Chromosome Segregation Errors as a
Cause of DNA Damage and Structural
Chromosome Aberrations
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Various types of chromosomal aberrations, including numerical (aneuploidy) and structural
(e.g., translocations, deletions), are commonly found in human tumors and are linked to
tumorigenesis. Aneuploidy is a direct consequence of chromosome segregation errors in mitosis,
whereas structural aberrations are caused by improperly repaired DNA breaks. Here, we
demonstrate that chromosome segregation errors can also result in structural chromosome
aberrations. Chromosomes that missegregate are frequently damaged during cytokinesis,
triggering a DNA double-strand break response in the respective daughter cells involving ATM,
Chk2, and p53. We show that these double-strand breaks can lead to unbalanced translocations
in the daughter cells. Our data show that segregation errors can cause translocations and
provide insights into the role of whole-chromosome instability in tumorigenesis.

umor cells show two types of genetic in-

stability: whole-chromosomal instability

(CIN), in which cells frequently lose and
gain whole chromosomes due to chromosome
segregation errors in mitosis (/—3); and instabili-
ty at the structural level of DNA, which causes
small changes at the nucleotide level or larger
structural aberrations at the chromosomal level,
including deletions and translocations (4). These
two types of genetic instability are thought to
occur independently of each other (3).

Fig. 1. (A) Quantification of chromosome misseg-
regations after release from Monastrol block by live
imaging of RPE-1 cells expressing H2B-RFP (n =
number of cells). (B) Quantification of nuclear mor-
phology in RPE-1 cells after release from Monastrol
block (each bar represents the mean of three ex-
periments + SD, 100 cells per experiment). (C) Im-
ages of RPE-1 acquired after indicated treatments
with antibodies against 53BP1 (red) and yH2AX
(green). The DNA-damaging agent doxorubicin was
used as a positive control. White arrow indicates DNA
damage foci. (D) Quantification of yH2AX staining in
RPE-1 (each bar represents the mean of three ex-
periments + SD, 100 cells per experiment). (E) Rep-
resentative images of thymidine-synchronized cells
treated without (Control) or with Mps1-IN-1 and
stained as in (C). White arrow indicates DNA dam-
age foci. (F) Quantification of yH2AX staining as
shown in (E), quantified as in (D). (G) Represent-
ative images of RPE-1 cells stably expressing H2B-
RFP (red) and 53BP1-GFP (green) undergoing division
in the absence or presence of missegregating chro-
mosomes. Graph depicts quantification of 53BP1
foci formation after mitotic exit (each bar repre-
sents the mean of three experiments + SEM, >50
cells per experiment). White arrow depicts daughter
cell that is shown in subsequent movie stills. Green
arrow depicts 53BP1 foci appearance.
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To examine the impact of chromosome segre-
gation errors on chromosome integrity, we treated
hTert-immortalized, nontransformed human reti-
nal pigment epithelial (RPE-1) cells with Monastrol
to induce formation of erroneous kinetochore-
microtubule attachments, in which one kinetochore
is attached to both spindle poles (3, 6). Subse-
quent release from the Monastrol block causes a
high incidence of lagging chromosomes, reflect-
ing the situation in CIN cells (3, 7). About 80% of
the RPE-1 cells blocked and released in this man-
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ner improperly segregated their chromosomes,
which correlated to a similar percentage of cells
with abnormal nuclei (Fig. 1, A and B). Six hours
after release from the Monastrol block, 70% of
these abnormal nuclei displayed YH2AX and
53BP1 foci, two markers for damaged DNA (8, 9)
(Fig. 1, C and D, and fig. S1A). Conversely, only
20% of morphologically normal nuclei were pos-
itive for YH2AX (Fig. 1D and fig. S1A). Short
treatments (1 hour) with Monastrol were sufficient
to induce missegregations and foci formation (fig.
S1B), indicating that this does not require an ex-
tensive mitotic delay.

To exclude prolonged mitotic duration as the
cause of foci formation (/0-12), we provoked
chromosome missegregations by inhibiting the
mitotic checkpoint kinase Mpsl. Cells that di-
vided in the presence of the Mpsl inhibitor
Mps1-IN-1 (/3) missegregated their chromosomes
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and produced daughter cells with abnormal nuclei
(Fig. 1E). Of these, 78% were YH2AX-positive,
compared to 25% in control nuclei (Fig. 1, E and
F). Similar results were obtained with BJ-Tert fi-
broblasts (fig. S1C). Taken together, these results
show that an increased frequency of chromosome
missegregations is associated with the occurrence
of DNA damage foci.

We next monitored chromosome segregation
and appearance of DNA damage foci simulta-
neously in real time in RPE-1 cells stably ex-
pressing both H2B-RFP (red fluorescent protein)
and 53BP1-GFP (green fluorescent protein) (Fig.
1G and movies S1 and S2). Control RPE-1 cells
showed no chromosome segregation errors and,
on average, only one 53BP1 focus emerged per
four daughter cells (Fig. 1G). The number of cells
with 53BP1 foci and the number of foci per cell
increased in proportion to the severity of Mps1-
IN-1-induced segregation errors (Fig. 1G). About
80% of the cells accumulated 53BP1 foci within
2 hours after a missegregation event (fig. S1D).
Mps1-IN-1 also induced increased 53BP1 foci
formation in U20S human osteosarcoma cells
stably expressing S3BP1-GFP (fig. S1E).

H2AX phosphorylation and 53BP1 recruit-
ment following a segregation error were often
restricted to DNA positioned in or close to the
cleavage furrow (Fig. 1, E and G), suggesting
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Fig. 2. Cytokinesis induces DNA damage in the presence of
lagging chromosomes. (A) Images acquired with antibody against
YH2AX (green) and 4',6-diamidino-2-phenylindole (DAPI, blue)
after release of RPE-1 cells from Monastrol block in the pres-
ence of the indicated drugs. Graph represents quantification of
YH2AX staining in abnormally shaped nuclei (bars represent
the mean of three experiments + SD, 100 cells per experiment). (B) Representative images from a time-lapse of
RPE-1 cells expressing 53BP1-GFP and H2B-RFP treated without (Control) or with Mps1-IN-1 or Mps1-IN-1 plus
ZM. Graph represents quantification of 53BP1 foci formation after mitotic exit (each bar represents the mean of three
experiments + SD, >30 cells per experiment). White arrows depict daughter cells that are shown in subsequent movie
stills. Green arrow depicts 53BP1 foci appearance. (C) Images of telophase cells with lagging chromosomes by staining
with yH2AX (upper panel, U20S) or MDC1 (lower panel, RPE-1) (green). DAPI (blue) and Phalloidin (red) were used to
visualize DNA and actin, respectively. Yellow arrows depict lagging chromosomes. (D) Quantification of images as
depicted in (C) and fig. S4B (each bar represents the mean of three experiments + SD, 70 cells per experiment).
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that damage might occur as a consequence of
cytokinesis. We therefore prevented cytokinesis
by inhibiting myosin II activity with blebbistatin
(14) or by inhibiting Aurora B kinase activity
with AZD1152 or ZM447439 (15, 16). Treat-
ment of RPE-1 cells with any of these inhibitors
decreased Monastrol-induced formation of yYH2AX
foci in fixed cells (Fig. 2A and fig. S2A) (6) and
decreased 53BP1 foci formation from 2.4 to 0.7
foci per cell in live cells (fig. S2, B to D). Similarly,
inhibition of cytokinesis resulted in a 2.5-fold de-
crease in Mps1-IN-1-induced 53BP1 foci forma-
tion (Fig. 2B).

Chromosome missegregations as a cause of
DNA damage were also apparent after spontane-
ous segregation errors in the CIN tumor cell lines
MCF7 and SW480 (3). Chromosome missegre-
gation events in these cells also produced en-
hanced 53BP1 foci formation (from an average
0f0.3to 1 0r0.7 to 1.5 foci per MCF7 or SW480
daughter cell, respectively) (fig. S3, A to C),
which was again suppressed by blocking cyto-
kinesis (fig. S3, B and C). In line with these
results, U20S cells, which display a high inci-
dence of spontaneous segregation errors (/7), have
high levels of endogenous 53BP1 foci formation
(average 1.2 foci per daughter cell) (fig. S1E).

These data suggest that missegregating chro-
mosomes become damaged during cytokinesis by

Control

+ Mps1-IN-1

+ Mps1-IN-1 + ZM

ZM
AZD

Blebbistatin

Monastrol
release

merge + actin

. merge + actin

cleavage furrow—generated forces. Indeed, “trapped”
chromosomes positioned exactly at the site of
furrow ingression (fig. S4A) stained positive for
the DNA-damage markers YH2AX and MDC1
in U20S cells, undergoing spontaneous segrega-
tion errors, as well as in Mps1-IN-1-treated RPE-1
cells (Fig. 2, C and D, and movie S3). In compar-
ison, foci were rarely found on missegregating
chromosomes before furrow ingression or outside
the cleavage furrow (fig. S4B and fig. 2D). In line
with previously published data (18, 19), we found
that MDC1 and YH2AX could be recruited to DNA
damage sites on mitotic chromosomes, whereas
53BP1 localization was delayed until after mitosis
(Fig. 2B and fig. S1D).

If daughter cells inherit parts of broken
chromosomes, the observed foci should reflect
double-stranded DNA breaks (DSBs). Indeed,
Monastrol-induced chromosome missegregations
resulted in autophosphorylation of ataxia telan-
giectasia mutated (ATM) on serine 1981 (S1981)
(Fig. 3A and fig. S5A), a hallmark of DSBs (20).
Activated ATM is known to phosphorylate Chk2
on threonine 68 (T68) (21). Consistently, we found
increased T68-phosphorylated Chk2 in cells re-
leased from a Monastrol block, which was re-
duced to background levels by inhibiting furrow
ingression during the release (Fig. 3, C and D).
pS1981-ATM and pT68-Chk2, as well as the
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amount of YH2AX-positive nuclei, were all di-
minished by the ATM inhibitors KU55933 (22)
and caffeine (Fig. 3, A to C). Moreover, inhibition
of ATM reduced 53BP1 foci formation observed
during time-lapse analysis of Mps1-IN-1-treated
RPE-1 cells (average of 1.3 to 0.2 foci per cell) or
cells released from Monastrol block (average of
2.4 t0 0.2 foci per cell) (Fig. 3, E and F, fig. S2E,

and movie S4). The observed DNA damage re-
sponse therefore reflects a bona fide DSB response
triggered by breakage of missegregating chromo-
somes during cytokinesis.

Chromosome missegregation events can ac-
tivate p53 and block cell proliferation (23, 24).
To assess whether cytokinesis-induced DNA dam-
age on missegregating chromosomes can also

REPO

trigger pS3 activation, we determined the ef-
fects on ATM-dependent p53 phosphorylation
on serine 15 (S15) (fig. S5, B to D). Segregation
errors caused an increase in the number of daugh-
ter nuclei with S15-phosphorylated p53 foci co-
localizing with YH2AX (fig. S5, C and D), which
depended on cytokinesis and ATM activity (fig.
S5D). Together, these data demonstrate that DSBs
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produced by segregation errors can activate ca-
nonical DNA damage checkpoint responses in-
volving ATM/Chk2 and p53.

We found that ~70% of 53BP1 foci produced
after segregation errors disappeared within 8 hours
(Fig. 4A), suggesting that the chromosome frag-
ments were somehow joined together, or fused to
intact chromosomes. Inhibition of nonhomologous
end joining (NHEJ) by inhibition or knockdown
of DNA-dependent protein kinase (DNA-PK) (25)
blocked mitotic entry, but this could be overcome
by p53 depletion. NHEJ inhibition did not affect
the appearance of S3BP1 foci in Mps1-IN-1-treated
RPE-1 cells depleted of p53, but it strongly sup-
pressed resolution of those foci (Fig. 4A and fig.
S6, A to C). pS3 depletion did not change the ki-
netics of 53BP1 foci resolution (fig. S6D). This
indicated that cytokinesis-induced DNA damage
is at least in part repaired via NHEJ, possibly re-
sulting in chromosomal translocations.

Because chromosome missegregations caused
DSBs that likely resulted in distribution of chro-
mosome fragments between daughter cells, we
next sought to assess whether this could cause
chromosomal translocations. To this end, we ex-
amined chromosome morphology of Mps1-IN-
I—treated cells (Fig. 4B) (26). As expected,
inhibition of Mps1 induced overt numerical aber-
rations in almost all daughter cells as a conse-
quence of whole-chromosome missegregations
(13) (fig. STA). We also observed an increased
occurrence of structural chromosomal aberrations
in Mps1-IN-1-treated RPE-1 cells (6%) versus
control cells (0.8%) (Fig. 4, B and C, and fig. S7,
B and C) (6). These structural aberrations in-
cluded both broken chromosomes (fig. S7C) and
unbalanced chromosomal translocations, which
were observed in ~4% of Mpsl-IN-1-treated
RPE-1 cells, but not in control cells (Fig. 4, B and
C, and fig. S7B).

Consistent with previous results (23), we found
that chromosome missegregations promote a
p53-dependent arrest of cells in G; phase (fig.
S8, A and B), suggesting that p53 can suppress
chromosome translocations induced by Mpsl-
IN-1. Indeed, depletion of p53 enhanced the oc-
currence of chromosomal aberrations (12% versus
6% 1in siLuciferase-treated cells) and unbalanced
translocations (6% versus 4% in silLuciferase-
treated cells) (Fig. 4C and fig. S8C). Although 70
to 80% of Mpsl-IN-1—-treated RPE-1 cells ob-
tained DSBs (Fig. 1, F and G), only 6 to 12%
eventually contain structural chromosomal aber-
rations (Fig. 4C). This indicates that most daugh-
ter cells either died or obtained both fragments of
the damaged chromosome and could efficiently
repair the DSBs (fig. S9).

Together, our data show that chromosomal
breaks induced by segregation errors in a di-
viding cell can produce structural chromosomal
aberrations in the daughter cells. This estab-
lishes a link between chromosome missegre-
gations, frequently occurring in CIN cells (Z, 3),
and structural chromosomal aberrations, includ-
ing chromosomal translocations. In line with
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this, SW480-, MCF7-, and U20S-CIN cell lines
harbor many structural aberrations (fig. S10).
Cytokinesis-induced DSBs can cause the sepa-
rate parts of the broken chromosomes to end up
in distinct daughter cells, providing a platform
for an unbalanced translocation event (fig. S9).
Therefore, our data imply that CIN can increase
the cells’ tumorigenic capacity by increasing the
number of structural chromosomal aberrations
in addition to changing the number of whole
chromosomes.
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GRK2-Dependent S1PR1 Desensitization
Is Required for Lymphocytes to
Overcome Their Attraction to Blood

Tal I. Arnon,* Ying Xu, Charles Lo,* Trung Pham, Jinping An,* Shaun Coughlin,?

Gerald W. Dorn,? Jason G. Cyster™*

Lymphocytes egress from lymphoid organs in response to sphingosine-1-phosphate (S1P);
minutes later they migrate from blood into tissue against the S1P gradient. The mechanisms
facilitating cell movement against the gradient have not been defined. Here, we show that
heterotrimeric guanine nucleotide—binding protein—coupled receptor kinase-2 (GRK2) functions
in down-regulation of S1P receptor-1 (S1PR1) on blood-exposed lymphocytes. T and B cell
movement from blood into lymph nodes is reduced in the absence of GRK2 but is restored in
S1P-deficient mice. In the spleen, B cell movement between the blood-rich marginal zone and
follicles is disrupted by GRK2 deficiency and by mutation of an S1PR1 desensitization motif.
Moreover, delivery of systemic antigen into follicles is impaired. Thus, GRK2-dependent

S1PR1 desensitization allows lymphocytes to escape circulatory fluids and migrate into

lymphoid tissues.

of sphingosine-1-phosphate (S1P), and
lymphocyte egress from lymphoid tissues
is dependent on S1P triggering of S1P receptor -1
(S1PR1) on the lymphocyte (7). Within minutes of

B lood and lymph contain high nM amounts

arriving in blood, lymphocytes are able to leave
again (2). In lymph nodes (LNs), this occurs via
high endothelial venules (HEVs) (3, 4). Localized
chemokine-mediated G; [the family of heterotrimer-
ic guanine nucleotide-binding protein (G protein)
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