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CtIP is a DNA end resection factor widely implicated in alternative
end-joining (A-EJ)}-mediated translocations in cell-based reporter sys-
tems. To address the physiological role of CtIP, an essential gene, in
translocation-mediated lymphomagenesis, we introduced the T855A
mutation at murine CtIP to nonhomologous end-joining and
Tp53 double-deficient mice that routinely succumbed to lymphomas
carrying A-EJ-mediated IgH-Myc translocations. T855 of CtIP is phos-
phorylated by ATM or ATR kinases upon DNA damage to promote
end resection. Here, we reported that the T855A mutation of CtIP
compromised the neonatal development of Xrccd ™~ Tp53~~ mice
and the IgH-Myc translocation-driven lymphomagenesis in DNA-
PKcs™~Tp53~~ mice. Mechanistically, the T855A mutation limits
DNA end resection length without affecting hairpin opening, trans-
location frequency, or fork stability. Meanwhile, after radiation, CtIP-
T855A mutant cells showed a consistent decreased Chk1 phosphor-
ylation and defects in the G2/M cell cycle checkpoint. Consistent with
the role of T855A mutation in lymphomagenesis beyond transloca-
tion, the CtIP-T855A mutation also delays splenomegaly in A-Myc
mice. Collectively, our study revealed a role of CtIP-T855 phosphory-
lation in lymphomagenesis beyond A-EJ-mediated chromosomal
translocation.

CtIP | lymphomagenesis | DNA damage response | checkpoint |
alternative end-joining

B cell lymphomas often carry oncogenic chromosomal translo-
cations involving the immunoglobulin (Ig) genes, where pro-
grammed DNA double-strand breaks (DSBs) are created during
the assembly and modifications of the Ig loci (1). The classical
nonhomologous end-joining (c(NHEJ) pathway of DSB repair is
exclusively required for the assembly of functional Ig genes by
V(D)J recombination. However, significant (up to 25 to 50%)
class switch recombination (CSR) on the Ig heavy chain (IgH) can
be achieved in cNHEJ-deficient cells via alternative end-joining
(A-EJ), a distinct DSB repair pathway that preferentially uses
microhomologies (MHs) at the junctions (2-6). In addition to
CSR, the A-EJ pathway can also generate chromosomal translo-
cations in reporter assays (7-9). DNA end resection that generates
3’ single-stranded DNA (ssDNA) overhangs (10) promotes A-EJ
by exposing the flanking MHs. However, whether end resection is
necessary for A-EJ-mediated oncogenic translocation and lym-
phomagenesis in vivo remains unknown.

The C-terminal-binding protein (CtBP)-interacting protein
(CtIP), like its yeast ortholog Sae2, initiates DNA end resection
together with the MREI11-RAD50-NBS1 (MRN) nuclease
complex (11). By virtue of its resection activity, CtIP was impli-
cated in A-EJ (7-9). CtIP expression and protein levels are
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higher in S and G2 phases and lower in the G1 phase (12, 13).
Like the MRN complex, CtIP is essential for murine develop-
ment (14) and the proliferation of normal lymphocytes (4, 15,
16), rendering it difficult to examine its role during oncogenesis
using null or conditional-null alleles. CtIP is phosphorylated by
CDK at T847 in the S and G2 phases of the cell cycle (17) and by
ATM and ATR kinases at T859 (T855 in mouse) and other sites
upon DNA damage (18-21). While T847 phosphorylation of
CtIP is essential for murine development (16), mice carrying an
alanine substitution at the T855 phosphorylation site of CtIP
(Ctip™>>*) develop normally with mild end resection defects (4,
15). Moreover, Ctip"5>47854 mice display normal lymphocyte
development and proliferation (4, 15), providing a tool to test
how CtIP and T855 phosphorylation contribute to chromosomal
translocation and lymphomagenesis in vivo.

The ¢cNHEJ/Tp53 double-deficient mice routinely succumb to
pro-B cell lymphomas bearing A-EJ-mediated IgH-Myc trans-
location and coamplification (22-24), providing an ideal model
to examine the role of CtIP and end resection in A-EJ-mediated
lymphomagenesis. Mechanistically, the initial translocation joins
a RAG-initiated IgH DSB on chromosome 12 with sequences
downstream of the c-Myc oncogene on chromosome 15 to form a
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dicentric (12, 15) chromosome (22). The dicentric intermediate
breaks during mitosis, and the chromosome that contains the IgH-
Myc translocation is joined with its sister to form a new dicentric
chromosome, thereby initiating a breakage-fusion-bridge (BFB)
cycle and eventually leading to a coamplification of IgH-Myc
translocation under proliferation selection (1, 22). Since this oc-
curs in cNHEJ-deficient cells, the initial translocation and the
dicentric formation are both mediated by the A-EJ pathway. Tp53
deficiency is critical for the tolerance of the genomic instability
and subsequent overexpression of the Myc oncogene. In addition
to Xrcc4/Tp53-deficient mice, other cNHEJ/Tp53-deficient mod-
els, including Artemis- and DNA-PKcs—deficient mice, also de-
velop pro-B cell lymphomas with IgH-Myc coamplification
(24-27), although the exact organization of amplicons remains
undetermined. In addition to these experimental pro-B cell lym-
phoma models, BFB cycles also underlie tumor initiation and drug
resistance in other human cancers (28, 29).

Here, we examine how CtIP-mediated end resection contributes
to A-EJ-mediated chromosomal translocations and lymphoma-
genesis by characterizing cNHEJ/Tp53 double-deficient mice
with or without the CtIP-T855A mutation. The results showed
that the CtIP-T855A mutation causes neonatal lethality in
Xrcc4™/~Tp53~'~ mice without apparent lymphomas or hemato-
poietic failure. Instead, the CtIP-T855A mutation exacerbates the
reduced mitotic index in Xrcc4~Tp53~'~ olfactory neurons. In
contrast, CHHPTS>AT833 K, 707"~ mice are viable, although small
even with wild-type (WT) Tp53 status. Moreover, the CtIP-T855A
mutation delays lymphomagenesis and alters the tumor spectrum
of DNA-PKes™'~Tp53~'~ mice. Yet, high-throughput genome-wide
translocation sequencing (HTGTS) of RAG- and endonuclease-
initiated DSBs shows that CtIP T855 phosphorylation is not re-
quired for hairpin opening or the initiation of end resection but
consistently reduces the extent of end resection. Correspondingly,
the CtIP-T855A mutation attenuates splenomegaly in the A-Myc
transgenic mouse model, suggesting a role for T855 phosphory-
lation in lymphomagenesis beyond translocation. In this context,
CtIPT33AT854 cells show no measurable defects in replication
fork stability but consistent defects in IR-induced G2/M checkpoint
maintenance.

Results

The CtIP-T855A Mutation Causes Neonatal Lethality in Xrcc4 "~ Tp53~/~
Mice. To elucidate the physiological functions of CtIP in lympho-
magenesis, we introduced the CtIP-T855A mutation into
Xrced™~Tp53™~ mice, which routinely succumb to pro-B cell
lymphomas bearing an A-EJ-mediated IgH-Myc translocation
and coamplification (22). Xrcc4™~Tp537~ and Xrced™~Tp53*'~
mice were small and were born at reduced rates (25), and the
CtIP-T855A mutation did not further reduce the weight or the
birth rate of Xrcc4 ™/~ Tp53~~ mice (Fig. 14 and SI Appendix, Fig.
14). While control Xrcc4”~Tp53~~ mice succumbed to
B220*IgM~CD43™ pro-B cell lymphomas (SI Appendix, Fig. 1B
by ~10 wk of age, all CtIPT&sM/};‘[Sg&XrCCIS_Tp53_/ " (n=06) ancg
CtIPT3PATE5A X004~ Tp537~ (n = 5) mice died by 21 d of age
without detectable lymphomas (Fig. 1B) (22, 25). The frequency
of red blood cells, platelets, and hematopoietic stem and pro-
genitor cells (Lin—Scal+cKit+) were comparable between the
neonatal lethal CHPT8> 418534 Xcc4~~Tp53~'~ mice and the via-
ble Xrcc4™~Tp53™'~ mice (Fig. 1 C and D and SI Appendix, Fig.
1 C-E), excluding anemia or bone marrow failure as the cause for
early lethality.

Xreed loss causes TpS53-dependent postmitotic neuronal apo-
ptosis (25). We thus examined whether the CtIP-T855A mutation
further compromises neuronal development. Murine neuro-
genesis in the olfactory bulb continues after birth (30). On an
Xrced " Tp537 background, the CHIP-T855A mutation does
not affect the proliferation index, as measured by Ki67+ staining
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(81 Appendix, Fig. 1F), or apoptosis, as measured by cleaved
Caspase 3 staining $SI Appendix, Fig. 1G2, of the olfactory neurons.
Yet, both Xrced ' ~Tp53~~ and CP!> V18545 cc4~~Tp537/~
mice accumulate large dark nuclei in the olfactory bulbs
(Fig. 1E), consistent with G2 arrest and replication stress.
Quantitatively, the levels of late G2 and mitotic nuclei
(positive for phosphorylated Serine 10 of Histone H3, pH3+)
were reduced in Xrcc4”~Tp53~~ mice (P = 0.0021) and further
reduced in CHP™>41854Xcc4~~Tp537'~ mice (P < 0.001 versus
WT and P = 0.044 versus Xrcc4”'~Tp537~) (Fig. 1F). There are
three pH3 staining patterns: small puncta without pan-nuclear
staining (type I, late G2 phase, purple), large nucleoli puncta
with diffused nuclear staining (type 11, early M phase/prophase,
blue), and condensed dark staining (type III, M phase, red)
(Fig. 1G). The T855A mutation markedly reduced the fre-
quency of type II and type III (mitosis, P < 0.0001) nuclei in
Xrce4™~Tp537~ mice, indicating G2/M arrest (Fig. 1H). Mean-
while, CtHIP34 T894k, 70~~ mice with normal Tp53 were small
but born alive and can survive beyond 21 d (Fig. 1/ and SI Ap-
pendix, Fig. 1H), suggesting that CtIP-T855 phosphorylation might
contribute to the processing of the KU blocked ends in cNHEJ-
deficient cells.

The CtIP-T855A Mutation Delays Lymphomagenesis in DNA-PKcs ™~ Tp53~~
Mice. To circumvent neonatal lethality and study the impact of
CtIP-mediated end resection on lymphomagenesis, we introduced
the CtIP-T855A mutation into DNA-PKcs™~Tp53~~ mice, which
also develop spontaneous pro-B cell lymphomas (26, 31, 32).
Although the CtIP-T855A mutation did not affect the embryonic
development or birth rate of DNA-PKes™~Tp53~'~ mice (SI Ap-
pendix, Fig. 24), the overall survival of these mice was moderately
extended (SI Appendix, Fig. 2B). Notably, the CtIP-T855A muta-
tion reduced the frequency (from 94%, 28/33 to 68%, 17/25) and
extended the latency (from T, = 73 to 89 d) of pro-B cell lym-
phomas (B220+IgM—-CD43+) in DNA-PKcs™~Tp53~~ mice
(Fig. 2 A-C and SI ‘;lf endix, Fig. 2C). As a result, 32% (8 out of
25) of the CtIP">T5>5ADNA-PKes™~TP537'~ mice succumbed to
thymic lymphomas (n = 5), teratomas (n = 2), or sarcoma (n = 1)
(Fig. 2B). The oncogenic translocations in the DNA-PKes ™~ Tp53~'~
pro-B cell lymphomas were not fully characterized. Fluorescent
in situ hybridization (FISH) with probes specific for the IgH (Chr.
12) and c-M/yc (Chr. 15) loci (33) revealed that 5/5 DNA-
PKcs™~Tp537~ and 4/5 CHPTSPATSSADNA-PKes™~Tp537~ pro-
B cell lymphomas contained clonal IgH-Myc translocations and
coamplification (Fig. 2D and SI Appendix, Fig. 2D). One 7prO—B cell
lymphoma sample from an older ~CHP™*334pN4-
PKcs™~Tp537~ mouse (143 d) with concurrent thymic lympho-
mas had an IgH-Myc translocation pattern consistent with a di-
centric intermediate in about 59% of the metaphases analyzed
(Fig. 2 D, Lower Right and SI Appendix, Fig. 2D). These data
revealed that IgH-Myc translocation and coamplification drive
lymphomagenesis in DNA-PKcs~~Tp53~~ mice and that the CtIP-
T855A mutation delays pro-B cell lymphomagenesis in part by
suppressing IgH-Myc coamplification.

T855 Phosphorylation Promotes End Resection and Is Dispensable for
Hairpin Opening. To understand how the CtIP-T855A mutation
delays B cell lymphomagenesis, we examined its impact on
translocation initiation and amplification. To form the IgH-Myc
translocation, the hairpin coding ends (CEs) at the IgH loci of
DNA-PKcs—deficient B cells have to be opened (34, 35). Both
the MRN and CtIP, as well as its yeast ortholog Sae2, were
implicated in the hairpin opening (15, 36-38). To determine
whether the CtIP-T855A mutation affects hairpin opening, we derived
v-abl kinase—transformed DNA-PKces™”~ and CHP™™54pDNA.
PKces™~Tp537~ B cells that harbor the integrated V(D)J recombination
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Fig. 1. Phosphorylation of CtIP at T855 is essential for the neonatal development of Xrcc4/Tp53 double-deficient mice. (A) The number of mice born from
intercrossing between Xrcc4*~TP53-deficient mice. The P value was calculated via the y° test. (B) Kaplan-Meier survival curve of
CHIPTS55AITES5Ax rccd '~ Tp537/, CHIPT®>>AT855AXrcc4 ™"~ Tp53*'~, and Xrcc4'~Tp53~~ controls. Log-rank (Mantel-Cox) test, ****P < 0.0001; ns, not significant. (C)
The concentration of red blood cells (RBC) in the peripheral blood of 16- to 19-d-old CtIPT8>*AT855Axrcca~"~Tp537"~, Xrcc4~"Tp53~'~, and WT controls. (D)
Quantifications of bone marrow hematopoietic stem cells (HSC) (Lin—Sca1+cKit+); absolute counts per mouse. (E) Representative histological analyses of
sagittal brain sectioning; enlarged cells with darkly stained nuclei are marked with orange arrows. (F) Frequency of pH3-positive cells per field. Mann-
Whitney U test, *P < 0.05, **P < 0.01, ****P < 0.0001. (G) The representative image shows three types of pH3 staining patterns and their corresponding cell
cycle stage. (H) Frequency of G2M and M phase cells per field. Mann-Whitney U test, ***P < 0.001, ****P < 0.0001. Quantifications in F and H were performed
on data collected from five WT, four Xrcc4~Tp537'~, and three CtIP™8>*4'™8%5AXrcc4~'~Tp53~'~ mice, with at least seven independent fields from each mouse.
() (Top) A representative picture of a CtIPT8>*AT™855AK;70~'~ mouse (Lower) and its CtIP “AKu70*"* littermate (Upper). (Bottom) The number of mice born from
intercrossing between CtIPT®>>AT855AK,70*~ parents. The P value was calculated via the y? test.

substrate (pMX-INV) (Fig. 34) (35, 39, 40). In these cells, the
v-abl kinase inhibitor, STI5S71 (also called imatinib), induced ef-
ficient G1 arrest (Fig. 3B and SI Appendix, Fig. 34) and RAG-
initiated cleavage of the pMX-INV substrate (39). Since CtIP
protein level and end resection activity increase significantly in the
S and G2 phases of the cell cycle (12, 13), we also released the
cells (wash away STI571) into the S/G2 phase (in the presence of
or 24 h (Fig. 3 B,
). The levels of

ATM/ATR site T855 promotes

unrepaired CEs increased in Gl-arrested DNA-PKcs™~ and
CtipT8PATEBADNA-PKes™ cells and decreased in the cells re-
leased to the S/G2, regardless of CtIP genotype (Fig. 3C). To
determine whether CE hairpins are opened, we performed TdT
ligation—mediated PCR in which TdT can only add polyA to the
opened hairpin ends and not to the hairpin sealed ends (Fig. 34).
While TdT ligation-mediated PCR can readily amplify opened
CEs in Xrecd ™~ cells, CEs from Gl-arrested or -released DNA-
PKcs™™ and CripTVT8DNA-PKes™~ cells were not observed

PNAS | 3of 11
https://doi.org/10.1073/pnas.2105440118
Www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105440118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105440118/-/DCSupplemental
https://doi.org/10.1073/pnas.2105440118

Downloaded at Palestinian Territory, occupied on December 11, 2021

. PK"Tp53"

80
(17/25), t,,=89d
60
40

20+

Pro-B Percent survival

0 T T 1
0 50 100 150

Days
Bone Marrow
Control

Tp53*

DNA-PKcs™
Tp53+

CHl[pT8ssA/T8s5A ,| a5 |
DNA-PKcs™ |
Tp53*

B220

CD43 IigM

(31/33), t;2=73d
TBS5AT855A rx
. CHPTESATESA pet Tps3

100% o
80% 5
60%

P 25/33
20%
0%

Relative Freq. of tumor type

CtIP  +/+ T855A/
T855A
mProB @ ProB+Thymic
O Thymic 0OOther
Chr 12 ¢c-Myc Chr 15 3’ IgH

Ct/[PT855A/T855A

Ct/pT855A/T855A
PK*TE53
b

Genotype IgH-cMyc
DNA-PKcs" Tp53+ 4/4
CtIPT8554T8554 DNA-PKes”Tp537 | 415 +1/5

Fig. 2. CtIP-T855A mutation delays IgH-Myc—driven pro-B cell lymphomas and alters tumor spectrum in DNA-PKcs™~Tp53~'~ mice. (A) Kaplan-Meier survival
curve of DNA-PKcs ™~ Tp53~'~ and CtIPT85>AT855ADNA-PKcs ™'~ Tp53~~ mice; the pro-B cell lymphoma only median survival of DNA-PKcs™~Tp53~~ mice is
73 d and of CtIPT8>*AT855ADNA-PKcs™~Tp53~'~ mice is 89 d. Log-rank (Mantel-Cox) test, **P < 0.01. (B) Tumor spectrum of DNA-PKcs™'~Tp53~'~ and
CtIPTE5>ATESSADNA-PKcs ™~ Tp53~'~ mice. (C) Representative flow cytometry analysis of bone marrow from a control mouse and DNA-PKcs~~Tp53~~ and
CtIPT83>ATES5ADNA-PKcs ™~ Tp53~'~ mice with pro-B cell lymphomas. (D) Representative FISH images from WT control samples (Upper Left), IgH-Myc
translocations and coamplifications in lymphoma cells (spleen) from DNA-PKcs™~Tp53~'~ mice (Lower Left) and from one CtIPT®**AT85SADNA-PKcs™~Tp537~
mouse with IgH-Myc coamplification (Upper Right) or one with dicentric intermediates (Lower Right). (Bottom) Quantifications of FISH analyses. Detailed

quantification is shown in S/ Appendix, Fig. 2D.

even after release to S/G2 (Fig. 3D). After being normalized to the
available CEs (Fig. 3C), the CtIP-T855A mutation has no impact
on the frequency of hairpin opening in DNA-PKcs-deficient
B cells (Fig. 3E).

To compare the pattern of the hairpin opening between DNA-
PKcs™~ and CtP8PAT85ADNA-PKes™= cells, we employed
HTGTS (41), a linear amplification-based sequencing method
that can characterize thousands of junctions involving a specific
DSB (the “bait” DSB). In this case, we chose the 5’ CE of
the pMX-INV substrate as the bait (Fig. 34). In WT and
CtIPT8334/T8354 cells, >80% of the DSB ends (“prey”) that
are joined with the 5’ CE fall within the pMX-INV V(D)J re-
combination substrate (Fig. 3F) and are almost all classical CJs
with 3" CEs (SI Appendix, Fig. 3B). Consistent with hairpin
opening defects and increased chromosomal translocations, in
DNA-PKes™~ and CHPTS T8 ADNA-PKes™™ cells, only <40%
of the prey breaks fall into the pMX-INV substrate (Fig. 3F).
Nevertheless, >70% of junctions within the pMX-INV are with
the 3’ CEs, with a moderate increase (3 to 6% to 8 to 10%) of
inversions or hybrid join formation (with the 3’ signal ends) (SI
Appendix, Fig. 3B). Moreover, the CJs recovered from both DNA-
PKes™~ and CHIP™>*"%94DNA-PKcs™~ cells have much longer
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deletions than those from WT and CHP"5>478334 cells (Fig. 3G).
The CtIP-T855A mutation moderately reduced the mean deletion
size from 47 to 36 base pairs (bp) in DNA-PKes™'~ cells (Fig. 3G).
We next examined the bait 5" CEs recovered from the junctions.
In WT and CHPT8?PVT8354 cells, ~70% of the hairpins opened at
or around the apex (-2 to 4 bp), regardless of whether the cells
were arrested in G1 (SI Appendix, Fig. 44) or released to S/G2
(Fig. 3I). This pattern is consistent with the preferred cleavage
sites of Artemis endonuclease in vitro (34, 42). While the junc-
tions were broadly spread in DNA-PKes™™ cells (Fig. 3I), the
CtIP-T855A mutation limited hairpin opening to the region near
the apex in DNA-PKcs™~ cells, especially in G2 (Fig. 3 I, Bottom).
Finally, despite changes in hairpin opening hotspots, the CtIP
T855A mutation does not affect the degree of microhomology
(MH) in the CJ junctions recovered from DNA-PKcs™~ cells
(Fig. 3H). Together, these data suggest that CtIP-T855 phos-
phorylation is not required for the initiation of end resection but
may play a role in regulating the size of resection. Accordingly,
spermatogenesis, which requires Sae2- and CtIP-initiated endo-
nuclease cleavage of the Spol1 covalent complex by MRN-CHIP, is
normal in CHP3?4T854 mice (SI Appendix, Fig. 4B).
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Fig. 3. CtIP-T855A mutation contributes to hairpin processing in DNA-PKcs™™ cells. (A) Schematic of pMX-INV substrate including the unrearranged (UR) and
hairpin-sealed CE. The recombination signal sequences (RSS, triangles), 14 oligo probe, and C4 probe are marked. The opened hairpin structure can be de-
tected by TdT-mediated ligation PCR. Briefly, TdT adds poly(A) to opened hairpin ends, which can be amplified with primers containing poly(T). Hairpinned
ends cannot be amplified. (B) Workflow for experimental conditions used in C-G: v-abl-transformed B cells were arrested in G1 via STI571 (STI) treatment for
72 h (a), STI571 treated for 12 h (b) or 24 h (c) to induce RAG expression, and release to S/G2 phase with CDK1 inhibitor (Ro3306) for 48 h (b + ¢). (C) Southern
blot of pMX-INV substrates using the scheme in B. UR, unrearranged, CE, coding ends, o: asynchronized (1) and (2) represent two biologically independent
single clones. (D) Product of TdT-assisted PCR assays from multiple single clones with accumulated open ends from Xrcc4~~ cells as control. (E) The normalized
relative intensity of TdT-mediated ligation PCR versus CE in C. The result of Xrcc4™'~ cells was shown as the positive control. The Student’s t test was used to
calculate the Pvalue, n.s., not significant. (F) Frequency of recovered HTGTS junctions mapped to within the pMX-INV substrate or elsewhere in the genome
(others) from one G1 arrested sample (STI) and two independent repeats of G1 arrested and S/G2 released samples (STI — CDK1 inhibitor). (G) The distribution
of total CJ deletion length (bp). Deletions from both sides of the breaks were added together. Extra-large deletions > 1,000 bp because of technical bias were
removed. Mann-Whitney U test was used to calculate the P value. ****P < 0.0001; n.s., not significant. (H) The distribution of MH usage and insertion in all CJ
recovered. (/, Top) Schematic diagram of pMX-INV substrate for V(D)J recombination with the location of the RSSs, the black arrow indicating the bait PCR
primer starting position. (Middle) The footprint of hairpin-sealed CEs opening in the S/G2 phase, shown as the relative frequencies of the last aligned base
pair on the bait end of the junctions with translocation patterns within the substrate. (Bottom) Diagrams of aligned bp locations and sequence at the CE,
zoom-in frequency of the adjacent 12 bps around the opened hairpin end.
T855 Phosphorylation Is Dispensable for Intersister Joining. The next  replicated broken dicentric chromosomes, may be joined to-
step of the BFB cycle is dicentric chromosome formation, a  gether again to form another dicentric chromosome. This step is
processsthat-precedessthesamplificationsofsthe;IgH-Myc trans-  likely important for the amplification of the IgH-Myc translo-
locations (22). Concurrent breaks at both sister chromatids, like  cation. Therefore, we asked whether the CtIP-T855A mutation
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affects sister chromatid fusion by transducing v-abl cells with an
inducible I-Ppol endonuclease (Fig. 44) that recognizes 18
predicted cleavage sites in the mouse mm10 genome, plus one
within each copy of the ribosomal DNA (rDNA) repeats (43) (S
Appendix, Fig. 4C). We then performed HTGTS using cleavage
site no. 10 on chromosome 5 as the bait. In Gl-arrested
WT cells, ~20% of junctions involve preys that are local (at or
around site 10), 25% involve other I-Ppol sites, and nearly 55%
involve the rDNA repeats (Fig. 4B). The ~300 copies of rDNA in
each murine cell likely contribute to the frequent involvement of
rDNA. DNA-PKcs deficiency and S/G2 arrest both increase the
frequency of local junctions (to 30 to 35%), with an additive
effect in S/G2-arrested DNA-PKcs—deficient cells (nearly 50%)
(Fig. 4C). The CtIP-T855A mutation does not significantly affect
the overall distribution of prey breaks. Among the local dele-
tional junctions, ~10% arise because of joining within the 4-bp

£~

1 ~
A H \\_f"gs. strand

ﬁ]
Neg. strand
(potential dicentric)

overhang generated by I-Ppol (Fig. 4D). Consistent with cNHEJ
deficiency, only <1% of the local junctions recovered from DNA-
PKcs—deficient cells utilized the overhangs (Fig. 4D). Joining be-
tween sisters or with homologous chromosomes could generate a
negative-strand junction (Fig. 44, gray arrowheads), which in-
creased in relative frequency in DNA-PKcs—deficient cells
(Fig. 4D). The CtIP-T855A mutation moderately increased the
frequency of negative-strand joining in DNA-PKcs—deficient cells.
Given the overhang, most junctions recovered from WT or DNA-
PKcs—deficient cells utilized 0 to 3 bp of MH, regardless of CtIP
genotypes (SI Appendix, Fig. 5 A and B).

T855 Phosphorylation of CtIP Plays a Role in G2/M Checkpoint
Maintenance. In addition to A-EJ, CtIP and Sae2 have also been
implicated in checkpoint control (44-49). Specifically, resection by
the CtIP/MRN complex can convert DSBs into ssDNA overhangs
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Fig. 4. CtIP-T855A mutation does not alter endonuclease-generated DSBs. (A) Scheme of translocations from |-Ppol-generated breaks, joining directions
indicated with dashed arrows. (B and C) Relative frequency of junctions mapped to bait site (self), other I-Ppol sites (other), or rDNA region (rDNA) among all
junctions in G1- (B) or G2- (C) arrested condition. (D) Relative distribution of local preys within + and — 200 bp from the cutting site in DNA-PKcs™~, and
CtIPT855A/T855ADN A-PK cs”~ v-abl-transformed B cells after 24-h I-Ppol induction in G1 phase or 5/G2 phase. The frequencies of prey that fall into each region
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that can activate the ATR kinase (50). Given the relatively mod-
erate effect of the T855A mutation on hairpin opening and
translocation, we asked whether T855 phosphorylation plays a role
in ionizing radiation (IR)-induced cell cycle checkpoint to ac-
commodate oncogene-induced replication stress. To distinguish
all four cell cycle phases, we costained the samples with the mitotic
marker pH3, replication marker BrdU, and DNA content. Before
IR, WT and CHP™84/78334 B cells showed similar patterns of cell
cycle distribution (Fig. 54). Three Gy IR induced a robust G2/M
arrest in both WT and CHP™>*75%4 B cells at 1 h. At 2 h after
IR, significantly more CtIP"®4/78554 B cells entered mitosis than
WT B cells (Fig. 5 4 and B), suggesting that T855 phosphorylation
might play a role in checkpoint maintenance. At 24 h after IR,
WT cells showed a strong rebound of the mitotic index, which also
occurred potentially to a less degree in CHPTSVT854 B cells
(Fig. 5 A and B). Meanwhile, the IR-induced G1/S checkpoint
measured by the BrdU+%/G1 phase was not affected by the CtIP-
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T855A mutation (Fig. 5C). Western blot analyses of radiated
primary and immortalized B cells showed reduced phosphoryla-
tion of the ATR substrate Chkl and marker for ssSDNA—
phosphorylated RPA in CHP™>47854 cells (Fig. 5 D and E).
Based on these data, we propose that CtIP phosphorylation at
T855 promotes end resection, late-stage ATR activation, and G2/
M checkpoint maintenance.

The CtIP-T855A Mutation Delays MYC-Driven Splenomegaly. If CtIP
phosphorylation at T855 has a role in lymphomagenesis beyond
translocation, then we expected the CtIP-T855A mutation to
delay lymphomagenesis in the A-Myc transgenic mouse model
that develops spontaneous splenomegaly and carries the trans-
location in the germline (51). First, we somatically inactivated
CtIP in -Myc* mice using B cell-specific CD19" (52) and the
CtIP* conditional allele (16). However, no difference in overall
survival, spleen weight, or immunophenotypes (including CD93,
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Fig. 5. Phosphorylation of CtIP at T855 contributes to G2/M checkpoint maintenance. (A) Representative flow cytometry analyses of the cell cycle with BrdU/
Pl and the percentage of pHistone3 Ser10-positive population within BrdU~G2/M subpopulations in Ct/P*"* and CtIPT8>*4'T8%5A primary B cells before and
recovery after 3 Gy IR at 1, 2, and 24 h. (B) Quantifications of positive pHistone3 Ser10 percentage within BrdU~G2/M populations from five independent
experiments. Mann-\Whitney U test, *P < 0.05, n.s.: not significant, P> 0.05. (C) Quantifications of BrdU+ cells versus G1 cells from four different experiments.
(D and E) Western blotting analyses of CtIP** and GtIP5%°*/™>>A primary B cells (D) or v-abl cell lines (E) before or after IR 3 Gy (B cells) or 10 Gy (v-abl cells).
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which distinguishes relatively immature transitional B cells) were
noted among the A-Myc* mice regardless of CtIP genotype
(CD19°*CtIP*'*, CDI9“"**CtIP*'*, or CDI9™** CtIP'*°)
(Fig. 6.4 and B and SI Appendzx Fig. SC) Of note, while CtIP was
efficiently inactivated in the tumors arising in CD19<"*CHP'*
mice (Fig. 6C, T2 to T4), lymphomas from CDI9"**CtIP**"°
mice retained significant Ct[P’ alleles (Fig. 6C), suggesting the
presence of escapers from the homozygous CtP deletion. Therefore,
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we tested whether the germline CtIP T855A mutation affected
Myc-driven lymphomagenesis by comparing Ct[P18>74/18334)
Myc* and control A-Myc™ mice. At 100 d of age, 73% (8/11)
of A-Myc™ mice had splenomegaly as defined by >5.35 %o
spleen/body weight ratio (99.7% CI of that of control WT mice
of the same age) (Flg 6D) In contrast, only 20% (2/10) of
CHIPT8AITESSA) Mye mice developed splenomegaly at the
same age (Fig. 6D). Flow cytometry analyses revealed 82% of
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Fig. 6. CtIP-T855A mutation delays lymphomagenesis in the A-Myc mouse model. (A) Kaplan-Meier survival curve for CD19¢*3-Myc* CtiP**, CD19/*
A-Myc+ CtIP*°, and CD19®"*)-Myc*CtIP<°'®® mice. (B) Phenotypic features of tumors developing in the spleen and/or lymph nodes of A-Myc-CtIP compound

mice. The positivity for the CD93 (also called AA4.1) marker identifies tumors

originating from a transitional/immature B cell as opposed to tumors derived

from mature B cells. (C) Representative PCR genotyping of Ct/P in enlarged splenic cells. (D) Per-mille spleen weight (g)/body weight (g) among WT Ctrl (n = 9),
A-Myc* (n = 11), and CHP™>548554)_Myc* (n = 10) mice. The 99.7% Cl calculated from the WT Ctrl group is marked on the graph. (E) Percentage of enlarged
splenic B cells, calculated using the percentage of B220+ splenic cells multiplied by the percentage of the gate with the largest size (indicated in B).
Mann-Whitney U test, *P < 0.05; ***P < 0.001. (F) Cytokine-activated primary B cells of indicated genotypes were pulse labeled with CldU for 30 min, then
with IdU for 30 min, and then treated with 2 mM Hydroxyurea (HU) for 3 h before DNA fiber spreading. IdU/CldU ratio was calculated and plotted. Statistical
analyses were carried out using GraphPad Prism and the Mann-Whitney U test. (G) Cytokine-activated primary B cells of indicated genotypes were pulse
labeled with CldU for 30 min, treated with 2 mM HU for 3 h, and then puls -labeled with IdU for 1 h before DNA fiber spreading. The length of IdU fibers was
measured and plotted. Statistical analyses were carried out using GraphPad Prism and the Mann-Whitney U test, n.s., not significant.
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A-Myc* mice showed enlarged B cells in the spleen in contrast to
33% in CHP™> 1834, Myc™ mice (Fig. 6E). Given the role of
Myc in replication stress response (53), we asked whether the
CtIP-T855A mutation affects replication fork stability (Fig. 6F) or
replication fork recovery after genotoxic challenges (Fig. 6G). The
results showed that Myc-overexpressing B cells have a significant
delay in recovery from HU-induced replication damage (Fig. 6G),
yet the CtIP-T855A mutation does not measurably affect fork
protection (Fig. 6 F and G). These data imply a role for CtIP T855
phosphorylation in supporting Myc-driven lymphomagenesis
beyond translocation.

Discussion

The A-EJ pathway and the related MH-mediated end-joining
pathway have been implicated in the formation of chromo-
somal translocations. Although DNA end resection is thought to
promote A-EJ, whether and how end resection contributes to
A-EJ-mediated lymphomagenesis remains elusive. Here, we
show, although dispensable for normal murine development, the
phosphorylation of CtIP at T855 is critical for neonatal devel-
opment of Xrcc4'~Tp53~~ mice. Moreover, the CtIP-T855A
mutation delays lymphomagenesis in DNA-PKes™Tp537/~
mice. Yet, we failed to find consistent and measurable defects
in the hairpin opening, sister chromatid ligation, and joint se-
quence formation in CHP™>YT83ADNA-PKes™= cells in com-
parison to the DNA-PKcs™~ controls. Instead, we noted that 4/5
CtIPTSSATESADN A PKes™Tp537'~ B cell lymphomas carried
amplified IgH-Myc translocations, suggesting that the T855A
mutation does not prevent the initial translocation or the subse-
quent IgH-Myc amplification. HTGTS analyses documented
moderately reduced end resection and a shift in hairpin opening
position in CHIPT8>AT85ADNA-PKes ™~ cells. Moreover, the T8554
mutation delays lymphomas in the A-Myc transgenic mice, indi-
cating a role of T855 phosphorylation in lymphomagenesis beyond
translocation. Taken together, the result is consistent with a selec-
tive role of T855 phosphorylation under stress conditions (e.g., IR
or oncogene induced).

How does CtIP-T855 phosphorylation promote the neonatal
development of Xrcc4 ™~ Tp53~'~ mice? In early studies, we and
others have found that CtIP promotes end resection at DSBs
accumulated in cNHEJ-deficient cells (4, 54), suggesting CtIP-
mediated resection might represent a salvage pathway of DSB
repair in Xrcc4~Tp53~~ cells. This need for CtIP in end resec-
tion is in part due to the presence of KU, which prevents Exol-
mediated extensive end resection (55, 56). Consistent with this
model, CHPTSAT8534Ky, 707/~ mice, although small, are viable
even in the presence of Tp53 (Fig. 1/ and SI Appendix, Fig. 1H).
While the CtIP-T855A mutation also reduces end resection in
DNA-PKes™ cells (Fig. 3 G and 1), the residual cNHEJ activity in
DNA-PKes™ mice seems sufficient for embryonic and neonatal
development. In this context, the normal meiosis and the un-
changed frequen?/ of translocations outside the pMX-INV sub-
strates in CHIPTSA/T8334 cells suggest that T855 phosphorylation
is not required for the initiation of end resection but likely plays a
role in the progression of end resection. In this regard, the chro-
matin retention of human CtIP is enhanced by phosphorylation of
the corresponding residue (T859) (18), which may, in turn, pro-
mote the processability of end resection.

If T855 phosphorylation is not required for the hairpin opening
and subsequent initial translocations and amplification, how does
the T855A mutation delay lymphomagenesis? Four pieces of ev-
idence suggest a translocation-independent role, perhaps through
checkpoint regulation, although other pathways cannot be ex-
cluded. First, the T855A mutation suppressed lymphomagenesis
of 2-Myc™ mice that already carry an oncogenic transgene. Sec-
ond, Myc overexpression has been linked to oncogene-induced
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replication stress, which often requires ATR kinase to be toler-
ant (57). Third, the CtIP-T855A mutation does not have a mea-
surable role in replication fork stability or recovery in B cells,
although Myc overe)gpression compromised replication fork re-
covery. Fourth, CHIP18534/T8554 B cells cannot generate ssSDNA
robustly, displaying reduced ATR activation (15). ATR plays a
critical role in regulating replication fork stability, progression, and
dormant origin firing that cannot be carried out by the ATM ki-
nase (58). Mechanistically, CtIP and Sae2 can antagonize MRN-
(or MRX in yeast) mediated checkpoint activation. In mammalian
cells at an early time point (2 h), the CtIP T855A mutation mainly
reduced ATR activation (11, 46, 48). In yeast, and at a later
timepoint (~24 h), Sae2 limits persistent Rad53 activation by
removing MRX and antagonizing Rad9 (44, 45, 49). The timing
and cell type functional division between ATM (Tell in yeast)
and ATR (Mecl in yeast) may both contribute to this differ-
ence. We note the defects in maintaining the G2/M checkpoint
in other WT cells are not in conflict with the reduced mitotic
index in CtIPT855A/T855Achc4‘/‘Tf?53‘/‘ mice since the accu-
mulated breaks in Xrcc4~/~Tp53~'~ neurons have significantly
reduced mitotic index.

In summary, our data identify two in vivo functions of CtIP-
T855 phosphorylation—the escape from ¢cNHE] failure by pro-
moting end resection and the enforcement of G2/M checkpoints
under replication stress. We showed that ATM/ATR-mediated
phosphorylation of CtIP at T855, while dispensable for normal
development, is required in Xrcc4-deficient cells and during
Myc-induced lymphomagenesis. These findings may explain why
CtIP is amplified in a subset of gastric cancers (59). The
translocation-independent function of CtIP in tumorigenesis
highlights the important role of CtIP in linking DNA repair with
cell cycle checkpoint and replication timing. CtIP is extensively
modified during the S phase and in response to DNA damage.
Our findings suggest that oncogenic stress or cNHEJ deficiency
may underlie the physiological functions of other ATM/ATR- or
CDK-mediated phosphorylation events as well as other post-
translational modifications of CtIP, including the S327 phos-
phorylation that is also dispensable for murine development
(16, 60).

Materials and Methods

Mice. CtIP™8>*A (4, 15), Xrcc4™~ (25), DNA-PKcs™~ (61), p53~'~ (62), CD19<"®
(52), »-Myc (63), and CtIP° (60) mice were previously described. Mice in the
Xrcc4™~Tp537'~ or DNA-PKcs'~Tp53~'~ cohorts were aged until they showed
clear signs of tumor and/or discomfort and then euthanized. Ct/P"8>54/7855A
mice were crossed with A-Myc+ mice and were analyzed at 100 d of age.
Bone marrow, spleen, lymph nodes, and thymus were analyzed by flow
cytometry as previously described (64, 65), and tissue was collected for fur-
ther analysis. All animal works were conducted in a specific pathogen-free
facility and had been approved by the Institutional Animal Care and Use
Committee at Columbia University Medical Center. Flow cytometry was
performed on a FACS Calibur (BD Bioscience), LSR Il (BD Bioscience), or an
Attune NXT flow cytometer (Thermo Fisher Scientific). See SI Appendix for a
detailed antibody list.

FISH. Samples harvested from mice with enlarged spleens or lymph nodes
were cultured in Roswell Park Memorial Institute medium with 100 ng/mL
colcemid (Gibco 15212-012) for 4 h and harvested for metaphase analysis.
Standard two-color FISH was performed with BAC199 as the /gh locus probe
and BAC RP23-307D 14 as the c-myc locus probe (33). The Igh probe was first
labeled with biotin (Invitrogen 18047-015) and then blotted with Avidin-
FITC (Sigma A2901). The c-myc probe was labeled with digoxigenin (DIG)
(Roche 11745816910) and DyLight 594 goat anti-Dig (Vector DI-7594-0.5) as
the secondary antibody for visualization. Images were acquired using ZEISS
Imager Z2 and Metafer 4 system. Around 15 to 50 metaphases were ana-
lyzed for each tumor sample.

Data Availability. All study data are included in the article and/or S/ Appendix.
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