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Abstract

In this study, the response to DNA damage during mitosis was visualized using fluorescent
protein-based real-time imaging of 53BP1 linked to GFP (GFP-53BP1) focus formation by the
fusion protein in the MiaPaCa2 Tet-On Advanced cell line. To observe 53BP1 foci during mitosis,
MiaPaCa2™"°" GFP-53BP1 cells were observed every 30 minutes with the FV1000 confocal laser
microscope (Olympus Corp., Tokyo, Japan). Time lapse imaging demonstrated that 11.4 + 2.1% of
the mitotic MiaPaCa2™ " GFP-53BPI cells formed 53BP1 foci. Non-mitotic cells did not have an
increase in GFP-53BP1 focus formation. Time lapse imaging showed that MiaPaCa2™ "
GFP-53BP1 cells with 53BP1 foci formation lead withdrawal of mitosis and induced apoptosis.
These results indicate that DNA strand breaks occur during mitosis and can be repaired, at least to
some extent. This is the first report of time-lapse imaging, which demonstrated increased expression
of 53BP1 during mitosis and cell death after the increase of 53BP1. Time lapse imaging of 53BP1
labelled by GFP can be useful tool for the evaluation of response to DNA damages.

Introduction
Genome integrity is continuously challenged by DNA lesions. These lesions are induced by radiation
and toxic environmental chemicals, and also occur as byproducts of normal cell metabolism or DNA
replication [Jackson, 2009]. Genome integrity is preserved by DNA damage signaling and repair

machineries, which prevent the adverse consequences of DNA lesions and prevent their transmission



to daughter cells [Hoeijmakers, 2001]. DNA double-strand breaks (DSB) are the most deleterious
form of DNA damage because they do not leave an intact complementary strand to be used as a
template for DNA repair. DSBs are generated in response to ionizing radiation (IR) or radiomimetic
drugs by free radical attack of deoxyribose, and also arise in cells treated with topoisomerase 11
inhibitors that prevent religation of DNA strands broken by topoisomerase II activity. DSBs can also
form upon replication of DNA molecules containing other DNA lesions, such as DNA
SSBs [Jackson, 2009]. In the treatment of malignant tumors, DNA-targeting treatments, which
include various anticancer drugs and radiation therapy, induce DSBs in DNA of cancer cells. DSB
induces DNA damage response (DDR) in the injured cancer cells. Successful repair of the injured
DNA enables the cancer cells to survive and to grow with resistance to the treatment. DDR
comprises a network of pathways that coordinate cellular reactions to DNA damages. H2AX
phosphorylation on Ser'” (called y-H2AX) has been shown to be an early step in the response of
cells to DNA damage [Rogakou et al., 1998]. Phosphorylation of H2AX to y-H2AX at DSBs
promotes further chromatin modifications such as MRE11/RADS50/NBS1, MDC1, BRCAI, and p53
binding protein 1 (53BP1) [Bonner et al., 2008; van Attikum et al., 2009]. Therefore, the observation

of y-H2AX has become a common approach to detect the presence of DSBs. On the other hand,
53BP1, which was originally identified in a yeast two-hybrid screen looking for proteins that interact
with the p53 tumor suppressor [Iwabuchi et al., 1994], has various key roles in DNA repair response

and checkpoint control (Fig. 1). Like y-H2AX, 53BP1 has been shown to relocalize into foci at

DSBs site shortly after the damages and is an important sensor of DNA damage. Furthermore,
53BP1 is required for the phosphorylation of numerous ATM (ataxia-telangiectasia mutated)
substrates during DSB response [Abraham RT, 2002]. Cells lacking 53BP1 are sensitive to DNA

damaging agents and have defects in both S-phase and G2/M checkpoints [Fernandez-Capetillo,
2002].

Our laboratory pioneered in vitro and in vivo imaging with fluorescent proteins [Chishima
et al., 1997; Yang et al., 2000; Hoffman, 2005]. Imaging with fluorescent proteins enables

visualization of cellular and subcellular dynamics including cancer metastasis, cell cycle event, and
apoptosis. Herein, by exploiting GFP fused to the chromatin-binding protein of 53BP1 as a live-cell
imaging marker for DNA repair, 53BP1 foci were observed as an early marker of response to DNA
damage during mitosis in MiaPaCa2 human pancreatic cancer cells. This study determined the
fragility of the DNA during mitosis by imaging of 53BP1 foci formation as a marker of response to
DNA damage.

Materials and Methods
Cell cultures and constructs
GFP fused to the human 53BP1 IRIF binding domain was cloned into the pLVX-Tight-Puro



lentivival vector (Clontech), transduced into the MiaPaCa2 Tet-On Advanced cell line (Clontech),
and cultured in high-glucose DMEM (Invitrogen) with 10% Tet system-approved fetal bovine serum
(Clonetech) [Efimova, 2010]. MiaPaCa2 Tet-On Advanced is certified by Clontech as derived from
MiaPaCa2 (American Type Culture Collection) by viral transduction and was used without further
authentication. After induction for 48 h with 1 ug/mL doxycycline (Sigma), GFP-positive cells were
sorted to establish a stable MiaPaCa2"™°" GFP-53BP1 cell line.

Mice

Transgenic nude C57/B6-RFP mice (RFP nude mice) were used in this study [Yang, 2009]. Mice
were bred and maintained in a barrier facility under HEPA filtration at AntiCancer, Inc. (San Diego,
CA, USA). Mice were fed with an autoclaved laboratory rodent diet. All animal studies were
conducted in accordance with the principles and procedures outlined in the National Research
Council’s Guide for the Care and Use of Laboratory Animals under PHS Assurance Number
A3873-01.

Fluorescent imaging of 53BP1 foci formation during mitosis

MiaPaCa2™ " GFP-53BP1 cells were seeded in 35 mm dishes and treated with 1 pg/mL
doxycycline for 48 h. To observe the cellular response to DNA damage by 53BP1, MiaPaCa2™" "
GFP-53BP1 cells were observed every 30 min by the FluoView FV1000 confocal laser microscope
(Olympus Corp., Tokyo, Japan). High-resolution images were captured directly on a personal
computer (Fujitsu Siemens Computers, Munich, Germany). Images were analyzed with the use of

Cell® software (Olympus Biosystems).

Evaluation of 53BP1 foci formation in MiaPaca2 ™ °" GFP-53BP1 cells.
To evaluate the 53BP1 foci formations, MiaPaCa2™ " GFP-53BP1 cells were divided into

foci-positive cells and foci-negative cells according to number of the foci [Miwa, 2013, Uehara,

2014]. The cells which showed 5 or more foci were considered as positive cells. The experimental

data are expressed as the mean + SE.

Fluorescent imaging of 53BP1 foci formation in vivo

RFP nude mice were anesthetized with a ketamine mixture (10 pl ketamine HCI, 7.6 pul xylazine, 2.4
ul acepromazine maleate, and 10 ul H,O). An arc-shaped incision was made in the abdominal skin,
and the subcutaneous connective tissue was separated to free the skin flap without injuring the
epigastric cranialis artery and vein. MiaPaCa2™ " GFP-53BP1 cells (1 x 10° cells in 5 pl Matrigel)
were implanted in skin flap of RFP nude mouse [Yamauchi, 2006]. Three days after the implantation,

2 mg/mL doxycycline was added to the drinking water for 48 h. Then, 53BP1 foci formations were



in the tumor were observed by FV1000.

Results
Distribution of 53BP1 expression in MiaPaCa2 ™ °" GFP-53BP1 cells.
To observe response to DNA damage in cancer cells, MiaPaCa2™"°" GFP-53BP1 cells were treated
with 1 pg/mL doxycycline for 48 h (Fig. 2). Then, 53BP1 foci were observed with FV1000. Only a
part of the cells showed strong expression of 53BP1 (Fig. 3). Fluorescent imaging of MiaPaCa2™ "
GFP-53BP1 cells revealed that 2.8 + 0.8% of the cells were foci positive, and 81.5 £ 11.3% of the
foci positive cells showed mitotic change, including symmetric nuclei and two nuclei in each cells.

Overexpression of 53BP1 in symmetric nuclear cells and binuclear cells suggested that response to

DNA damage frequently occurs during mitosis.

Time-lapse imaging of 53BP1 expression during mitosis in MiaPaCa2 ™ °" GFP-53BP1 cells.

To visualize time course of the responses to DNA damage in cancer cells, MiaPaCa2™ "
GFP-53BP1 cells were treated with 1 ng/mL doxycycline for 48 h. Then, 53BP1 foci were observed
every 30 min with FV1000 for 24 h. Time-lapse single cell imaging of MiaPaCa2™ " GFP-53BP1

cells demonstrated that 53BP1 foci were increased in mitotic phase (Fig. 4, Video 1), and the

increased foci formation lasted after the mitosis. The increased expression of 53BP1 during mitosis
indicates that DNA repair is needed during replication of DNA. Furthermore, time-lapse imaging
revealed cell death after the increased 53BP1 foci during mitosis. During the time-lapse imaging,
mitotic changes were observed 1.1 + 0.1 times in each cell, and apoptotic changes were observed in
7.3 £ 1.9% of the cells during the 24 h. During the time-lapse imaging, foci formations of
GFP-53BP1 were observed in 11.4 + 1.2% of the mitotic cells during the 24 h.

Refusion of 53BP1 expressing nuclei during mitosis.
Time-lapse imaging of 53BP1 foci formation using MiaPaCa2™ " GFP-53BP1 cells demonstrated
division of 53BP1 foci-positive nucleus, reunion of the divided nuclei, and induction of

apoptosis (Fig. 5, Video 2). This phenomenon indicates that response to DNA damage is activated

during mitosis, and that fatal DNA damage leads withdrawal of mitosis and apoptosis. It is
considered that DNA damage signaling from unrepairable lesions can activate apoptosis or can

trigger cell cycle withdrawal to prevent spread of aberrant DNA [Giunta S, 2011]. Our time-lapse

imaging of 53BP1 visualized the phenomenon of withdrawal of mitosis and induction of apoptosis

by fetal DNA damage.

Fluorescent imaging of 53BP1 foci formation in vivo
To observe the DNA damage response in vivo, MiaPaCa2™°" GFP-53BP1 cells (1 x 10° cells in 5



ul Matrigel) were implanted in skin flap of RFP nude mouse [Yamauchi, 2006]. Five days after the

implantation, the skin flap was opened and 53BP1 foci formations were observed by FV1000.
Fluorescent imaging demonstrated that a large number of 53BP1 foci were formed in the tumor (Fig.
6). This result indicates that the DNA damage and repair are constantly repeated during the growth

of tumor.

Discussion
Aberrant or damaged DNA commonly occurred by free radical, ultraviolet light, and replication of
DNA. To prevent the spread of the abnormal DNA, the abnormal site of DNA is detected and
repaired. DNA repair is tightly coordinated with cell cycle progression through the activation of
orchestrated signaling pathways that are often termed DNA damage checkpoints [Harrison, 2006]. In
response to unrepaired DNA damage, these pathways delay or stop the cell cycle at critical stages
before or during DNA replication (G1/S and intra-S checkpoints) and cell division (G2/M
checkpoint), thereby preventing duplication and segregation of damaged DNA. The rapid
ubiquitination of chromatin surrounding DNA double-stranded breaks (DSB) recruit many DNA
damage response (DDR) proteins. 53BP1, one of the pivotal DDR proteins, is an important sensor of
DNA damage, and forms foci at DSB sites shortly after the damage of DNA. It is known that 53BP1
functions downstream of YH2AX-dependent hierarchy of proteins that collectively establish IRIF at
DSB sites. This hierarchy includes the Mrel1/Rad50/NBS1 (MRN) complex, ATM, MDC1, RNFS,
RNF168 and HERC2 [Lavin et al., 2008: Stewart et al., 2009: Doil et al., 2009; Bekker-Jensen et al.,
2010]. In this study, 53BP1, one of the most important DDR proteins was visualized and observed

by time-lapse imaging system. During single cell time-lapse imaging, increased 53BP1 foci were
observed just before mitosis, and the 53BP1 foci lasted until next mitosis. Our time-lapse imaging of
53BP1 foci enabled the observation of fate, and is useful tool for the evaluation of response to DNA
damages. To elucidate mechanisms of regulation of early response to DNA damages, single cell
time-lapse imaging of DDR proteins using fluorescent proteins can greatly contribute to the

investigation.

REFERENCES

1. Abraham RT. Checkpoint signalling: focusing on 53BP1. Nat Cell Biol 2002; 4:E277-9.

2. Bekker-Jensen S, Rendtlew Danielsen J, Fugger K, Gromova I, Nerstedt A, Lukas C, Bartek J,
Lukas J, Mailand N. HERC2 coordinates ubiquitin-dependent assembly of DNA repair factors
on damaged chromosomes. Nat Cell Biol 12;1-12,2010.

3. Bonner WM, Redon CE, Dickey JS, Nakamura AJ, Sedelnikova OA, Solier S, Pommier Y.
GammaH2AX and cancer. Nat Rev Cancer 8;957-967,2008.

4. Chishima T, Miyagi Y, Wang X, Yamaoka H, Shimada H, Moossa AR, Hoffman RM. Cancer



10.

11.

12.

13.

14.

15.

16.

17.

18.

invasion and micrometastasis visualized in live tissue by green fluorescent protein expression.
Cancer Res 57:2042-2047,1997.

Doil C, Mailand N, Bekker-Jensen S, Menard P, Larsen DH, Pepperkok R, Ellenberg J, Panier S,
Durocher D, Bartek J, Lukas J, Lukas C. RNF168 binds and amplifies ubiquitin conjugates on
damaged chromosomes to allow accumulation of repair proteins. Cell 136;435-446,2009.
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. Poly (ADP-ribose)
polymerase inhibitor induces accelerated senescence in irradiated breast cancer cells and
tumors. Cancer Res 70:6277-82,2010.

Fernandez-Capetillo O, Chen H T, Celeste A, et al. (2002). DNA damage-induced G2-M
checkpoint activation by histone H2AX and 53BP1. Nat. Cell Biol. 4, 993-997.

Giunta S, Jackson SP. Give me a break, but not in mitosis: the mitotic DNA damage response
marks DNA double-strand breaks with early signaling events. Cell Cycle 2011 Apr
15;10(8):1215-21.

Harrison JC, Haber JE. Surviving the breakup: the DNA damage checkpoint. Annu Rev Genet
40: 209-235, 2006.

Hoeijmakers JH. Genome maintenance mechanisms for preventing cancer. Nature 411: 366-374,
2001.

Hoffman RM. The multiple uses of fluorescent proteins to visualize cancer in vivo. Nat Rev
Cancer 5:796-806,2005.

Iwabuchi K Bartel PL, Li B, Marraccino R, Fields S. Two cellular proteins that bind to
wild-type but not mutant p53. Proc Natl Acad Sci U S A 91;6098-6102,1994.

Jackson SP, Bartek J. The DNA-damage response in human biology and disease. Nature 461:
1071-1078, 2009.

Lavin MF. Ataxia-telangiectasia: from a rare disorder to a paradigm for cell signalling and
cancer, Nat Rev Mol Cell Biol 9;759-769,2008.

Miwa S, Yano S, Hiroshima Y, Tome Y, Uehara F, Mii S, Efimova EV, Kimura H, Hayashi K,
Tsuchiya H, Hoffman RM. Imaging UVC-induced DNA damage response in models of minimal
cancer. J Cell Biochem. 2013 Nov;114(11):2493-9.

Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. DNA double-stranded breaks induce
histone H2AX phosphorylation on serine 139. J Biol Chem 273;5858-5868,1998.

Schultz LB, Chehab NH, Malikzay A, et al. p53 binding protein 1 (53BP1) is an early
participant in the cellular response to DNA double-strand breaks. J Cell Biol 2002; 151:
1381-1390.

Stewart GS, Panier S, Townsend K, Al-Hakim AK, Kolas NK, Miller ES, Nakada S, Ylanko J,
Olivarius S, Mendez M, Oldreive C, Wildenhain J, Tagliaferro A, Pelletier L, Taubenheim N,



19.

20.

21.

22.

23.

24.

25.

Durandy A, Byrd PJ, Stankovic T, Taylor AM, Durocher D. The RIDDLE syndrome protein
mediates a ubiquitin dependent signaling cascade at sites of DNA damage. Cell 136;420—
434,2009.

Uehara F, Miwa S, Tome Y, Hiroshima Y, Yano S, Makoyamamoto, Efimova E, Matsumoto Y,
Machara H, Bouvet M, Kanaya F, Hoffman RM. Comparison of UVB and UVC Effects on the
DNA Damage-Response Protein 53BP1 in Human Pancreatic Cancer. J Cell Biochem (in press)

van Attikum H, Gasser SM. Crosstalk between histone modifications during the DNA damage
response. Trends Cell Biol 19;207-217,2009.

Ward IM, Reina-San-Martin B, Olaru A, Minn K, Tamada K, Lau JS, Cascalho M, Chen L,
Nussenzweig A, Livak F, Nussenzweig MC, Chen J. 53BP1 is required for class switch
recombination. J Cell Biol. 2004 May 24;165(4):459-64.

Xie A, Hartlerode A, Stucki M, Odate S, Puget N, Kwok A, Nagaraju G, Yan C, Alt FW, Chen J,
Jackson SP, Scully R. Distinct roles of chromatin-associated proteins MDCI1 and 53BP1 in
mammalian double-strand break repair. Mol Cell. 2007 Dec 28;28(6):1045-57.

Yamauchi K, Yang M, Jiang P, Xu M, Yamamoto N, Tsuchiya H, Tomita K, Moossa AR,
Bouvet M, Hoffman RM. Development of real-time subcellular dynamic multicolor imaging of
cancer-cell trafficking in live mice with a variable-magnification whole-mouse imaging system.
Cancer Res. 2006 Apr 15;66(8):4208-14.

Yang M, Baranov E, Jiang P, Sun FX, Li XM, Li L, Hasegawa S, Bouvet M, Al-Tuwaijri M,
Chishima T, Shimada H, Moossa AR, Penman S, Hoffman RM. Whole-body optical imaging of
green fluorescent protein-expressing tumors and metastases. Proc Natl Acad Sci U S A Feb
97;1206-11,2000.

Yang M, Reynoso J, Bouvet M, Hoffman RM. A transgenic red fluorescent protein-expressing
nude mouse for color-coded imaging of the tumor microenvironment. J. Cell. Biochem. 2009,

106:279-284.

Figure legend

Figure 1. Effects of 53BP1 on maintenance of genomic stability.

53BP1 bound to damaged chromatin carries out several functions. Upon DNA double strand breaks

(DSBs), 53BP1 rapidly redistributes from a diffuse nuclear localization to discrete foci that
co-localize with phosphorylated histone H2AX and other repair proteins including BRCA1 [Schultz,

2000; Ward, 2003]. 53BP1 function is also required for class-switch recombination and has been

implicated in non-homologous end-joining (NHEJ) [Ward, 2004; Xie, 2007]. Overexpression of

dominant-negative 53BP1 construct suppressed NHEJ and increased frequency of HR-mediated

repair, suggesting 53BP1 is involved in regulating the choice between NHEJ and HR-mediated
repair of DNA DSBs [Xie, 2007].



Figure 2. MiaPaCa2™°" GFP-53BP1 cells.

a. Diagram of 53BP1 IRIF binding domain reporter which includes a glycine-arginine rich (RG)
motif, tandem Tudor (T) domains, a nuclear localization sequence (NLS), and two BRCT domains.
The GFP-IBD construct incorporates a tetracycline-responsive element (TRE), green fluorescent
protein (GFP) and the 53BP1 RG motif, tandem Tudor domains, and NLS.

b. 53BP1 foci positive and negative cells. The cells were divided into foci-positive and foci-negative

cells according to the number of foci. The cells which had 5 or more foci were considered as foci

positive cells [Miwa, 2013].

Figure 3. Distribution of 53BP1 foci in MiaPaCa2 ™ °" GFP-53BP1 cells.

MiaPaCa2™"°" GFP-53BP1 cells were seeded in 35 mm dish and treated with 1 pg/mL doxycycline
for 48 h. Then, 53BP1-foci formations were observed by FV1000. Small part of the cells showed
positive foci formation of 53BP1. Large part of the foci-positive cells showed two nuclei or

symmetrical form of foci-positive nuclei.

Figure 4. Time-lapse imaging of 53BP1 during mitosis in MiaPaCa2™°" GFP-53BP1.

MiaPaCa2™"°" GFP-53BP1 cells were seeded in 35 mm dish and treated with 1 pg/mL doxycycline
for 48 h. Then, 53BPl1-foci formations were observed every 30 min for 24 h by FV1000
(Supplementary movie 1). Time-lapse imaging demonstrated that only a small part of the cells
formed 53BP1 foci during mitosis (arrows), and the foci formation continued after the mitosis, and
that one of the foci positive cell induced apoptosis (solid arrow). Formations of 53BP1 foci were

increased in mitotic phase, and the increased foci formation lasted after the mitosis.

Figure 5. Time-lapse imaging of withdrawal of mitosis and induction of apoptosis in
MiaPaCa2 " °" GFP-53BP1 cells with increased expression of 53BP1.

MiaPaCa2™"°" GFP-53BP1 cells were seeded in 35 mm dish and treated with 1 pg/mL doxycycline
for 48 h. Then, 53BPl1-foci formations were observed every 30 min for 24 h by FV1000
(Supplementary movie 2). Time-lapse imaging demonstrated that S3BP1 foci-positive cell (arrow)
divided the nucleus (7-8 h), but the divided nuclei fused again (9 h), and the cell induced apoptosis
(15 h). This time-lapse imaging showed that fatal DSBs occurring during mitosis lead cell cycle

arrest and withdrawal of the mitosis.

Figure 6. Fluorescent imaging of 53BP1 foci formation in vivo.
RFP nude mice were anesthetized with a ketamine mixture (10 pl ketamine HCL, 7.6 pul xylazine, 2.4

ul acepromazine maleate, and 10 pl H,O). An arc-shaped incision was made in the abdominal skin,



and the subcutaneous connective tissue was separated to free the skin flap without injuring the
epigastric cranialis artery and vein. MiaPaCa2™ " GFP-53BP1 cells (1 x 10° cells in 5 pl Matrigel)
were implanted in skin flap of RFP nude mouse [Yamauchi, 2006]. Three days after the implantation,

2 mg/mL doxycycline was added to the drinking water for 48 h. Then, 53BP1 foci formations were
in the tumor were observed by FV1000.
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