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ABSTRACT
Maintenance of genome integrity is crucial to avoid cancer and other genetic diseases. Thus faced with
DNA damage, cells mount a DNA damage response to avoid genome instability. The DNA damage
response is partially inhibited during mitosis presumably to avoid erroneous processing of the segregating
chromosomes. Yet our recent study shows that TopBP1-mediated DNA processing during mitosis is highly
important to reduce transmission of DNA damage to daughter cells.1 Here we provide an overview of the
DNA damage response and DNA repair during mitosis. One role of TopBP1 during mitosis is to stimulate
unscheduled DNA synthesis at underreplicated regions. We speculated that such genomic regions are
likely to hold stalled replication forks or post-replicative gaps, which become the substrate for DNA
synthesis upon entry into mitosis. Thus, we addressed whether the translesion pathways for fork restart or
post-replicative gap filling are required for unscheduled DNA synthesis in mitosis. Using genetics in the
avian DT40 cell line, we provide evidence that unscheduled DNA synthesis in mitosis does not require the
translesion synthesis scaffold factor Rev1 or PCNA ubiquitylation at K164, which serve to recruit translesion
polymerases to stalled forks. In line with this finding, translesion polymerase h foci do not colocalize with
TopBP1 or FANCD2 in mitosis. Taken together, we conclude that TopBP1 promotes unscheduled DNA
synthesis in mitosis independently of the examined translesion polymerases.
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DNA double-strand breaks trigger a DNA damage
response

DNA damage elicits a cellular response that involves checkpoint
arrest, activation of DNA repair mechanisms and in case of
severe damage, apoptosis or senescence. This response is in gen-
eral referred to as the DNA damage response (DDR). However,
depending on the type and extent of genomic assaults as well as
the stage of the cell cycle, the DDR can engage various cellular
pathways.2,3 The canonical DDR to DNA double-strand breaks
(DSBs) is initiated by recognition of the break by the MRN com-
plex consisting of MRE11, RAD50 and NBS1 (reviewed in ref. 4).
This complex both activates the ATM kinase and processes the
DSB for repair.5-8 The DSB also triggers a cascade of events in
the surrounding chromatin initiated by the kinases ATM- and
DNA-PKcs, which phosphorylate the histone variant H2AX on
serine 139. The phosphorylated H2AX is referred to as g-H2AX
(reviewed in refs. 9,10). In brief, g-H2AX quickly attracts a num-
ber of proteins including MDC1,11 which recruits the E3 ubiqui-
tin ligase RNF8 in a phospho-dependent manner.12-14 RNF8
initiates chromatin ubiquitylation to facilitate recruitment of
another group of proteins to the flanking chromatin.12-17 The
latter group of proteins includes 53BP1, which promotes non-
homologous end-joining (NHEJ) 18,19 and BRCA1, which facili-
tates repair by homologous recombination.20,21

The global checkpoint effect of the canonical DDR is
reviewed extensively elsewhere.22 Briefly, checkpoint arrest

is a result of ATM activation, which activates the kinase
CHK2 by phosphorylation.23 CHK2 phosphorylates and
thereby inactivates the CDC25 phosphatases, which are key
drivers of the cell cycle.23-25 Moreover, the DDR elicits a
transcriptional response via the tumor suppressor p53 that
induces expression of a variety of genes involved in DNA
repair and apoptosis.26

The DNA damage response to replication stress occurs via
ATR activation

Replication stress triggers the DDR by a mechanism that is
slightly different from the DSB-mediated DDR.27,28 Replication
stress refers to a number of cellular conditions where DNA rep-
lication is partially inhibited, thus leading to the formation of
stalled replication forks (reviewed in ref. 3). Stalled replication
forks generate long tracts of single-stranded DNA (ssDNA),
which are bound by the single-strand binding protein RPA.28

ATR is recruited to ssDNA via its interaction partner ATRIP,
which binds directly to RPA.29 To gain full kinase activity ATR
needs to be activated by the ATR activating domain (AAD) of
TopBP1.30 Once activated, the ATR kinase phosphorylates
CHK1, which similarly to CHK2 phosphorylates the CDC25
phosphatases and thus the replication stress-induced DDR
response converges with the DSB-induced DDR described
above. Replication stress-mediated ATR and CHK1 activation
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also causes stabilization of replication forks and suppression of
late origin firing.3

TopBP1 is required for ATR activation

TopBP1 is a multifunctional scaffold protein, which comprises
nine BRCT (BRCA1 C-terminus) domains that enable dynamic
phospho-dependent protein-protein interactions.31 The BRCT
domains are numbered BRCT0 to BRCT8 counting from the
N-terminus. Several mechanisms for recruitment of TopBP1 to
stalled replication forks are described in the literature. The 9-1-
1 clamp consisting of the Rad9, Hus1 and Rad1 proteins, is
loaded onto junctions between single- and double-stranded
DNA. 9-1-1 is generally considered to be responsible for the
recruitment of TopBP1 32 via interaction between the C-termi-
nus of Rad9 and TopBP1 BRCT1C2.33,34 Consistently, interac-
tion between Rad9 and TopBP1 is required for ATR
activation.35 Also, the protein RHINO that binds both the 9-1-
1 and TopBP1 is required for full activation of ATR.36,37 Some-
what contradictory, TopBP1 has been shown to localize to
stalled replication forks independently of the 9-1-1 complex,
and rather be responsible for recruitment of 9-1-1.38,39 In line
with this, recruitment of TopBP1 to ATR activating DNA
structures in Xenopus extracts was shown to rely on the MRN
complex. The MRN-mediated recruitment seemed to depend
on TopBP1 BRCT3-6.40 In human cells, TopBP1 accumulation
at stalled forks induced by the replication inhibitor hydroxy-
urea is mediated by direct interactions between phosphorylated
MDC1 and the BRCT5 domain in TopBP1.41,42

Replication fork restart and post-replicative gap filling
mechanisms

As mentioned above, ATR activation in response to replication
stress leads to stabilization of stalled forks. Two damage toler-
ance pathways exist to promote fork restart: template switching
and translesion synthesis. Template switching relies on homol-
ogous recombination to restart the replication fork. It involves
the invasion of nascent DNA on the sister strand, which is used
as a template to bypass a potential obstacle on the template
strand (reviewed in ref. 43). Translesion synthesis (TLS) applies
socalled translesion polymerases to restart the fork (reviewed in
ref. 44). Translesion polymerases are low fidelity polymerases
capable of replicating across a damaged template to bypass a
lesion on the template strand (reviewed in ref. 45). Both path-
ways are geared to circumvent a damaged template. However,
these pathways are also activated in response to the replication
inhibitors hydroxyurea or aphidicolin (APH), neither of which
directly damage DNA.46,47 As an alternative to fork restart, lag-
ging and leading strand synthesis can be uncoupled leaving a
single-stranded gap behind the fork on one strand, which can
be filled in post-replicatively.48,49

Translesion polymerases are recruited to stalled forks by
monoubiquitylation of PCNA at K164.46,50-52 The E3 ubiquitin
ligase and the E2 ubiquitin-conjugating enzyme, Rad18 and
Rad6, catalyze this reaction,51,53 while ATR seems to be dis-
pensable for this process.54 Rather RPA-bound ssDNA gener-
ated by uncoupling of the replication fork and the replicative
helicases recruits Rad18 to stalled forks.54,55 Alternatively, TLS

polymerases may be recruited to the stalled fork by the Rev1
scaffold protein.56 In DT40 cells, Rev1 and PCNA ubiquityla-
tion at K164 are central to TLS-mediated restart or gap filling,
respectively. Thus, Rev1 recruits TLS polymerases directly to
stalled forks to restart replication, whereas PCNA ubiquityla-
tion is required for post-replicative gap filling by TLS
polymerases.56

DSB-induced DDR in mitosis

In mitosis the DDR is partially inactivated. An initial response
to DSBs including activation of ATM and DNA-PKcs, phos-
phorylation of H2AX and recruitment of MDC1 is mounted.57

However, the binding of RNF8 to MDC1 is inhibited in mitosis
by CDK1-mediated phosphorylation of RNF8 (pT752).58

Therefore the DNA damage-induced ubiquitin cascade is not
triggered, hampering the recruitment of downstream factors
including BRCA1 and 53BP1. Moreover, in mitosis 53BP1
recruitment to DNA damage is also specifically inhibited by
PLK1 and CDK1-mediated phosphorylation of 53BP1.58-60

Transient inhibition of ATM or DNA-PKcs in mitosis disrupt-
ing the primary DDR response results in cells becoming hyper-
sensitive to DSB inducing agents.57 This indicates that the
initial recognition of DSBs in mitosis is important, and it has
been proposed to facilitate the repair of mitotic DNA damage
in the subsequent cell cycle.57 However, the repair machineries
for DSBs are shut down in mitosis, and this is crucial to avoid
telomere fusions.58 Accordingly, RNF8 starts accumulating at
the separated chromatids in telophase, which is a late stage of
mitosis, when sister telomeres have separated.61

Processing of underreplicated regions and joint molecules
in mitosis

When cells are subjected to mild replication stress, some chro-
mosomal loci such as chromosomal fragile sites (CFSs) can
escape checkpoint detection and enter mitosis in an underrepli-
cated state.62-64 These underreplicated regions may hold stalled
or collapsed replication forks, post-replicative gaps or recombi-
nation intermediates. Two proteins belonging to the Fanconi
anemia DNA repair pathway, FANCD2 and FANCI, form rep-
lication stress-induced foci and a subset of these foci persists
into mitosis as pairs of foci on the sister chromatids at
CFSs.65,66 Interestingly, the majority of replication stress-
induced FANCD2 foci were found to localize to CFSs in mitosis
and these sites occasionally undergo unscheduled DNA synthe-
sis at mitosis.67,68 Presumably such unscheduled DNA synthesis
could function to complete genome duplication prior to chro-
mosome segregation. Thus, in contrast to DSBs, underrepli-
cated regions may still be processed during mitosis to prevent
sister chromatid nondisjunction, which would be accompanied
by the formation of DNA bridges in anaphase. To avoid this
scenario, joint molecule resolution by Holliday junction resol-
vases is upregulated during mitosis by several means (reviewed
in refs. 69,70). Firstly, the EME1 subunit of the structure-selec-
tive endonuclease MUS81-EME1 is phosphorylated by CDK1
in mitosis 71 and this promotes the interaction to another struc-
ture-selective endonuclease SLX1-SLX4. As a complex, SLX1-
SLX4-MUS81-EME1 efficiently catalyzes joint molecule
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resolution.72 Moreover, the SLX4-TopBP1 interaction in mito-
sis is promoted by CDK-mediated phosphorylation.73 Thus,
the SLX1-SLX4-MUS81-EME1 Holliday junction resolvase
super complex is specifically targeted to chromatin, due to the
accumulation of TopBP1 into chromatin-associated foci at
mitotic onset.1 Accordingly, TopBP1 depletion around mitosis
results in an increase in chromatin bridges in anaphase.74 Sec-
ondly, the Holliday junction resolvase GEN1 provides a backup
mechanism for joint molecule resolution later in anaphase.
GEN1 is cytoplasmic in interphase cells, and thus only gains
access to chromatin after nuclear envelope breakdown.75-77

Moreover, MUS81 activity promotes the appearance of
“breaks” on metaphase chromosomes at CFSs. At the same
time, MUS81 depletion leads to increase in the transmission of
DNA damage to daughter cells.67,78 This indicates that MUS81-
mediated processing in mitosis, resulting in “breaks” on meta-
phase chromosomes acts in fact as a mitotic repair mechanism.
Similarly, TopBP1 promotes DNA repair during mitosis to
avoid the transmission of DNA damage to daughter cells. This
seems to involve stimulation of unscheduled DNA synthesis
and recruitment of the structure-selective endonuclease SLX4.1

Taken together there is mounting evidence that the final steps
of homologous recombination are highly active in mitosis
although initiation of homologous recombination, on the other
hand, seems to be inhibited. For example, the recombination fac-
tor BRCA2 is phosphorylated (pS3291) by CDK2 at mitotic
onset.79 This phosphorylation inhibits BRCA2-mediated stabili-
zation of RAD51 nucleofilaments at stalled replication forks.79-82

Regulation of TLS during mitosis is less well characterized,
but interestingly studies in yeast revealed that the levels of both
Rev1 and the TLS polymerase h (pol h) peak in G2/M.83,84 Sim-
ilarly the level of Rev3, which is the catalytic subunit of the TLS
polymerase zeta peaks in mitosis.85,86 Moreover, Rev3 localizes
to chromatin at this stage of the cell cycle and Rev3 has a sug-
gested role for replication of CFS in G2/M in a manner that is
independent of the Rev7 subunit of the polymerase zeta
complex.86

Replication stress-induced 53BP1 nuclear bodies in G1

In response to replication stress, 53BP1 forms large (2-3 mm)
nuclear bodies (NBs) in a symmetrical manner in G1 daughter
cells reminiscent of the FANCD2 sister foci in mitosis.87,88

53BP1 NBs are confined to G1, form upon mitotic exit and dis-
assemble again during S-phase. This reveals that they form as a
response to replication stress-induced DNA damage inherited
from the previous cell cycle. The 53BP1 NBs colocalize with a
range of markers that normally assemble in the vicinity of
DSBs such as MDC1, g-H2AX, ATM, RNF8 and BRCA1.88

53BP1 NBs were further found to colocalize with transcrip-
tional regulatory OPT (Oct-1, PTF, transcription) domains,
induced by micro-irradiation as well as ionizing radiation.87

Consistently, 53BP1-OPT domains neither colocalize with
RNA transcription initiation or elongation factors nor with
transcriptionally incorporated 5-fluorouridine, showing that
active transcription was not detectable at these sites.87 Inhibi-
tion of ATM showed that ATM activity is needed for the effi-
cient formation of 53BP1 NBs in G1 87,88

TopBP1 forms foci in mitosis

TopBP1 forms abundant foci at mitotic onset but only a small
fraction of these turns into DNA bridges in anaphase, suggest-
ing that DNA structures other that joint molecules can recruit
TopBP1 at mitotic onset. Interestingly, Burgess et al. have
shown that chromatin condensation per se can trigger an initial
DNA damage response, which results in the recruitment of sev-
eral DDR factors including MDC1.89 Accordingly, MDC1
forms spontaneous foci on the condensed mitotic chromo-
somes.57,89 MDC1 is required for TopBP1 recruitment to stalled
forks in response to replication stress. Similar to this mecha-
nism, MDC1 accumulation due to condensation could explain
the high number of spontaneous TopBP1 foci on mitotic chro-
matin. It is puzzling, however, that TopBP1 seems to be
recruited specifically at the nuclear envelope breakdown,
whereas chromatin condensation is initiated in prophase before
nuclear envelope breakdown.90 Moreover, the fact that 53BP1
NBs derive from mitotic TopBP1 foci and are increased in
number when TopBP1 is depleted, suggests that TopBP1 marks
sites in the genome that hold some kind of aberrant DNA
structure.1 Intriguingly, BRCT5 of TopBP1 is required for
TopBP1 foci formation in mitosis (91 and our unpublished
observations). BRCT5 is responsible for TopBP1 interactions to
MDC1 and BLM.41,92 However, siRNA knockdown experi-
ments suggest that neither MDC1 nor BLM are responsible for
the accumulation of TopBP1 into detectable structures in mito-
sis.91 Thus, the recruitment mechanism for TopBP1 to mitotic
chromatin remains unclear.

The function of TopBP1 in mitosis is independent of ATR

Our recent findings show that the role of TopBP1 in mitosis is
not dependent on ATR. In fact, ATR inhibition specifically
around mitosis results in fewer or weaker 53BP1 NBs in G1,
which is in contrast to TopBP1 depletion.1 Thus, similarly to
the role of ATM at DSBs in mitotic cells, ATR could have a
role in mitosis by priming aberrant DNA structures for detec-
tion by 53BP1 and other repair factors in G1, but apparently
this function of ATR does not require TopBP1-mediated acti-
vation. Alternatively, the used dose of the inhibitor ATRi 93

might also inhibit ATM in the DT40 cell line.1

REV1 or PCNA K164 ubiquitylation is not required for DNA
synthesis in mitosis

One source of TopBP1 foci in mitosis is underreplicated DNA
induced by replication stress.1 When cells are subjected to mild
replication stress by treatment with the replication inhibitor
APH, DNA synthesis can be detected in mitotic cells. Specifi-
cally, DNA synthesis is detected by incubating cells with the
base analog EdU for 20 min prior to fixation.1 The fact that
DNA synthesis in mitosis is induced by replication stress sug-
gests that the sites of DNA synthesis in mitosis are either stalled
replication forks or post-replicative gaps. Depletion of TopBP1
leads to decreased EdU incorporation in mitotic cells. Interest-
ingly this phenotype can be complemented with a TopBP1
mutant protein that is cytoplasmic and thus only gains access
to DNA after nuclear envelope breakdown.1 This shows that
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TopBP1-stimulated DNA synthesis takes place in mitosis, but
the mechanistic details of this mitotic DNA synthesis are other-
wise unknown.

Our recent studies of TopBP1 in mitosis show that the
majority of TopBP1 foci do not mark joint molecules between
sister chromatids (at least not in anaphase).1 Given that tem-
plate switching would generate a joint molecule, whereas TLS
would not, we speculated whether this class of TopBP1 foci
marks post-replicative gaps or stalled replication forks that are
destined for TLS-mediated repair pathways. Therefore we have
investigated whether TLS pathways involving Rev1 or PCNA
ubiquitylation are required for DNA synthesis in mitosis. For
this purpose we took advantage of a REV1¡/¡ cell line 94 and
of DT40 cell lines lacking both endogenous alleles of PCNA
but expressing either wild-type human PCNA (hPCNA) or
human PCNA with lysine 164 substituted for alanine.95 This
latter cell line, which we refer to as hPCNA K164R, is not capa-
ble of PCNA ubiquitylation.95

To address whether REV1 or PCNA ubiquitylation is
required for DNA synthesis in mitosis we pulsed replication
stressed REV1¡/¡ cells or hPCNA K164R cells as well as
control cell lines with EdU for 20 min, followed by fluores-
cence labeling (Figs. 1A and B). In both of the mutants, we
observed robust EdU incorporation in mitosis, demonstrat-
ing that these components of the TLS pathway are not
required for DNA synthesis in mitosis. In fact both
REV1¡/¡ and hPCNA K164R show slightly elevated levels
of DNA synthesis compared to DT40 and hPCNA although
this trend is not significant in our dataset (Fig. 1B). In
agreement with our previous studies we find that TopBP1
localizes to sites of unscheduled DNA synthesis in mitosis
(Fig. 1A). To further address the relationship between TLS
and TopBP1 in mitosis, we characterized the localization of
pol h and TopBP1 in mitosis (Figs. 1C and D). Both pol h
and TopBP1 form foci in mitosis and both types of foci are
induced by APH. However, TopBP1 and pol h very rarely
colocalize corroborating that pol h is not involved in the
TopBP1 pathway for unscheduled DNA synthesis in mitosis
detectable by EdU incorporation. In agreement with this we
also find that FANCD2 and pol h foci do not colocalize in
mitosis (Figs. 1E and F).

In summary, our previous work suggested that substantial
TopBP1-mediated DNA processing is required during mitosis
to avoid transmission of DNA damage to daughter cells.1 One
of the functions of TopBP1 during mitosis is to stimulate
unscheduled DNA synthesis at underreplicated sites. Here we
show that the unscheduled DNA synthesis does not require the
bona fide TLS pathways promoted by REV1 or PCNA K164
ubiquitylation.

Methods

All DT40 cell lines and primers used in this study are listed
in Tables S1 and S2, respectively

DT40 cell culture
DT40 cells were cultured in RPMI 1640 medium GlutaMAX
(Gibco) supplemented with 2% chicken serum (Gibco), 8% fetal
bovine serum (Gibco), 2 mM L-glutamine (Gibco), 55 mM

b-mercaptoethanol, 50 units/ml penicillin and 50 mg/ml strep-
tomycin at 39�C with 5% CO2.

Generation of TFP-pol h constructs

The construct for expression of TFP-tagged human pol h was
generated by PCR amplification using the adapted primers SK3
and SK4 to amplify human pol h cDNA from the plasmid
IOH46681 (ultimate). The PCR product was cloned into pcr2.1
by TOPO cloning according to the manufacturers protocol
(Thermo Fisher Scientific) and sequenced. TFP encoding
cDNA was PCR amplified using NheI and EcoRV adapted pri-
mers (SK1 and SK2, respectively) and TOPO-cloned into
pcr2.1 for sequencing. Adapted pol h cDNA and TFP frag-
ments were cloned into pExpress containing the chicken b

actin promotor. A SpeI fragment containing b actin promotor,
TFP and Pol h cDNA was subcloned into either pLox BSR or
pLox PURO to obtain pLoxBSR-TFP-pol h or pLoxPURO-
TFP-pol h, respectively.

Generation of stable pol h expressing DT40 cell lines

The pol h constructs were transfected into DT40 cells by elec-
troporation (gene pulser Xcell, Biorad). Transfectants harbor-
ing the PURO or BSR resistance genes were selected in the
presence of 0.5 mg/ml puromycin or 20 mg/ml blasticidin,
respectively. Expression of nuclear pol h TFP was confirmed by
fluorescence microscopy.

Live cell and immunofluorescence microscopy

For live cell microscopy exponentially growing DT40 cells were
imaged at 39�C in growth medium, and mounted on m-slides
prior to imaging (Ibidi, Martinsried, Germany). Where indi-
cated in the figures 0.4 mM aphidicolin (APH; Sigma-Aldrich)
was added 20 h prior to imaging. Immunofluorescence micros-
copy of DT40 cells and metaphase spreads were performed at
room temperature.

Fluorophores were visualized on a widefield microscope
(DeltaVision Elite; Applied Precision) equipped with a 100£
objective lens (U-PLAN S-APO, NA 1.4; Olympus), a cooled
EMCCD camera (Evolve 512; Photometrics), and a solid-state
illumination source (Insight; Applied Precision, Inc.). Images
were acquired using softWoRx (Applied Precision) software.
Images were processed with Volocity software (PerkinElmer).
Images were pseudocolored according to the approximate
emission wavelengths of the fluorophores. Fluorescent proteins
used in DT40 were TFP (pmTurquoise2-N1, 96), YFP
(enhanced YFP, Takara Bio Inc..), Venus,97 and mCherry.98

Representative images presented in figures were deconvo-
luted and gamma adjusted using Volocity software.

For EdU incorporation, cells were treated with 20 mM EdU for
20 minutes prior to cell harvest. Cells were washed and resus-
pended in PBS, and allowed to adhere to poly-L-lysine coated cov-
erslips for 10 minutes. Cell fixation, permeabilization and EdU
detection were performed as described in the Click-iT� Plus EdU
Alexa Fluor� 594 Imaging Kit manual (Invitrogen, CA, USA).
Fixed cells were analyzed on a widefield microscope (AxioImager
Z1; Carl Zeiss) equipped with a 100£ objective lens (Plan
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Figure 1. TopBP1 mediates unscheduled DNA synthesis in mitosis independently of TLS pathways. (A) Representative images of fixed DT40 cells (TopBP1mCherry) treated
with 0.4 mM APH for 20 h and pulse labeled with 20 mM EdU for 20 min. White arrowheads indicate TopBP1 focus colocalizing with EdU. (B) Quantification of EdU in
prometaphase and metaphase cells. (C) Representative images of an APH-treated DT40 cell line (TopBP1YFP-AID/YFP-AID/YFP-AID/ osTIR / TFP-hPol h / hH2B-mCherry). (D)
Quantification of TopBP1 and pol h foci. Live cell images were captured of untreated cells or 20 h after addition of 0.4 mM APH. TopBP1 and pol h foci and their colocaliza-
tion in mitotic cells were quantified. (E) Representative images of an APH-treated DT40 cell line (FANCD2Venus/Venus/ TFP-hPol h). (F) Quantification of FANCD2 and pol h
foci. Live cell images were captured of untreated cells or 20 h after addition of 0.4 mM APH. FANCD2 and pol h foci and their colocalization in mitotic cells were quantified.
For all graphs in this figure, asterisks indicate significant differences from the untreated (P< 0.05) and error bars represent 95% confidence intervals. Number of cells ana-
lyzed is indicated (n).
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Apochromat, NA 1.4; Carl Zeiss), a cooled CCD camera (Orca-ER;
Hamamatsu Photonics), differential interference contrast (DIC),
and an illumination source (HXP120C; Carl Zeiss).
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