure 2A. (C) Metaphase chromosomes were analyzed for sister chromatid cohesion as in Figure
5C. (D) Frequency of lagging chromosomes at anaphase was measured as in Figure 5B. (E) Anaphase cells with bridged chromosomes were
scored. At least 50 cells for the anaphase cells were analyzed. Auxin was added 6 h before cell collection. (F) Sister centromere distance was
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was measured for at least 200 of chromosomes 1 and 2. (Middle line) Median, (box) 25th and 75th percentiles, (bars) 5th and 95th percen-

tiles. P-values were calculated by Student’s t-test and plotted.

that can be bypassed by WAPL depletion in vertebrate
cells, indicating that their joint primary role is to allow
sufficient chromatin-loaded cohesin amounts necessary
for cohesion in the presence of WAPL-mediated release
(Fig. 7C).

Interestingly, we found that the cohesion build-up
function of CTF18 and DDX11 also yields the increased ap-

parent condensation status and twisted aspect of chromo-
somes in wapl mutants. Recent work has shown that
cohesin can have a negative impact by generating DNA to-
pological stress in specific chromosomal locations, most
prominently at centromeres in budding yeast (Minchell
et al. 2020). In mitosis, Top2 associates with chromosomes
to facilitate chromosome disentanglement of catenanes,
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Figure 7.  WAPL and DDX11-CTF18 have opposite effects on cohesin dynamics and cohesin levels on chromatin. (A) Analysis of relative
levels of SMC3 and its acetylated form in whole-cell lysates and chromatin and nucleoplasmic fractions of WT, wapl-aid, ctf18-aid ddx11,
and ctf18-aid ddx11 wapl-aid cells. Scheme of experimental flow and representative cell cycle profiles are shown. Mean values and SDs of
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which tend to accumulate at centromeric and pericentro-
meric regions (Bachant et al. 2002). The presence of high
levels of cohesin on chromosomes in wapl cells (Fig. 7C)
will probably cause Top2 (TOP2a in vertebrate cells) to cat-
enate and entangle the chromosomes (Sen et al. 2016), rath-
er than facilitate their disentanglement, being likely
responsible, together with cohesin (Tedeschi et al. 2013;
Kawasumi et al. 2017), for the twisted aspect of chromo-
somes of WAPL-depleted cells.

We propose that fine-tuning the levels of chromatin-
bound cohesin is critical for allowing the right balance be-
tween cohesion and mitotic condensation of vertebrate
chromosomes (Fig. 7C). We identified that CTF18 and
DDX11 are essential to engender cohesion by counterbal-
ancing WAPL and allowing optimal levels of chromatin-
associated cohesin on chromosomes. While cohesin acet-
ylation counteracts WAPL-mediated cohesin release
(Nishiyama et al. 2010; Peters and Nishiyama 2012;
Elbatsh et al. 2016), CTF18 and DDX11 complementary
function is not essential for directing cohesin acetylation
but to provide sufficient chromatin-bound cohesin
amounts in the presence of WAPL-mediated cohesin-un-
loading activity.

Materials and methods

The cell lines are listed in the Supplemental Table S1. The
constructs for knock-in and knockout are described in the Supple-
mental Material. Total RNA isolation, RT-PCR, immunofluores-
cence analysis, and sister chromatid cohesion analysis were
performed as described (Abe et al. 2016). DNA fiber assay was per-
formed as described by Abe et al. (2018a). Yeast tetrad dissection
was performed following standard procedures (Sherman 2002).
Yeast strains used in this study are described in the Supplemental
Table S2.

Cell culture techniques and cell viability/drug sensitivity assays

DT40 cells were cultured at 39.5°C in D-MEM/F-12 medium
(Gibco 31331093) supplemented with 10% fetal bovine serum
(Life Technologies 10270-106), 2% chicken serum (Euroclone
ECS0050D), penicillin/streptomycin mix (Euroclone ECB3001),
and 2-mercaptoethanol (Life Technologies 31350-010). Medium
was treated with 500 uM auxin (Sigma I5148), or 1 ng/mL doxycy-
cline (Sigma D9891), when required. Nocodazole (Sigma M1404)
was used at 100 ng/mL for metaphase arrest. Drugs used for sen-
sitivity assay were hydroxyurea (Sigma H8627), aphidicolin
(Sigma A0781), nocodazole (Sigma M1404), and CFI-402257 (Fo-
cus Bioscience HY-101340-1MG). Growth curves and drug sensi-
tivity assays are described in the Supplemental Material.

Western blotting

Whole-cell extracts were prepared by lysing cells directly with 1x
Laemmli buffer (50 mM Tris-HCI, 2% SDS, 10% glycerol, 100
mM dithiothreitol, 2.5 mg/mL bromophenol blue) and boiled
for 10 min. Protein samples were separated by electrophoresis
on Bolt 4%-12% gradient precast gel (Invitrogen NW04125BOX)
with MOPS SDS running buffer (Invitrogen NP0001). Proteins
were then transferred to PVDF membrane (Amersham
GE10600023) using 1x transfer buffer (25 mM Tris-HCI, 192
mM glycine, 20% methanol, 0.01% SDS) at 100 V for 90 min
on ice. After transfer, membranes were saturated by PBS-T
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(0.05% Tween 20) containing 5% skim milk for 30 min. After
washing by PBS-T, membranes were then incubated with primary
antibodies overnight at 4°C. Membranes were washed by PBS-T
and then incubated with secondary antibodies for 40 min at
room temperature. After washing by PBS-T, protein signals
were detected by either SuperSignal West Femto maximum sen-
sitivity substrate (Thermo Scientific 34095) or SuperSignal West
Dura extended duration substrate (Thermo Scientific 34076) us-
ing the Chemidoc XRS+ system (Bio-Rad). Primary antibodies
used were as follows: Myc (1:3000; homemade), HA (1:500; Roche
11867423001), miniAID (1:1000; MBL M214-3), a-tubulin
(1:1000; Santa Cruz Biotechnology sc-5286), FLAG (1:3000; Sigma
F3165), PCNA (1:1000; Santa Cruz Biotechnology sc-56), SMC3
(1:1000; a gift from Dr. Losada), Ac-SMC3 (1:1000; a gift from
Dr. Shirahige), and CTF18 (1:1000; Santa Cruz Biotechnology
sc-374632). Secondary antibodies used were as follows: horserad-
ish peroxidase-conjugated antirabbit IgG (1:3000; Cell Signaling
7074S), antirat IgG (1:3000; Cell Signaling 7077S), and antimouse
IgG (1:3000; Cell Signaling 7076S).

For the chromatin binding assay performed in Figure 1E, cells
were lysed with CSK buffer (0.3% Triton X-100, 10 mM PIPES,
100 mM NaCl, 3 mM MgCl,, 300 mM sucrose, ]| mM EDTA,
1x Complete) for 10 min on ice, and then the chromatin fraction
was isolated by centrifugation at 500g for 5 min at 4°C. For the
chromatin fractionation assay performed in Figures 3D and 7A
and Supplemental Figure S3D for SMC3, a subcellular protein
fractionation kit for cultured cells (Thermo Scientific 78840)
was used following the manufacturer’s protocol.

Cell cycle analysis by flow cytometry

Cells were cultured in the presence of BrdU (final: 20 uM; Sigma
B5002) for 15 min and fixed in ice-cold 70% EtOH for >1 h. Cells
were then treated with 2.5 N HCI to denature DNA for 30 min.
After washing with PBS containing 1 % BSA, cells were incubated
with anti-BrdU antibody (1:5; BD Biosciences 347580) and stained
with FITC-conjugated antimouse IgG antibody (1:50; Jackson
ImmunoResearch 115-095-003) and propidium iodide (final: 5
pg/mL; Sigma P4170) in the presence of RNase A (final: 0.1 mg/
mL; Sigma R5503). For PI single-staining analysis without BrdU
incorporation, cells were fixed in 70% ethanol and stained with
propidium iodide in the presence of RNase A.

FRAP assay

The FRAP assay was performed with adaptations from Huis in
't Veld et al. (2014) and Chan et al. (2012) and are described in
the Supplemental Material. Cells were synchronized by 100 ng/
mLnocodazole for 7.5 h and then released into medium containing
0.5 mM of auxin. Five hours or 6 h after release, 40 pL of cells was
transferred into 15 p-slide angiogenesis ibiTreat chamber slides
(ibidi 81506), and remaining cells were fixed by 70% EtOH for
cell cycle analysis by propidium iodide staining. During imaging,
cells were cultured in normal medium at 39.5°C and 5% CO,.

Data sets

The research data set files are available at Mendeley Data
(doi:10.17632/fd89yy4ms5.1).
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