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Introduction

Hereditary breast and ovarian cancer (HBOC) is causally linked
with germline pathogenic variants in proteins implicated in
homologous recombination repair (HRR), the protection of stalled
DNA replication forks, and cell cycle checkpoint control (1-6).
BRCAI and BRCA2 are the most commonly mutated genes in
HBOC, accounting for approximately 15% of cases (7). However,
a number of less frequent genetic alterations that predispose to
breast cancer have been uncovered in other genes, e.g., RECQLI,
PALB2, and BRIPI (3, 8-10). For the majority of emerging HBOC
genes, it is currently not possible to provide accurate risk esti-
mates, because of their rarity. This poses challenges to cancer
risk management and counseling as well as burdens the families
of women who carry variants in these genes. Consequently, it has
been proposed that functional analyses should be employed in the
classification of novel genetic variants (1).

Notably, genetic and functional analysis of breast cancer-
associated variants has uncovered substantial locus heterogene-
ity. Loss of function of several HRR factors other than BRCA1 and
BRCA2, including PALB2 and RAD51C, increases the risk of breast
cancer (1, 8,11). CtIP, encoded by the RBBP8 gene, is a major HRR
factor that has thus far not been functionally linked with HBOC.
CtIP is a key regulator of double-strand break (DSB) resection
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Haploinsufficiency of factors governing genome stability underlies hereditary breast and ovarian cancer. One significant
pathway that is disabled as a result is homologous recombination repair (HRR). With the aim of identifying new candidate
genes, we examined early-onset breast cancer patients negative for BRCATand BRCAZ2 pathogenic variants. Here, we focused
on CtIP (RBBPS8 gene), which mediates HRR through the end resection of DNA double-strand breaks (DSBs). Notably, these
patients exhibited a number of rare germline RBBPS8 variants. Functional analysis revealed that these variants did not affect
DNA DSB end resection efficiency. However, expression of a subset of variants led to deleterious nucleolytic degradation of
stalled DNA replication forks in a manner similar to that of cells lacking BRCA1 or BRCA2. In contrast to BRCA1and BRCA2,
CtIP deficiency promoted the helicase-driven destabilization of RAD51 nucleofilaments at damaged DNA replication forks.
Taken together, our work identifies CtIP as a critical regulator of DNA replication fork integrity, which, when compromised,
may predispose to the development of early-onset breast cancer.

operating within the BRCA1/BRCA2 pathway, and generates the
single-stranded DNA needed for RAD51-mediated recombina-
tion. Here, we examined a high-risk population of early-onset
BRCAI and BRCA2 mutation-negative breast cancer patients for
germline variants in RBBP8. Compared with a Danish control
cohort, these patients were enriched for a subset of rare RBBPS8
variants. Functional analysis revealed that while these CtIP vari-
ants did not affect DSB resection efficiency, their expression led to
deleterious nucleolytic degradation of stalled replication forks in
a manner similar to that of cells lacking BRCA1/BRCA2. Notably,
CtIP deficiency promoted the helicase-driven destabilization
of RAD51 nucleofilaments at damaged replication forks. Taken
together, our work identifies CtIP as a critical regulator of repli-
cation fork integrity that, when mutated, may predispose to the
development of early-onset breast cancer.

Results

Identification of RBBPS8 germline variants. We first screened a group
of 129 Danish high-risk BRCAI and BRCA2 pathogenic variant-
negative breast cancer patients for germline variants in RBBPS8
(patient group I, outlined in Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI127521DS1). Fifty percent of women had a first- or second-
degree relative with breast or ovarian cancer, including women
below 35 years of age at the time of diagnosis, male breast cancer
patients, and 6 women with early-onset ovarian cancer (Sup-
plemental Table 1). This initial screening identified 5 different
non-synonymous, heterozygous RBBP8variants (Table 1and Figure
1, A and B). Three patients were carriers of an in-frame 3-bp dele-
tion in exon 18 (c.2410_2412del; p.E804del), which was detected
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Figure 1. Identification of RBBPS germline variants. (A) Schematic representation of the identified variants at the gene level indicated according to exon location.
(B) Schematic representation of the identified variants at the protein level positioned according to known functional domains in CtIP. The multimerization domain
(aa 45-165, NTD), the Sae2-like domain (aa 790-897, CTD), and identified CtIP interaction sites with other proteins are indicated. Identified variants are indicated
with stars: black stars denote patient group | and red stars denote patient group Il variants.

at an allele frequency of 1.16%. The p.E804del variant is signifi-
cantly overrepresented in our cohort with respect to 2000 Danes
(12). In addition, 2 patients were carriers of different missense
RBBPS variants (c.693T>A, p.S231R in exon 9, and ¢.1928A>C,
p-Q643P in exon 13, respectively), and 1 patient carried 2 different
missense variants (c.298C>T, p.RI0OW in exon 6, and ¢.2131G>A,
p.E711K in exon 15). Only the p.RI0OW variant was detected in
2000 Danes, while neither the p.Q643P nor the p.E711K variant
had, to our knowledge, been reported previously (12).

We subsequently sequenced RBBPS in a larger series of 1092
patients negative for BRCAI and BRCA2 pathogenic variants
with breast cancer and/or ovarian cancer or other related cancer
types, as well as unaffected individuals of families with HBOC
(patient group II, outlined in Supplemental Figure 1). Nine dif-
ferent heterozygous missense variants in RBBP8 (Table 1 and
Figure 1, A and B) were identified in 14 females from this cohort.
Three patients carried a p.R110Q variant, 2 carried a p.H456R
variant, and 3 carried the p.Q643P variant previously identified
among patient group I. A further 6 variants — p.R502L, p.T675I,
p-R805G, p.R839Q, p.P874A, and p.E894D — were identified in
individual patients. In total, we identified 13 RBBPS8 variants in
21 patients (Table 1), 9 of which were observed once. Finally, we
explored an international cohort of 1054 breast cancer patients
without pathogenic variants in BRCAI or BRCA2 for rare vari-
ants in RBBP8. Here, we identified 17 different rare variants in 22
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patients, of whom the clinically annotated (n = 7) had a median
age of 38 at the time of diagnosis (Supplemental Table 2). These
RBBP8 variants also included the p.Q643P variant and 2 loss-of-
function variants (Supplemental Table 2).

RBBPS8/CtIP variants display a genome maintenance defect.
Since our genetic screening indicated that RBBP8 variants could
be associated with early-onset breast cancer, we investigated
whether they affect known CtIP function(s). Hence, we exam-
ined DNA DSB end resection as well as genome stability after
exposure to irradiation (IR) or replication stress induced with
aphidicolin (APH) or hydroxyurea (HU). To create an isogenic
system for our assays, we first depleted endogenous RBBP8/
CtIP from breast cancer MCF7 cells with siRNA. We then com-
plemented cells with re-expression of siRNA-resistant CtIP
variants (Figure 2, A and B). All variants were well expressed;
surprisingly, however, none of these variants affected the abil-
ity of cells to perform DNA DSB end resection after IR (Figure
2C and Supplemental Figure 2A). The phosphorylation of RPA32
on the S4/S8 residues was used as a readout for the proficiency
of DNA DSB end resection after IR in these assays (13). Next,
we monitored genome stability after exposure to IR, APH, or
HU, using the accumulation of extranuclear micronuclei as a
readout (Supplemental Figure 2B). Similarly to WT-CtIP, and
in keeping with our findings above, all the tested variants were
able to complement the IR-induced genome instability caused
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Table 1. Identified RBBP8 variants and allele frequencies

Nucleotide Protein Exon Group | Group Il AFgroup| AF group | + AF controls AF NFE (%) P value AF P value AF
(HGVS) (HGVS) (%) 11 (%) (%) (group I vs. (groupl+1I
controls) vs. controls)
€.298C>T p.R100W 6 1 0.388 0.041 0.025 0.008 NS NS
€.329G>A p.R110Q 6 3 - 0123 0.153 0.070 - NS
.693T>A p.S231R 9 1 0.388 0.041 = = NS NS
c1367A>G p.H456R 12 2 - 0.082 0127 0.220 - NS
c1505G>T p.R502L 12 1 = 0.041 0.025 0.003 = NS
.1928A>C p.0643P 13 1 3 0.388 0.164 - 0.014 NS 0.02
€.2024C>T pT675I 14 1 = 0.041 = 0.0M = NS
€.2131G>A p.E711K 15 1 0.388 0.041 - - NS NS
.2410_2412del  p.E804del 18 3 1163 0123 = 0.015 0.0002 NS
€.2413A>G p.R805G 18 1 - 0.041 - 0.003 - NS
€.2516G>A p.R839Q 19 1 = 0.041 = 0.088 = NS
€.2620C>G p.P874A 20 1 - 0.041 - 0.008 - NS
€.2682G>C p.E894D 20 1 = 0.041 = = = NS

AF, allele frequency; HGVS, Human Genome Variation Society nomenclature; NFE, non-Finnish European in gnomAD. Fisher exact test for AF in group | and

group | + Il compared with AF in controls (2000 Danish individuals; ref. 12).

by the loss of CtIP (Table 2). Together, these data indicate that
the identified germline RBBP8 variants do not give rise to a
detectable impairment of DNA DSB repair. However, expres-
sion of several variants (Q643P, E804del, and R805G) as well
as a C-terminal-truncated CtIP (AC) mutant failed to comple-
ment the genome instability induced by APH and HU following
depletion of endogenous CtIP (Table 2). This suggests that these
variants perturb a function of CtIP specifically associated with
the replication stress response. In addition to the Danish breast
cancer cohort, we also investigated the RBBP8 variants present
in the international COMPLEXO cohort using similar meth-
ods. The CtIP-Q643P variant, as well as the truncating variants
CtIP-R185* and CtIP-L372*, displayed increased genome insta-
bility after replication stress (Supplemental Table 3).
CtIP-E804del is proficient in HRR. To further examine the
potential HRR status of CtIP variants in the Danish breast cancer
cohort, we focused on the CtIP-E804del variant, as it was sig-
nificantly enriched in this cohort. We used the tractable U-2-
OS cell line, which is commonly used to evaluate CtIP function
(14, 15), and generated an inducible complementation system
expressing siRNA-resistant GFP-tagged full-length CtIP or the
CtIP-E804del variant (Supplemental Figure 2, C-H). Consistent
with our previous results in MCF?7 cells (Figure 2C), expression
of the CtIP-E804del variant in U-2-OS cells could rescue the
DSB resection deficiency resulting from CtIP depletion (Sup-
plemental Figure 2, C and D). We then set out to assess HRR
efficiency in CtIP-E804del U-2-OS cells, since CtIP-dependent
DSB end resection is crucial for efficient HRR. As expected,
expression of CtIP-E804del variant could rescue the HRR defi-
ciency caused by CtIP depletion (Supplemental Figure 2, E-G).
Since HRR deficiency can be therapeutically exploited through
the use of PARP inhibitors (PARPi), we also investigated
whether CtIP-E804del variant expression promotes PARPi
sensitivity. As shown in Supplemental Figure 2H using variant
complementation of siRNA-depleted cells, the CtIP-E804del

variant did not display any increase in PARPI sensitivity over
and above WT-CtIP-complemented cells. Taken together, these
results indicate that the CtIP-E804del variant displayed profi-
cient DSB end resection and HRR. Furthermore, this suggests
that CtIP variants deficient in responding to replication stress
may promote tumorigenesis independently of HRR.

CtIP promotes RAD51 function during replication stress. In
order to functionally characterize a subset of variants in greater
detail, the CtIP-Q643P and CtIP-E804del variants were chosen
because they were significantly enriched in our Danish breast can-
cer cohort and were associated with increased genome instability
upon HU and APH treatment (Table 2). Additionally, the CtIP-
R805G variant was also chosen because of its close amino acid
sequence proximity to the CtIP-E804del variant and its defective
response to replication stress (Table 2).

Notably, Q643P, E804del, and R805G CtIP variants could
not be linked with deficiency in DNA end resection. As an alter-
native explanation underlying their functional contribution, we
hypothesized that these variants may instead be deficient in rep-
lication fork stabilization, which is a recently emerging function
of CtIP (16). To test this hypothesis, we first analyzed the preva-
lence of RPA foci. This is a robust marker of ssDNA accumulating
at replication forks after HU treatment, with both increases and
decreases in the number of RPA foci per cell being indicative of
aperturbed replication stress response. Consistent with previous
reports (17), CtIP depletion led to an increase in HU-induced
RPA foci formation, which could be rescued by expression of
exogenous WT-CtIP-GFP (Figure 3, A and B). Interestingly, this
was not the case for the CtIP-E804del or CtIP-R805G variants
(Figure 3, A and B). Serving as negative control, variants that did
not display genomic instability after replication stress could also
rescue the elevated level of RPA foci formation resulting from
CtIP knockdown (Supplemental Figure 3A). Intriguingly, the
CtIP-Q643P variant suppressed RPA in a manner comparable to
that of WT-CtIP (Figure 3, A and B).
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Figure 2. RBBP8/CtIP variants are expressed and display DNA end resection

proficiency. (A and B) Western blot analysis of extracts from MCF7 cells transfected
with the indicated siRNA (A), and coexpression of siRNA-resistant GFP-tagged CtIP
variants (B). Actin and vinculin were used as loading controls. (C) The relative intensity
of phosphorylated RPA32 (54/8) was examined 3 hours after exposure of MCF7

cells to IR. Cells were fixed and stained for p-RPA (S4/8). Each of the variants was
compared with WT-CtIP-GFP, but no significant changes were observed. The displayed
data represent 3 independent biological replicates, and n > 280 nuclei were analyzed
per sample. Holm-corrected multiple testing was performed of ranked data fitted by a
linear mixed model, comparing all CtIP variants with WT-CtIP-GFP. ***P < 0.0001.

To obtain insight into the underlying mechanisms, we further
examined how CtIP-depleted cells responded to replication stress.
Since RAD51 nucleofilaments protect stalled replication forks from
uncontrolled nucleolytic degradation (5, 18), we addressed whether
CtIP affects RAD51 localization at damaged forks. As shown in Fig-
ure 3, C and D, HU-induced RAD51 foci formation was reduced
in MCF7 cells depleted of CtIP. Notably, expression of neither the
E804del nor the R805G CtIP variants could complement the loss
of HU-induced RAD51 foci formation caused by CtIP depletion
(Figure 3, C and D, and Supplemental Figure 3B), while this could
be restored by transient expression of WT-CtIP and several other
potentially nonpathogenic CtIP variants. These data therefore sug-
gest that the Sae2-like domain of CtIP might play a role in recruit-
ing/stabilizing RAD51 after replication stress. Intriguingly, the
HU-induced RAD51 response was comparable in cells expressing
the CtIP-Q643P variant and cells expressing WT-CtIP (Figure 3, C
and D), which suggests that this variant promotes replication stress-
induced genome instability via another mode of action.
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In order to directly visualize RAD51 recruitment to
the stalled forks after HU treatment, we turned to iso-
lation of proteins on nascent DNA (iPOND), using click
chemistry to conjugate biotin to a nucleoside analog
(EdU) incorporated into newly synthesized DNA (19).
Our analyses primarily focused on comparing WT-CtIP
with the CtIP-E804del variant, since this variant exhib-
ited a defective response to replication stress. Using
iPOND, the recruitment of RAD51 to nascent DNA
damaged with HU was reduced in the absence of CtIP,
in agreement with our previous data (Figure 3, C and
D). Moreover, this deficiency was restored by the com-
plementation with WT-CtIP. Importantly, however, this
was not the case after complementation with the CtIP-
E804del mutant (Supplemental Figure 3C). To under-
stand whether CtIP is recruited directly to stalled forks
after HU treatment, we used a proximity ligation assay-
based (PLA-based) approach that measures the associa-
tion of proteins on nascent DNA (20, 21). Following the
depletion of CtIP from U-2-OS cells, the expression of
WT-CtIP or CtIP-E804del was induced in cells with dox-
yeycline. Cells were then labeled with EAU for 10 min-
utes before treatment with 4 mM HU for 5 hours. Click
chemistry was then used to conjugate biotin to EdU, and
PLA was conducted to detect protein binding to biotin-
labeled nascent DNA. Using this approach, our data
revealed that WT-CtIP was present at nascent DNA after
replication stress, while CtIP-E804del was absent under
the same conditions (Supplemental Figure 3, D and E).

Together, these data suggest that CtIP prevents the
accumulation of ssDNA at damaged replication forks by
recruiting/stabilizing RAD51 and that the cancer-associated
CtIP variant E804del compromises this function.

CtIP antagonizes the excessive degradation of stalled
replication forks through FBHI. Since RAD51 is known to
protect stalled replication forks from degradation and loss
of CtIP causes a decrease in RAD51 foci formation, we
sought to measure replication fork degradation directly,
using the single-molecule DNA fiber-based assay (18, 22).
CtIP was depleted from U-2-OS cells, and expression of WT-CtIP
and the E804del or AC variants was induced. These cells were then
sequentially pulse-labeled with CIdU and IdU to label nascent DNA
before prolonged fork stalling with HU (Figure 4A). In keeping with
previous reports (23), these analyses showed that loss of CtIP results
inincreased degradation of nascent DNA at stalled replication forks
(Figure 4B). Moreover, this was abolished upon the expression
of WT-CtIP, but not by expression of the AC mutant (Figure 4C).
Importantly, the E8O4del variant was partially deficient in replica-
tion fork protection after HU (Figure 4C). Thus, we surmise that the
role of CtIP in preventing nascent DNA degradation at stalled forks
involves its C-terminal Sae2-like domain.

Finally, we asked whether CtIP plays a role in recruiting
RADA51 to stalled forks in a manner similar to that of BRCA1/2, or
stabilizing RADS51 at these structures like BODIL and WRNIPI.
Unlike BRCA1/2, BODIL and WRNIP1 protect damaged forks
by suppressing the anti-recombinase activity of proteins such as
FBH1 and BLM (15, 20). Moreover, it has been shown that loss
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Table 2. CtIP suppresses genomic instability at perturbed replication forks

Cytochalasin B IR APH HU
CtIP variants % of binuclei with Pvalue % of binuclei with Pvalue % of binuclei with Pvalue % of binuclei with Pvalue
micronuclei micronuclei micronuclei micronuclei

Vector (GFP) 49.95 67.30 66.67 6714

WT 4737 - 46.46 - 4796 - 48.36 -
R1100W 4513 NS 4838 NS 4753 NS 4739 NS
R1100Q 46.46 NS 4799 NS 4931 NS 50.18 NS
S231R 47.09 NS 48.29 NS 49.29 NS 4736 NS
H456R 4776 NS 49.76 NS 4799 NS 4534 NS
R502L 48.77 NS 4943 NS 50.12 NS 50.14 NS
R589H 48.99 NS 48.04 NS 48.77 NS 47.70 NS
0643P 4933 NS 48.45 NS 60.74 0.0001 57.83 0.0030
E71K 46.35 NS 48.03 NS 4547 NS 48.20 NS
E804del 49.34 NS 4799 NS 65.32 0.0001 69.32 0.0001
R805G 51.62 NS 4894 NS 66.67 0.0001 68.15 0.0001
R8390 49.79 NS 4760 NS 4912 NS 48.28 NS
P874A 48.72 NS 48.89 NS 50.20 NS 48.53 NS
E894D 4746 NS 4739 NS 49.09 NS 4917 NS
AC 50.37 NS 61.26 0.0001 59.38 0.0002 58.78 0.0010

MCF?7 cells were transfected with the indicated siRNA followed by transfection of WT or its mutated CtIP variants. Further, cells were treated with IR or
the indicated dose of APH for 16 hours or 4 mM HU for 5 hours and cytochalasin B for 36 hours. DAPI stain was used to visualize nuclei. Cells were imaged
with a x20 objective on a scanR workstation (Olympus). At least 100 green cells were counted for each genotype per experiment. One-way ANOVA with
Dunnett’s multiple-comparisons test was performed on 3 independent replicates. All variants were compared with WT-CtIP-GFP.

of the anti-recombinase FBH1 increases RAD51 foci formation
at stalled replication forks (24). Therefore, we hypothesized that
FBH1 might be involved in evicting RAD51 from stalled forks in
the absence of CtIP. In keeping with this prediction, concomi-
tant depletion of FBH1 and CtIP rescued RAD51 accumulation in
HU-treated conditions to control levels (Figure 4, D and E). To fur-
ther explore the link between CtIP and FBH1, we performed fork
degradation assays in HU-treated cells depleted of CtIP, FBH1, or
CtIP and FBHI together (Figure 4F). These experiments revealed
that loss of FBH1 restored nascent DNA stability in the absence of
CtIP (Figure 4F), suggesting that CtIP stabilizes RAD51 nucleofil-
aments to suppress fork degradation. Depletion of FBH1 in cells
expressing the CtIP-E804del variant also restored nascent strand
stability, and restabilized RAD51 at stalled replication forks (Fig-
ure 4, G and H, and Supplemental Figure 4, A and B). These data
therefore suggest that CtIP regulates replication fork stability by
suppressing FBH1-mediated eviction of RAD51 from stalled forks,
and that cancer-associated mutations in the C-terminus of CtIP
perturb this vital function (Figure 4H).

Discussion

Our study demonstrates a role for rare RBBPS8 variants in the con-
trol of DNA replication fork integrity. Altogether we identified 13
RBBPS8 germline variants in 21 patients, of whom 3 patients had the
C-terminal E804del variant. Importantly, we identified 3 RBBP8
variants that were associated with increased genome instabil-
ity. These variants were located in the C-terminus (E804del and
R805G) and LMO4-interacting (Q643P) regions of CtIP. The
C-terminus region is crucial for CtIP functions in genome main-
tenance, and consistent with this, localization of RAD51 and RPA

to sites of damage was impaired by expression of the E804del and
R805G variants. Regarding the variant in the LMO4-interacting
region (Q643P), although the functional role of this domain is
unclear, it is conceivable that the breast cancer risk associated with
this variant may relate to the dysregulation of LMO4. However,
we were unable to detect a variant-dependent interaction between
CtIP and LMO4 (Supplemental Figure 4C). Further studies of
this variant may identify additional roles for CtIP in maintaining
genome stability and suppressing cancer susceptibility.
Surprisingly, those CtIP variants that promoted genome insta-
bility were functionally WT for DNA DSB end resection and HRR.
Instead, we demonstrate that CtIP protects stalled replication
forks against enhanced fork degradation by promoting RAD51
nucleofilament stability, and it is this function that is perturbed
by variants associated with early-onset breast cancer. Thus, these
results suggest that CtIP insufficiency may predispose to breast
cancer by allowing deleterious replication fork degradation (Fig-
ure 4I). Interestingly, loss of fork protection is a potential target
for cancer therapy, since the ability of BRCA1/2-deficient cells to
acquire drug resistance is intimately linked to fork protection (6).
A pathway protecting stalled DNA forks from degradation
was first uncovered in cells with BRCA2 insufficiency, and
more recently has been reported in cells lacking critical tumor
suppressors known to be involved in regulating HRR, including
BRCAL1, PALB2, and FANCD?2 (6, 18, 21, 25). Our research now
links CtIP with these factors that facilitate stable accumulation
of RAD51 when forks are challenged. However, we suggest that
CtIP, unlike BRCA1, BRCA2, and PALB2, belongs to a family
of replication fork protection factors, including BOD1L and
WRNIP1, which regulate the FBH1 helicase, a RAD51-evicting

jci.org  Volume130  Number8  August 2020

4073


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/8
https://www.jci.org/articles/view/127521#sd
https://www.jci.org/articles/view/127521#sd

RESEARCH ARTICLE The Journal of Clinical Investigation

A siCtIP

15 = Fkk
- Kk Kk
*kk

+

o
|

+
RPAp intensity (x 10°)
=
|

WT-CtIP-GFP

+

I
E804del-CtIP-GFP + siCtIP

+

R805-CtIP-GFP

+

Q643P-CtIP-GFP

U
G
U
U
U

3
>
m
o
C
@

FP

C SiCtIP D

* %k

40—

*%k%

+
WT-CtIP-GFP

+

E804del-CtIP-GFP

siCtIP

+

R805-CtIP-GFP

+

Q643P-CtIP-GFP

-.g
8
)

a]
-é

RAD51 GFP EdU
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factor. Thus, in the absence of these RAD51-stabilizing factors,
FBH1 reduces the presence of RAD51 at stalled forks, allowing
uncontrolled fork degradation that can trigger genome insta-
bility. This is an emerging biological response to fork stalling,
and the links with tumorigenesis are only now starting to be
dissected. Notably, our functional findings on CtIP are in agree-
ment with recently published data that also identify a role for
CtIP in suppressing degradation of stalled replication forks (16).
The authors of this study focused on the role of the N-terminal
region of CtIP that helps to minimize degradation of forks by the
DNA2 nuclease. Thus far, we have not identified cancer-associ-
ated disabling variants in this CtIP region.

The roles of CtIP in breast cancer predisposition and pro-
gression are not well understood, though studies have indicated
that a lack or low levels of CtIP expression in tumor cells is asso-
ciated with a reduced survival rate (23, 26). Furthermore, tumors
lacking CtIP display an impaired ability to repair DSBs, which
leads to increased sensitivity to PARP inhibitors (26, 27). Thus,
determining the impact of identified variants in CtIP on its func-
tion should be considered in trying to personalize a therapeutic
approach for treating a specific patient. Intriguingly, analysis of
a cohort of 129 BRCAI and BRCA2 mutation-negative Australian
breast cancer patients failed to demonstrate an enrichment of
coding variants in RBBP8 (28). In fact, no coding RBBPS8 variants
were identified except for a polymorphism in intron 6. In con-
trast, a recent Spanish study identified 2 truncating RBBP8 vari-
ants in 2 early-onset BRCA1/2 mutation-negative breast cancer
patients (29). Furthermore, we identified 2 functionally damag-
ing truncating variants in the COMPLEXO cohort in addition to
the Q643P variant also described here. The differences between
studies may reflect population differences, cohort sizes, and age
of breast cancer onset in the cohorts.

Murine studies have indicated that CtIP haploinsufficiency
is tumor-promoting, whereas a complete loss of CtIP is detrimen-
tal, leading to inviability of mice (30). In contrast, murine tissue-
specific conditional CtIP ablation systems indicated that a complete
loss of CtIP suppresses tumorigenesis (31). However, it is likely that
these observations are due to a deleterious decrease in cellular fit-
ness linked to a complete loss of HRR. Importantly, we have shown
that a subset of RBBP8 variants identified in this study are hypomor-
phic in a manner by which they impair some functions of CtIP, but
not all. Based on this, we propose that hypomorphic but not loss-
of-function mutations in RBBP8 predispose to early-onset breast
cancer. We cannot exclude the possibility that these variants may
represent rare variants with little association with cancer devel-
opment. However, it is noteworthy that we identified RBBPS ger-
mline variants in early-onset breast cancer patients at a frequency
similar to that previously reported for HBOC-associated mutations
in BRIP1, RECQLI, and PALB2 (3, 8-10). Thus, since our data indi-
cate that RBBPS8 variants are more frequent in early-onset breast
cancer cases than in unaffected population-matched controls, this
frequency warrants consideration of including RBBP8 in gene
panels when carrying out sequencing studies on predisposition to
breast cancer. Finally, our study shows the usefulness of combin-
ing genetic screening in a high-risk phenotype with comprehensive
variant-centered functional analysis to identify and classify new
variants implicated in hereditary cancer syndromes.
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Methods

Patients. All patient samples were consecutively received for HBOC
diagnostics over a period of 20 years, according to the contemporary
national HBOC guidelines (Danish Breast Cancer Cooperative Group
[DBCG]). Clinical and histopathological data were retrieved from the
Danish Pathology Registry and the DBCG registry. Patients were diag-
nosed between the years 1978 and 2016.

Patient group I included 129 breast and/or ovarian cancer
patients, previously identified as BRCA1/2 pathogenic variant-neg-
ative as part of their diagnostic workup (124 females and 5 males).
Female patients were diagnosed with ovarian or breast cancer at the
age of 35 years or younger, while male breast cancer patients were
included regardless of age at time of diagnosis. Among the female
patients, 116 had breast cancer only, 6 had ovarian cancer only, 1 had
breast and ovarian cancer, and 1 had breast and cervical cancer. Four
of the men had breast cancer only, whereas 1 had both breast and
prostate cancer. Mean age at time of diagnosis was 30 years for the
female patients and 59 years for the male patients.

Patient group ITincluded 1092 BRCA1/2-negative samples from
unselected and consecutive patients undergoing genetic screening
for HBOC according to clinical guidelines as described above.

Sequencing of RBBPS8 in patient group I. Genomic DNA was puri-
fied from peripheral blood samples, and library preparation was
performed using SeqCap EZ Human Exome Library v3 (Roche Nim-
bleGen) or SureSelect All Exon kit v5 (Agilent Technologies) fol-
lowing the manufacturers’ instructions. Sequencing was conducted
using the HiSeq2500 or NextSeq500 platforms from Illumina. The
average coverage of all exomes was 65x.

Data processing. Fastq files were processed using CLC Biomed-
ical Genomics Workbench v3 (QIAGEN). Reads were mapped to
the human reference genome hgl9/GRCh37, and variant calling
was performed by a maximum likelihood approach on a Bayesian
model. Variants were called with a minimum of 10 reads, 3 counts,
and a frequency of 25%. Called variants were filtered using Ingenu-
ity Variant Analysis (http://ingenuity.com). First, variants with call
quality under 20 and read depth under 10 were disregarded. Second,
variants with an allele frequency of more than 1% in a public vari-
ant database, including the 1000 Genomes Project (www.1000ge-
nomes.org) or the Genome Aggregation Database (gnomAD; http://
gnomad.broadinstitute.org), were excluded unless established as a
pathogenic common variant. Third, only coding non-synonymous
variants and splice site variants (+2 bp) were kept. Finally, output
was filtered to include the RBBPS gene. Samples (n = 1054) from the
COMPLEXO consortium were initially processed from raw fastq
reads and aligned to the human genome reference (hgl9) using the
Burrows-Wheeler Aligner (v0.5.9) (32) on a per-lane basis. Align-
ment file preprocessing and germline variant calling were performed
by the Genome Analysis Toolkit (GATK; v3.1-144). HaplotypeCaller
algorithm was used to generate variant files (.vcf), which were fil-
tered to include only rare variants in the RBBPS gene (<1% in EXAC).

Sequencing of RBBPS8 in patient group II. Screening of the larger
group for RBBPS8 variants was performed using a gene panel. The library
was designed to capture all exons as well as the first and last 50 bp of
the intronic regions. Samples were pooled into groups of 4 and deeply
sequenced (average coverage of 5.500x). Mapping and variant calling
were done as described for patient group I; however, as samples were
pooled into groups of 4, variants were called with a minimum of 100
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Figure 4. CtIP promotes replication fork protection through FBH1. (A)
Experimental scheme of dual labeling of DNA fibers in doxycycline-inducible
U-2-08S cells stably expressing the siRNA-resistant full-length WT, E804del,
or AC CtIP. Cells were sequentially pulse-labeled with CldU and IdU, then
treated with 4 mM HU for 5 hours. (B and C) Loss of CtIP results in replica-
tion fork instability in response to replication stress. Doxycycline-inducible
U-2-0S cells were transfected with CtIP siRNA, and 24 hours later, induced
with doxycycline for 24 hours. IdU/CldU rations are given. (D and E) MCF7
cells were transfected with the indicated siRNAs. Cells were pulsed with 10
pM EdU for 20 minutes before addition of 4 mM HU. Cells in S-phase (EdU*)
at the time of HU treatments were Click-1T-labeled with an Alexa Fluor 594
azide. (D) Representative images of RADS1 foci. (E) RADS1 foci in EdU* cells
were enumerated using Image)/Fiji. The displayed data represent 3 inde-
pendent biological replicates, and n = 224 nuclei were analyzed per sample.
Holm-corrected multiple testing was performed of ranked data fitted by a
linear mixed model. ***P < 0.0001. (F) U-2-0S cells were transfected with
the indicated siRNAs and exposed to 4 mM HU for 5 hours. 1dU/CldU ratios
are given. (G) U-2-0S cells were transfected with the indicated siRNAs and
exposed to 4 mM HU for 5 hours. 1dU/CldU ratios are given. (H) U-2-0S cells
were transfected with the indicated siRNAs and exposed to 4 mM HU for 5
hours. IdU/CIdU ratios are given. (I) Schematic model for the role of CtIP at
stalled forks. CtIP regulates RAD51 stability at stalled forks, counteracting
the dissolution of the RAD51 filament by FBH1. Loss of CtIP leads to DNA
damage accumulation and enhanced chromosomal instability.

reads, 10 counts, and a frequency of 6.25% (corresponding to a variant
detection rate of 25% per sample). Variant filtering was performed using
Ingenuity Variant Analysis.

Sanger sequencing. All nonpolymorphic RBBPS8 variants identi-
fied by sequencing of the 2 patient groups were verified by PCR and
Sanger sequencing (for primer sequences, see Supplemental Table 4).

Statistical analysis of allelic association with breast cancer. Fisher’s
exact test was used to determine whether identified RBBPS variants
were enriched in the examined breast cancer patient cohorts com-
pared with the 2000 Danes used as controls in the statistical analysis.

Cell culture. The human cancer cell lines were cultured for 5 days
at37°C and 5% CO, as follows: The human breast cancer cells (MCF7)
were cultured in RPMI medium (GIBCO, Life Technologies) supple-
mented with 10% FBS (MilliporeSigma) and 1% penicillin/streptomy-
cin (GIBCO, Life Technologies). The human osteosarcoma cell line
(U-2-08) harboring inducible GFP-tagged siRNA-resistant CtIP was
grown in DMEM with 10% tetracycline-free FBS (Clontech), 1% pen-
icillin/streptomycin (GIBCO, Life Technologies), 100 pg/mL zeocin
(Invitrogen), and 5 ug/mL blasticidin (Invitrogen). The HEK293FT
cells were grown in DMEM with 10% FBS (MilliporeSigma) and 1%
penicillin/streptomycin (GIBCO, Life Technologies).

Lentiviral infection. The doxycycline-inducible stable U-2-OS cell
lines expressing the pcDNA4/TO-tagged siRNA-resistant versions of
WT and mutant CtIP were established by cloning of CtIP ¢cDNA into
pcDNA4/TO-GFP vector (Invitrogen). The AC truncation of CtIP is
lacking amino acids 790-897.

The GFP-CtIP plasmids were subcloned into pLVX-TetOne Vec-
tor (Clontech) and were cotransfected with Pax8 (Clontech) and VSVG
(Clontech) into HEK293FT cells using FugeneHD (Promega). The gen-
erated CtIP lentivirus was then transduced into U-2-OS cells using Poly-
brene according to the manufacturer’s protocol, resulting in cell lines
expressing GFP-tagged siRNA-resistant WT-CtIP, E804del, or ACin a
Tet-on system. To induce expression of siRNA-resistant CtIP, doxycy-
cline (1 ng/mL) was added to the medium for approximately 24 hours.
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Site-directed mutagenesis. The mutant CtIP plasmids were gener-
ated by site-directed mutagenesis of the siRNA-resistant WT-CtIP.
The following primers were used: CtIP RIOOW forward (Fw) 5-ACT-
GAAGAACATATGTGGAAAAAACAGCAAG, CtIP R1IOOW reverse
(Re) 5-CTTGCTGTTTTTTCCACATATGTTCTTCAGT, CtIP R110Q
Fw  5-GAGTTTGAAAATATCCAGCAGCAGAATCTTAAA, CtIP
R110Q Re 5-TTTAAGATTCTGCTGCTGGATATTTTCAAACTC,
CtIP R185* Fw 5-AGAACCCCCATGTCTGATACATAGAACAAA,
CtIP R185* Re 5-TTTGTTCTATGTATCAGACATGGGGGTTCT,
CtIP V198M Fw 5-AAATTGGAGCACTCTATGTGTGCAAATGAAAT,
CtIP V198M Re 5-ATTTCATTTGCACACATAGAGTGCTCCAATTT,
CtIP S231R Fw 5- CACTTATGACCAAAGACAATCTCCAATGGCC,
CtIP S231R Re 5- GGCCATTGGAGATTGTCTTTGGTCATAAGTG,
CtIP E267G Fw 5-ACTTGGTGTTCAAGGAGAATCTGAAACTC,
CtIP E267G Re 5-GAGTTTCAGATTCTCCTTGAACACCAAGT,
CtIP Q272E Fw 5-AAGAATCTGAAACTGAAGGTCCCATGAG,
CtIP Q272E Re 5-CTCATGGGACCTTCAGTTTCAGATTCTT, CtIP
G331A Fw 5-ATCTCCTGTATTTGCAGCTACCTCTAGTA, CtIP
G331A Re 5-TACTAGAGGTAGCTGCAAATACAGGAGAT, CtIP
Q352P Fw 5-CCTTCTCTTTTACCGCCTGGGAAAAAAA, CtIP
Q352PRe 5-TTTTTTTCCCAGGCGGTAAAAGAGAAGG, CtIPI369V
Fw 5-CTTTTAGCAACACTTGTGTATCTAGATTAGAAAA, CtIP
1369V Re 5-TTTTCTAATCTAGATACACAAGTGTTGCTAAAAG,
CtIP L372* Fw 5-CACTTGTATATCTAGATGAGAAAAAACTAGAT-
CA, CtIP L372% Re 5-TGATCTAGTTTTTTCT-
CATCTAGATATACAAGTG, CtIP E414D Fw 5'-AATA-
AAAATATAAGTGATTCCCTAGGTGAACAGA, CtIP E414D Re
5-TCTGTTCACCTAGGGAATCACTTATATTTTTATT, CtIP H456R
Fw 5-GAGGAAGAAAGTGAACGTGAAGTAAGCTGC, CtIP H456R
Re 5-GCAGCTTACTTCACGTTCACTTTCCTC, CtIP R502L Fw
5-TTTTCAGCTATTCAGCTTCAAGAGAAAAGCCAA, CtIP R502L
Re 5-TTGGCTTTTCTCTTGAAGCTGAATAGCTGAAAA, CtIP
E552D Fw 5-ATTCCCCAGGGGATCCCTGTTCACA, CtIP E552D Re
5-TGTGAACAGGGATCCCCTGGGGAAT, CtIP R589H Fw 5-TTTA-
AAATTCCTCTACATCCACGTGAAAGTTTG, CtIP R589H Re
5-CAAACTTTCACGTGGATGTAGAGGAATTTTAAA, CtIP Q643P
Fw  5-AAAATAAAGTCTCTACCAAACAACCAAGATGTA, CtIP
Q643P Re 5-TACATCTTGGTTGTTTGGTAGAGACTTTATTTT,
CtIP E711K Fw 5-CAAGAGCAGAAGGGAAAAAAAAGTTCAAATG,
CtIP E711K Re 5-CATTTGAACTTTTTTTTCCCTTCT-
GCTCTTG, CtIP E716K Fw 5-GGGAGAAAAAAGTTCAAATA-
AAGAAAGAAAAATGAATG, CtIP E716K Re 5'-CAT-
TCATTTTTCTTTCTTTATTTGAACTTTTTTCTCCC, CtIP E804del
Fw 5-GTGGTTCGGAAAAAAGAGAGAAGA...CAG, CtIP E804del
Re 5-GTGTGCCCAAGCAGTTTTCTTCTC...CAC, CtIP R805G Fw
5-GTTCGGAAAAAAGAGGAGGGAAGAAAACTGCTTGGGC, CtIP
R805G Re 5-GCCCAAGCAGTTTTCTTCCCTCTTTTTTCCGAA,
CtIP R839Q Fw 5'-CCTGCTCAAGACACCAATTCCGCTACATTCC,
CtIP R839Q Re 5-GGAATGTAGCGGAATTGGTGTCTTGAGCAGG,
CtIP P847A Fw 5-AAGGAAGATCTTGATGCTTGTCCTCGTCCAA,
CtIP P847A Re 5-TTGGACGAGGACAAGCATCAAGATCTTCCTT,
CtIP R877H Fw 5'-TTGATCCTTGTCCTCATCCAAAAAGACGT, CtIP
R877H Re 5-ACGTCTTTTTGGATGAGGACAAGGATCAA, CtIP
E894D Fw 5-TCCAAAAGGCAAGGACCAGAAGACATAGACG, CtIP
E894D Re 5-CGTCTATGTCTTCTGGTCCTTGCCTTTTGGA, CtIP
AC Fw 5-GAAAGAGAGACTAGCTAGCAAAATTTTCCTCAT, and
CtIP AC Re 5-ATGAGGAAAATTTTGCTAGCTAGTCTCTCTTTC.
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PfuUltra high-fidelity polymerase (Agilent) was used according to
the manufacturer’s protocol.

Oligonucleotides and transfection. For siRNA transfections (48
hours), Lipofectamine RNAIMAX (Invitrogen) was used according
to the manufacturer’s protocol. MISSION siRNA Universal Negative
Control (UNC; MilliporeSigma) was used as a negative control; the
oligonucleotide sequence 5-GCUAAAACAGGAACGAAU (obtained
from Microsynth) was used for knockdown of CtIP; and a mix of 2
sequences, 5-GGGAUGUUCUUUUGAUAAA and 5'-CCAUCCAAC-
UUACACAUGA, was used for depletion of FBHI.

Reagents. Hydroxyurea (HU; MilliporeSigma) was used at a
final concentration of 4 mM for the indicated time. Aphidicolin
(MilliporeSigma) was used at a final concentration of 0.3 uM for
the indicated time. Furthermore, cytochalasin B (MilliporeSigma)
was used at a concentration of 1 ng/mL.

Western blotting and antibodies. Cells were lysed on ice in EBC buf-
fer (50 mM Tris, pH 7.4, 120 mM NaCl, 0.5% NP-40, and 1 mM EDTA)
containing protease inhibitors (1% vol/vol aprotinin, 5 ug/mL leupeptin,
1 mM PMSF), phosphatase inhibitors (1 mM NaF, 10 mM B-glycero-
phosphate), and 1 mM DTT. The lysates were sonicated using a digital
sonifier (102C CE Converter, Branson), followed by centrifugation
at 20,000 g for 15 minutes. Proteins were resolved by SDS-PAGE and
transferred to a nitrocellulose membrane. The membrane was incubated
with primary antibody followed by incubation with secondary antibody
(HRP-conjugated anti-mouse or -rabbit IgG; Vector Laboratories).
Immunoblots were performed using the following antibodies: CtIP
(catalog A300488A, Bethyl Laboratories), RAD51 (catalog 8349, Santa
Cruz Biotechnology), RAD51 (catalog 63801, Abcam), PCNA (catalog
18197, Abcam), FBH1 (FBXO18, catalog 81563, Santa Cruz Biotechnol-
ogy), GFP (catalog 1181446000, Roche), actin (catalog AB1501, Merck),
RPA2 S4/8 (catalog A300245A, Biosite), RPA (catalog NA29L, Merck),
vinculin (catalog V9131, Merck), BRCA2 (catalog OP95, Calbiochem),
H3 (catalog 1791, Abcam), and HA (catalog MMS-101P-500, Covance).

Immunofluorescence. The cells were grown on coverslips, treated
as indicated, then prepared for immunofluorescence staining. Primary
antibodies used were RAD51 (1:1000; 70-001, BioAcademia Japan),
GFP (1:1000; catalog 1181446000, Roche), RPA (NA29L, Millipore-
Sigma), and RPA2 S4/8 (A300245A, Biosite). Anti-rabbit-Alexa Fluor
647 and anti-mouse-Alexa Fluor 488 (1:2000; A21245, A11017, Life
Technologies) were used as secondary antibodies. For RAD51, immu-
nofluorescence cells were pre-extracted twice for 3 minutes in CSK buf-
fer (0.5% Triton X-100, 20 mM HEPES, pH 7.4, 100 mM NaCl, 3 mM
MgCl,, and 300 mM sucrose) followed by fixation in 4% paraformalde-
hyde (VWR). Cells were permeabilized in 0.5% Triton X-100 followed
by incubation in blocking buffer (1% BSA, 0.15% glycine, 0.1% Triton
X-100) in PBS wash buffer (1x PBS, 0.1% Tween-20, 1 mM CaCl,, 0.5
mM MgClL,). Primary antibody was incubated for 1 hour at room tem-
perature in blocking buffer, followed by 3 washes with PBS wash buf-
fer. Secondary antibody was incubated for an additional hour, washed 3
times with PBS wash buffer, and mounted in mounting Vectashield with
DAPI (Vector Laboratories). EQU staining was done per the manufactur-
er’s instructions (Life Technologies). Z-stack images were acquired on
a confocal Zeiss LSM 510 META microscope workstation, and images
were processed and foci enumerated using Fiji (Image], NIH).

Micronuclei assay. Cells were cultured on coverslips after trans-
fection and were incubated for another 24 hours before the treat-
ment of the cells was started. Cells were treated with aphidicolin
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(Sigma-Aldrich) for 16 hours or HU (MilliporeSigma) for 5 hours. In
addition, cells were treated with cytochalasin B (MilliporeSigma) for
36 hours (MCF?7), to inhibit cytokinesis, and then fixed in 4% para-
formaldehyde (VWR). Next, the cells were permeabilized with 0.25%
Triton X-100 solution, washed twice with 1x PBS, and mounted in
Vectashield with DAPI (Vector Laboratories). Binucleated cells with
micronuclei were counted manually using a confocal Zeiss LSM 510
META microscope and a scanR workstation (Olympus).

Homologous recombination assay. U-2-OS cells were transfected with
CtIP siRNA followed by transfection of guide RNAs targeting the lamin
A (LMNA) locus and the Ruby Donor plasmid as described in Pinder et
al. (33) together with empty vector or siRNA-resistant WT, E804del, or
AC CtIP. After 48 hours, LMNA genes were monitored by microscopy.

iPOND. Doxycycline-inducible U-2-OS cells were transfected with
UNC (negative control) or CtIP siRNA, and 24 hours later, cells were
induced with doxycycline for 24 hours. Cells were incubated with 10
uM EdU for 15 minutes, washed in media, then incubated with media
containing 4 mM HU for 5 hours, cross-linked with 1% formaldehyde,
harvested, and permeabilized. Biotin azide was covalently attached to
EdU within newly replicated DNA using a click reaction, and EAU con-
taining DNA was precipitated using streptavidin agarose beads. Eluted
proteins were then analyzed by SDS-PAGE and Western blot.

DNA fibers. DNA fiber assay was carried out as described previ-
ously (22). Twenty-four hours after siRNA transfection, cells were
treated with doxycycline to induce CtIP expression and left for a fur-
ther 24 hours. Cells were then pulse-labeled with CldU and IdU for
20 minutes each before 5 hours of exposure to 4 mM HU. At least
200 replication forks were analyzed per condition. Tract lengths were
measured using Fiji, and ratios were calculated.

Proximity ligation assay on nascent DNA. Twenty-four hours after
siRNA transfection, cells were treated with doxycycline to induce
CtIP expression and left for a further 24 hours. Cells were then pulse-
labeled with 10 mM EdU for 10 minutes followed by 4 mM HU for 5
hours. After the indicated treatment, cells were pre-extracted for 5
minutes in buffer (0.5% Triton X-100, 10 mM PIPES, pH 6.8, 20 mM
NaCl, 3 mM MgCl,, 300 mM sucrose) followed by fixation in 4% para-
formaldehyde (VWR). Cells were incubated in blocking buffer (3%
BSA in PBS with 0.1% sodium azide) for 1 hour at room temperature or
overnightin the cold room. After blocking, cells were subjected to click
reaction with biotin azide for 30 minutes and incubated overnight with
the 2 relevant primary antibodies at 4°C. The primary antibodies were
diluted in PBS with 3% FCS. The primary antibodies used were rab-
bit polyclonal anti-biotin (1:500; catalog A150-109A, Bethyl), mouse
monoclonal anti-biotin (1:500; catalog 200-002-211, Jackson Immu-
noResearch Laboratories), and rabbit polyclonal anti-CtIP (1:500; cat-
alog A300-266A, Bethyl). The proximity ligation assay (PLA) reaction
(Duolink, MilliporeSigma) to detect anti-biotin antibodies used was
performed according to manufacturer instructions.

Immunoprecipitation. Extracts for immunoprecipitation were
prepared using immunoprecipitation buffer (50 mM HEPES, pH
7.5, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol,
0.1% Tween) with protease inhibitors. Following preclearing with
IgG-coupled protein G beads (GE Healthcare), the lysates were incu-
bated with monoclonal anti-HA (Covance), and complexes were cap-
tured using Protein G Sepharose beads (GE Healthcare) for 2 nights
at 4°C on a rotator. The beads were washed 5 times followed by elu-
tion of bound proteins in Laemmli sample buffer.
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PARPi sensitivity assay. Doxycycline-inducible U-2-OS cells were
seeded onto CellCarrier-384 Ultra Microplates (PerkinElmer), and
reverse transfection was performed using Lipofectamine RNAIMAX
per the manufacturer’s recommendation. After 24 hours, DMSO and
different concentrations of talazoparib (BMN 673, Axon Medchem)
were added to the respective wells. On day 3, DMSO and PARPi-
containing media were replenished. At day 5, CellTiter-Glo (Promega)
was used to quantify the number of viable cells per the manufactur-
er’s recommendation. Surviving fractions were calculated relative to
DMSO-exposed cells for each PARPi concentration.

Statistics. Normal distribution was assessed for all experiments.
Micronuclei data were normally distributed and were subsequently
analyzed using 1-way ANOVA and Dunnett’s multiple-comparison test-
ing, comparing all variants with WT-CtIP-GFP. The PARPi data (Sup-
plemental Figure 2H) were Johnson-transformed, and the obtained
and normally distributed data were fitted with a linear mixed model,
with replicates as random effect. Multiple comparisons were per-
formed with the Ismeans/difflsmeans and the contrast function of the
Imer package in R (https://www.rdocumentation.org/packages/Ime4/
versions/1.1-23/topics/Imer). Significant codes shown are comparing
siCtIP and siBRCA2 with the negative control (sitUNC). Foci counts,
immunofluorescence intensities, and HRR data were not normally dis-
tributed. Therefore, ranks were assigned to all data from 3 biologically
independent replicates, based on the number of foci/immunofluo-
rescence intensity. The obtained ranks were used to fit a linear mixed
model. P values were adjusted using the Holm method if more than 2
comparisons were made. Biologically relevant P values are reported
with the following significance codes: ***P < 0.0001, **P < 0.001, *P <
0.05. All graphs represent the mean (red line) * SEM (black).

Study approval. The study was approved by the Capital Region of
Denmark (H-4-2010-050), the Danish Data Protection Agency (RH-
2016-353, I-Suite no. 05097), and the DBCG (jr. no. DBCG-2013-15).
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