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ABSTRACT

The response to DNA damage during mitosis was visualized using real-time fluorescence imaging of focus formation by the DNA-damage
repair (DDR) response protein 53BP1 linked to green fluorescent protein (GFP) (53BP1-GFP) in the MiaPaCa-2""°" pancreatic cancer cell
line. To observe 53BP1-GFP foci during mitosis, MiaPaCa-2T"" 53BP 1-GEP cells were imaged every 30 min by confocal microscopy. Time-
lapse imaging demonstrated that 11.4 4 2.1% of the mitotic MiaPaCa-2""°" 53BP1-GFP cells had increased focus formation over time.
Non-mitotic cells did not have an increase in 53BP1-GFP focus formation over time. Some of the mitotic MiaPaCa-2T""" 53BP1-GFP cells
with focus formation became apoptotic. The results of the present report suggest that DNA strand breaks occur during mitosis and undergo
repair, which may cause some of the mitotic cells to enter apoptosis in a phenomenon possibly related to mitotic catastrophe. J. Cell. Biochem.
116: 661-666, 2015. © 2014 Wiley Periodicals, Inc.
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TIME-LAPSE CONFOCAL IMAGING

E fimova et al. [2010] fused green fluorescent protein (GFP) and
the DNA damage-response (DDR) protein 53BP1 for use as a
live-cell imaging reporter for DNA repair.

In our previous studies on the effect of ultraviolet (UV) light on
cancer cells, we have shown various types of cancer are readily killed
by UVC in vitro and in vivo and that expression of fluorescent
proteins by the cancer cells enhances their killing by UVC [Kimura
et al., 2010; Tsai et al.,, 2010; Momiyama et al., 2012; Hoffman
and Bouvet, 2012; Miwa et al., 2013a, b; Momiyama et al., 2013;
Hiroshima et al., 2014; Uehara et al., 2014].

Subsequently, we have shown that UVC-induced DNA repair was
reported by focus formation by 53BP1-GFP in MiaPaCa-2 human
pancreatic cancer cells in monolayer culture [Miwa et al., 2013a].

This paper is dedicated to the memory of A. R. Moossa, M.D.

UVCinduction of DNA damage repair was also observed by 53BP1-
GFP focus formation in MiaPaCa-2 cells growing in 3-dimensional
Gelfoam" histoculture [Miwa et al., 2013b].

In vivo experiments demonstrated that UVB as well as UVC could
induce 53BP1-GFP focus formation in MiaPaCa-2 cells which were
seeded in skin flaps in nude mice. UVB penetrated the growing
MiaPaCa-53BP1 tumor to greater depths than UVC as indicated by
53BP1 focus formation and had greater inhibitory efficacy against
the tumor [Uehara et al., 2014].

The present report demonstrates that the DNA-damage repair
response occurs during mitosis of MiaPaCa-2""°" cells as observed
by 53BP1-GFP focus formation and that some of focus-forming
mitotic cells enter apoptosis.
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Fig. 1. Focus formation in MiaPaCa-2""" 53BP1-GFP cells. MiaPaCa-2"""" 53BP1-GFP cells were seeded in 35 mm dishes and treated with 1 pg/ml doxycycline for 48 h.
A: 53BP1-focus formation was observed with the FV1000 confocal microscope. B: Many of the focus-positive cells were observed undergoing mitosis. 53BP1-GFP foci are
indicated by arrows. BF = brightfield.
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Fig.2. Time-lapse imaging of 53BP1-GFP focus formation during mitosis. MiaPaCa-2""" 53BP1-GFP cells were seeded in 35 mm dishes and treated with 1 pg/ml doxycycline
for 48 h. 53BP1-GFP focus formation was observed every 30 min for 24 h with the FV1000 confocal microscope (Supplementary movie 1). Time-lapse imaging demonstrated that
many cells formed 53BP1-GFP foci during mitosis. Focus formation persisted after mitosis. Some focus-positive cells entered apoptosis.
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Fig. 3. Time-lapse imaging of mitotic reversal and induction of apoptosis in 53BP1-GFP focus-forming cells. MiaPaCa-2"°" 53BP1-GFP cells were seeded in 35 mm dishes
and treated with 1 pg/ml doxycycline for 48 h. 53BP1-GFP focus formation was observed every 30 min for 24 h with the FV1000 confocal microscope (Supplementary movie 2).
Time-lapse imaging demonstrated that 53BP1-GFP focus-positive cells (arrows) had nuclear division (7-8 h). The divided nuclei appeared to re-fuse (8-10 h), and then entered

apoptosis (12-15h).
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CELL CULTURES AND CONSTRUCTS

The MiaPaCa-2"¢"°" Advanced cells line (Clontech, Carlsbad, CA) was
transfected by 53BP1 fused to GFP in a lentiviral vector (Clontech)
[Efimovaetal., 2010; Miwa et al., 2013a, b, c]. MiaPaCa-2 53BP 1-GFP
cells were cultured in DMEM medium containing high glucose
(Invitrogen, Carlsbad, CA) using fetal bovine serum (10%) approved
for Tet systems [Efimova et al., 2010; Miwa et al., 2013a, b, c].

FLUORESCENCE IMAGING OF 53BP1 FOCUS FORMATION DURING
MITOSIS

ToobservetheresponsetoDNA damageduring mitosis, MiaPaCa-2
53BP1-GFP cells were seeded on 35 mm dishes, treated with 1 pg/ml
doxycycline for 48h and observed every 30 min with the FV1000
confocal laser microscope (Olympus Corp., Tokyo, Japan). Images were
captured on a computer and Cell® software (Olympus Biosystems) was
used forimage analysis. The cells which contained five ormore fociwere
considered as positive cells. The experimental data are expressed as the
mean =+ SE [Miwa et al., 2013a, b, ¢; Uehara et al., 2014].

Tet-On

FOCUS FORMATION DURING MITOSIS OF

MiaPaCa-2""-°N 53BP1-GFP CELLS

To observe response to DNA damage in mitotic cancer cells,
MiaPaCa-2™4%"53BP1-GEP cellsweretreated with 1 pg/mldoxycycline
for 48 h. 53BP1-GFP foci were observed with the FV1000 confocal
microscope. For MiaPaCa-2""°" 53BP1-GEP, 2.8 4 0.8% of the cells
were focus positive, and 81.5 + 11.3% of the focus-positive cells entered
mitosis. Focus formation of 53BP1-GFP in mitotic cells indicated that
response to DNA damage frequently occurs during mitosis (Fig. 1).

TIME-LAPSE IMAGING OF FOCUS FORMATION DURING MITOSIS IN
MiaPaCa-2"""-°" 53BP1-GFP CELLS

To visualize the time course of DNA damage response in mitotic
cancer cells, MiaPaCa-2T"°" 53BP 1-GFP cells were first treated with
1 png/ml doxycycline for 48 h. 53BP1-GFP focus formation was
observed every 30 min with the FV1000 confocal microscope for
24 1. Time-lapse single-cell confocal imaging of MiaPaCa-27¢°"
53BP1-GFP cells demonstrated that 53BP1 foci increased in number
during mitosis (Fig. 2, Supplementary Video 1), and the increased
foci persistsed after mitosis. The increased expression of 53BP1-GFP
during mitosis indicates that DNA repair is needed during replication
of DNA. Furthermore, time-lapse imaging also demonstrated that
after the appearance of 53BP1-GFP foci during mitosis, the cells
frequently entered apoptosis. During 24h time-lapse imaging,
mitosis was observed 1.140.1 times in each cell, and apoptotic
changes were observed in 7.3 4 1.9% of the mitotic cells. 53BP1-GFP
focus formation was observed in 11.4 4 2.1% of the mitotic cells
during the 24 h observation period.

RE-FUSION OF 53BP1-GFP EXPRESSING NUCLEI AFTER MITOSIS
Time-lapse imaging of 53BP1-GFP focus formation demonstrated
division of 53BP1 focus-positive nuclei and subsequent re-fusion of

some of the divided nuclei, and subsequent induction of apoptosis in
some of the cells (Fig. 3, Supplementary Video 2). This phenomenon
indicates that response to DNA damage is activated during mitosis,
and that DNA damage may lead to an apparent “mitotic reversal” and
subsequent apoptosis. DNA damage signaling from unrepairable
lesions may activate apoptosis or trigger cell cycle “mitotic reversal”
in order to prevent inheritance of aberrant DNA [Giunta and
Jackson, 2011].

In this study, the response to DNA damage during mitosis was
visualized using fluorescent protein-based real-time imaging of
53BP1-GFP focus formation in mitotic MiaPaCa-2""°" human
pancreatic cancer cells. Time-lapse imaging demonstrated that
11.4+2.1% of the mitotic cells formed 53BP1-GFP foci. Non-
mitotic cells did not have an increase in 53BP1-GFP focus formation
over time. Time-lapse imaging also showed that some of the mitotic
MiaPaCa-2""°" 53BP1-GFP cells with increased focus formation
became apoptotic. The results of the present report suggest that DNA
strand breaks occur during mitosis and undergo repair, and if the
repair is insufficient, apoptosis results.

Our previous results demonstrated that DNA damage repair by
UVC irradiation can be imaged by 53BP1-GFP focus formation in
cancer cells [Miwa et al., 2013a] including in three-dimensional
Gelfoam® histoculture which is an in vivo-like culture system
[Hoffman 2013; Tome et al., 2014]. Our previous results also
demonstrated that 53BP1-GFP focus formation could be imaged in
minimal cancer in vivo [Miwa et al., 2013b]. MiaPaCa-2"""°"-53BP1
GFP cells irradiated by UVB or UVC in the skin-flap mouse model
had a significant increase in focus formation, with UVB having more
focus induction than UVC, possibly due to greater penetration by
UVB [Uehara et al., 2014].

The present study demonstrated the DNA damage repair response
occurs spontaneously in mitotic cells.

Mitotic catastrophe, where cells die during or after mitosis, may
occur as a result of mis-repair of DNA damage [Castedo et al., 2004;
Vakifahmetoglu et al., 2008; Chow and Poon, 2010], which may be what
we have observed in the present report. Future experiments will image
the fate of B3BP1-GFP focus-forming mitotic cells which did not
undergo apoptosis, to determine if they have become more malignant.

ACKNOWLEDGEMENT

This study was supported in part by National Cancer Institute grant
numbers CA132971.

REFERENCES

Castedo M, Perfettini JL, Roumier T, Andreau K, Medema R, Kroemer G. 2004. Cell
death by mitotic catastrophe: A molecular definition. Oncogene 23:2825-2837.

Chow JPH, Poon RYC. 2010. Mitotic catastrophe. In: Greg Enders, editor. Cell
cycle deregulation in cancer. Springer, New York. pp 79-96.

Efimova EV, Mauceri HJ, Golden DW, Labay E, Bindokas VP, Darga TE,
Chakraborty C, Barreto-Andrade JC, Crawley C, Sutton HG, Kron SJ,
Weichselbaum RR. 2010. Poly (ADP-ribose) polymerase inhibitor induces
accelerated senescence in irradiated breast cancer cells and tumors. Cancer
Res 70:6277-6282.

Giunta S, Jackson SP. 2011. Give me a break, but not in mitosis: The mitotic
DNA damage response marks DNA double-strand breaks with early signaling
events. Cell Cycle 10:1215-1221.

JOURNAL OF CELLULAR BIOCHEMISTRY

665

IMAGING OF DNA REPAIR DURING MITOSIS



Hiroshima Y, Maawy A, Zhang Y, Sato S, Murakami T, Yamamoto M, Uehara
F, Miwa S, Yano S, Momiyama M, Chishima T, Tanaka K, Bouvet M, Endo I,
Hoffman RM. 2014. Fluorescence-guided surgery in combination with UVC
irradiation cures metastatic human pancreatic cancer in orthotopic mouse
models. PLoS One 9:€99977.

Hoffman RM. 2013. Tissue culture. In: Brenner’s Encyclopedia of Genetics.
Vol. 7. 2nd edition. Elsevier. pp 73-76.

Hoffman RM, Bouvet M. 2012. Shedding (killer) light on tumors. Semin
Thorac Cardiovasc Surg 24:235-237.

Kimura H, Lee C, Hayashi K, Yamauchi K, Yamamoto N, Tsuchiya H, Tomita K,
Bouvet M, Hoffman RM. 2010. UV light killing efficacy of fluorescent
protein-expressing cancer cells in vitro and in vivo. J Cell Biochem
110:1439-1446.

Miwa S, Tome Y, Yano S, Hiroshima Y, Uehara F, Mii S, Kimura H, Hayashi K,
Tsuchiya H, Bouvet M, Efimova EV, Hoffman RM. 2013a. Single cell time-
lapse imaging of focus formation by the DNA damage-response protein
53BP1 after UVC irradiation of human pancreatic cancer cells. Anticancer
Res 33:1373-1378.

Miwa S, Yano S, Hiroshima Y, Tome Y, Uehara F, Mii S, Efimova EV, Kimura
H, Hayashi K, Tsuchiya H, Hoffman RM. 2013b. Imaging UVC-induced DNA
damage response in models of minimal cancer. J Cell Biochem 114:
2493-2499.

Miwa S, Yano S, Tome Y, Sugimoto N, Hiroshima Y, Uehara F, Mii S, Kimura
H, Hayashi K, Efimova EV, Fujiwara T, Tsuchiya H, Hoffman RM. 2013c.
Dynamic color-coded fluorescence imaging of the cell-cycle phase, mitosis,
and apoptosis demonstrates how caffeine modulates cisplatinum efficacy.
J Cell Biochem 114:2454-2460.

Momiyama M, Suetsugu A, Kimura H, Kishimoto H, Aki R, Yamada A,
Sakurada H, Chishima T, Bouvet M, Bulgakova NN, Endo I, Hoffman RM.
2012. Fluorescent proteins enhance UVC PDT of cancer cells. Anticancer Res
32:4327-4330.

Momiyama M, Suetsugu A, Kimura H, Kishimoto H, Aki R, Yamada A,
Sakurada H, Chishima T, Bouvet M, Endo I, Hoffman RM. 2013. Imaging the
efficacy of UVC irradiation on superficial brain tumors and metastasis in live
mice at the subcellular level. J Cell Biochem 114:428-434.

Tsai M-H, Aki R, Amoh Y, Hoffman RM, Katsuoka K, Kimura H, Lee C, Chang
C-H. 2010. GFP-fluorescence-guided UVC irradiation inhibits melanoma
growth and angiogenesis in nude mice. Anticancer Res 30:3291-3294.
TomeY, Uehara F, Mii S, Yano S, Zhang L, Sugimoto N, Maehara H, Bouvet M,
Tsuchiya H, Kanaya F, Hoffman RM. 2014. 3-dimensional tissue is formed
from cancer cells in vitro on Gelfoam", but not on MatrigelTM‘ J Cell Biochem
115:1362-1367.

Uehara F, Miwa S, Tome Y, Hiroshima Y, Yano S, Yamamoto M, Efimova E,
Matsumoto Y, Maehara H, Bouvet M, Kanaya F, Hoffman RM. 2014.
Comparison of UVB and UVC effects on the DNA damage-response protein
53BP1 in human pancreatic cancer. J Cell Biochem 115:1724-1728.
Vakifahmetoglu H, Olsson M, Zhivotovsky B. 2008. Death through a tragedy:
Mitotic catastrophe. Cell Death Differ 15:1153-1162.

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.

666

IMAGING OF DNA REPAIR DURING MITOSIS

JOURNAL OF CELLULAR BIOCHEMISTRY



