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KAP1 depletion increases PML nuclear body
number in concert with ultrastructural changes
in chromatin
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The promyelocytic leukemia (PML) protein is the main structural component of subnuclear domains termed PML nuclear
bodies (PML NBs), which are implicated in tumor suppression by regulating apoptosis, cell senescence and DNA repair.
Previously, we demonstrated that ATM kinase can regulate changes in PML NB number in response to DNA double-
strand breaks (DSBs). PML NBs make extensive contacts with chromatin and ATM mediates DNA damage-dependent
changes in chromatin structure in part by the phosphorylation of the KRAB-associated protein 1 (KAP1) at $824. We now
demonstrate that in the absence of DNA damage, reduced KAP1 expression results in a constitutive increase in PML NB
number in both human U2-0S cells and normal human diploid fibroblasts. This increase in PML NB number correlated
with decreased nuclear lamina-associated heterochromatin and a 30% reduction in chromatin density as observed by
electron microscopy, which is reminiscent of DNA damaged chromatin. These changes in chromatin ultrastructure also
correlated with increased histone H4 acetylation, and treatment with the HDAC inhibitor TSA failed to further increase
PML NB number. Although PML NB number could be restored by complementation with wild-type KAP1, both the loss of
KAP1 or complementation with phospho-mutants of KAP1 inhibited the early increase in PML NB number and reduced
the fold induction of PML NBs by 25-30% in response to etoposide-induced DNA DSBs. Together these data implicate
KAP1-dependent changes in chromatin structure as one possible mechanism by which ATM may regulate PML NB

number in response to DNA damage.

Introduction

Genomic stability is an important component in preventing the
accumulation of mutations in oncogenes and tumor suppressor
genes that could lead to cancer.? The promyelocytic leukemia
(PML) protein is a tumor suppressor that has been implicated in
DNA repair, cell cycle control and apoptosis,®> processes that act
together to maintain genome stability. The PML protein is the
major structural component of the subnuclear domain known
as the PML nuclear body (PML NB),** and disruption or loss
of these bodies is thought to contribute to tumor progression in
both acute promyelocytic leukemia (APL)®” and in several solid
tumors including those of the brain, breast, colon, lung and pros-
tate.®'* PML-deficient mice, for example, exhibit increased sister-
chromatid exchange reminiscent of Bloom’s syndrome and have
an impaired p53 response to DNA damage." " In addition, PML
deficient mice are particularly susceptible to the formation of
tumors in response to carcinogens.' Although aberrant apoptosis
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in PML deficient mice may contribute to their cancer susceptibil-
ity, this phenotype could also suggest a broader impairment of
DNA damage signaling and repair.

One way that PML NBs may contribute to DNA damage
signaling is through the post-translational modification and/
or sequestration and release of proteins involved in cell cycle
checkpoints, including p53 and Chk2. For example, p53 accu-
mulates at PML NBs following DNA damage and is activated
by concomitant phosphorylation and acetylation by HIPK2 and
CBP, respectively.”'® Chk2 on the other hand, localises to PML
NBs prior to DNA damage, leaving the bodies in response to
genotoxic stress.” Chk2 can also phosphorylate PML at S117 in
response to DNA damage and this phosphorylation event plays a
role in mediating apoptosis independently of p53.” PML in turn
is required for the ATM-mediated activation of Chk?2 in response
to DNA damage by promoting its autophosphorylation.”® In
addition to these checkpoint proteins, a number of other factors
involved in DNA damage signaling localise to PML NBs before
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or after DNA damage including MRE11,” TopBP1,%* and ATR
kinase? (reviewed in ref. 4). There is also evidence that under
certain conditions PML NBs may play a direct role in DNA
repair and recombination processes, accumulating ssDNA fol-
lowing UV-irradiation® or telomeric DNA in cancer cells that
maintain their telomeres by a mechanism known as alternative
lengthening of telomeres (ALT).? Finally, we and others have
reported the close juxtaposition of PML NBs with persistent
DNA repair foci 18-24 h after DNA damage by ionizing radia-
tion and chemotherapy agents.?**” Therefore, PML NBs may
represent important cellular nodes for cell stress signaling and
DNA recombination and repair. As such, changes in body num-
ber may have a functional impact on the fidelity or efficiency of
DNA damage signaling and/or repair, as has been demonstrated
for Chk2 and p53 activation by genotoxic stress.'>!>-18

Previously, we and others have demonstrated that diverse
forms of DNA damage from UV and chemotherapy agents to
ionizing radiation can induce an increase in PML NB num-
ber.202420:28 However, the mechanism for this disruption had not
been elucidated nor was it known if this process was regulated.
We demonstrated that PML NBs do respond in a dose-dependent
fashion to low, physiological levels of DNA damage produced by
ionizing radiation and chemotherapy agents that induce DNA
double-strand breaks (DSBs), by increasing in number through a
fission mechanism from pre-existing bodies.” Furthermore, this
increase in PML NB number is regulated by NBS1, a compo-
nent of the MREI1/NBSI/RAD50 (MRN) DNA damage sen-
sor, as well as ATM, ATR and Chk2 kinase,” which together
constitute parallel and partially redundant signaling pathways for
the detection and repair of DNA damage.?”?® These changes in
body number are also concomitant with ultrastructural changes
in chromatin that appear to destabilize PML NBs, possibly
due to the transmission of topological stress in damaged chro-
matin to these bodies via extensive chromatin contacts at their
periphery.?3!

Chromatin organization and epigenetic modification also
play an important role in the DNA damage response, control-
ling access to DNA lesions within chromatin and facilitating the
accumulation of the DNA repair machinery (reviewed in ref.
32-34). Changes in chromatin structure following DNA damage
occur rapidly and are regulated at least in part by ATM kinase,
which may be activated by topological changes in chromatin
initiated by the DNA break itself.*¢ For example, perturbation
of chromatin structure by DNA inter-chelating agents such as
chloroquine, the inhibition of histone deacetylases (HDACs) and
osmotic shock can activate ATM kinase in the absence of DNA
damage.””?® ATM mediates changes in chromatin structure in
response to DNA DSBs in part by phosphorylating chroma-
tin-associated protein KAP1 at $824.3 KAP1 colocalizes with
HP1beta in pericentromeric heterochromatin and is a transcrip-
tional corepressor that regulates the expression of a large num-
ber of Kriippel-associated box (KRAB) zinc finger proteins.”*!
KAPI has also been implicated in the resolution of persistent
DNA repair foci containing the phosphorylated histone H2AX
(y-H2AX), which by virtue of their association with the periph-
ery of pericentric heterochromatin in murine cells at 24 h after
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treatment with ionizing radiation, are believed to represent unre-
solved DNA breaks in heterochromatin.®* In addition, phosho-
KAP1 co-localises with y-H2AX repair foci and 53BP1 as early
as 30 min after treatment with ionizing radiation,” and phosho-
KAP1 remains associated with y-H2AX in persistent repair foci
in conjunction with both active ATM kinase and 53BP1.% Taken
together, these studies indicate that chromatin changes mediated
by the ATM-dependent phosphorylation of KAP1 may facili-
tate access to damaged DNA within or adjacent to condensed
heterochromatin.

Since the activation of ATM by DNA damage results in
both changes in chromatin structure via phosphorylation of
KAP1, and an increase in PML NB number, we hypothesized
that changes in chromatin structure mediated by KAP1 could
be responsible, at least in part, for the observed changes in PML
NB number elicited by genotoxic stress. We now demonstrate
that depletion of KAP1 by RNA interference in both human
U2-0S and Tert-immortalized normal human diploid fibroblasts
(NHDFs) increases PML NB number, independently of DNA
damage and concomitant with epigenetic and structural changes
in chromatin that reduce chromatin density within the nucleus.
Loss of KAP1 also attenuated the overall increase in PML NB
number in response to etoposide-induced DNA DSBs. Finally,
we provide evidence that the phosphorylation of KAP1 at $824
by ATM may regulated the initial increase in PML NB number
following the induction of DNA DSB by etoposide. Together
these data implicate’ KAPI-dependent changes in chromatin
structure as a possible mechanism by which ATM regulates PML
NB number following DNA damage.

Results

ATM-dependent KAP1 phosphorylation at $S824 peaks dur-
ing early changes in PML NB number in etoposide-treated
NHDFs. Previously, we demonstrated that loss or inhibition of
ATM kinase could delay changes in PML NB number in the
NHDEF cell line GM05757 in response to DNA DSBs induced
by etoposide, a DNA topoisomerase II (topo II) inhibitor.> One
mechanism by which ATM might regulate PML NB number
is by modulating changes in chromatin structure in response
to DNA DSBs, which in turn destabilizes PML NBs leading to
their increase in number by fission from pre-existing bodies. We
have recently shown that etoposide-induced DNA damage results
in the global decondensation of chromatin,?” and that ATM can
mediate DNA damage-induced changes in chromatin structure
via phosphorylation of KAP1 at $824.% Therefore, we sought to
determine if changes in KAP1 phosphorylation at S824 corre-
lated temporally with changes in PML NB number in response to
etoposide-induced DNA DSBs in Tert-immortalized GM05757
NHDFs (5757-TERT) (Fig. 1). The pulsed-treatment of these
NHDFs with 20 pM etoposide for 0.5 h was sufficient to induce
robust activation of ATM kinase as demonstrated by S1981
autophosphorylation and targeted phosphorylation of KAPI at
S824, which was also accompanied by rapid phosphorylation of
H2A X at S139 (Fig. 1A). By pulsing etoposide treatment it is
possible to produce the equivalent number of DNA DSB breaks
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to 2 Gy of ionizing radiation (or ~70-100 breaks) result-
ing in ~50% clonagenic survival and a well characterized
induction of PML NBs in GM05757 NHDFs.”> ATM
activation remained robust until 1 h post-etoposide treat-
ment after which phosphorylation at S1981 was rapidly
attenuated between 3 and 6 h recovery from etoposide.
H2A X phosphorylation responded similarly, mirroring
the activation of ATM, and returned to basal levels of
phosphorylation at 24 h recovery from etoposide. In con-
trast, KAP1 $824 phosphorylation peaked earlier at 0.5 h
during etoposide treatment and began to attenuate as
soon as 1 h recovery from etoposide, returning to near
basal levels after 3 h recovery. Phosphorylation of KAP1
in response to etoposide-induced DNA DSBs appears to
be primarily dependent on ATM kinase in 5757-TERT
NHDFs, as the specific inhibition of ATM by the kinase
inhibitor KU55933,% prevented S824 phosphorylation
(Fig. 1B). This result is consistent with previous work
indicating that the etoposide-induced phosphorylation
of KAPI at S824 is abrogated in ATM-deficient fibro-
blasts.*® PML NB number in 5757-TERT cells increased
from ~15 to 18 bodies (p < 0.05) immediately after 0.5 h
of etoposide-treatment and continued to increase to ~21
bodies (p < 0.01) from 1 h to 3 h recovery from drug
treatment, before returning to near basal levels at 6 h
to 24 h (i.e., ~16-17 bodies) post-etoposide treatment
(Fig. 1C and D), which was similar to the response of
the parental GM05757 NHDFs without ectopic TERT
expression (Sup. Fig. 1). Thus, TERT expression-does
not affect the PML NB response to DNA damage in
this cell line compared to the parental NHDF cell line.
Together, these data indicate that KAP1 phosphorylation
is an early ATM-dependent event in the DNA damage
response to etoposide, and that KAP1 phosphorylation
correlates with early changes in PML NB number.
KAP1 depletion increases PML NB number, inde-
pendent of cell type and without changes in cell cycle
distribution. Although not directly demonstrated at the
ultrastructural level, the loss of KAP1 expression appears
to alter chromatin organization.”> We have shown that
the integrity and number of PML NBs can be affected by
changes in chromatin structure following DNA damage
or during DNA replication.”># Therefore, we hypoth-
esized that loss of KAP1 might also affect PML NB num-
ber in concert with changes in chromatin structure. To
test this hypothesis we first analyzed PML NB number
in telomerase-deficient human U2-OS osteosarcoma
cells stably expressing a short-hairpin RNA (shRNA)
directed against either GFP (as a Mock control) or KAP1

(AKAPI) (Fig. 2A), which had previously been characterized to
differ in chromatin structure as determined by microccocal nucle-
ase sensitivity.” The AKAPI U2-OS cells expressing the KAP1
shRNA exhibited a 90% knock-down of KAP1 protein expres-
sion and a significant increase in PML NB number compared to
the Mock control cells expressing the GFP shRNA (i.e., 13 versus
8 NBs; p < 0.05) (Fig. 2A). To confirm that this affect was not
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Figure 1. ATM-dependent KAP1 phosphorylation at $824 correlates with early
changes in PML NB number. (A) Tert-immortalized NHDFs (5757-TERT) were
untreated (Control) or treated with 20 wM etoposide for 0.5 h and left to recover
for the indicated time (i.e., 1 h R, 3 h R, 6 h Rand 24 h R) before processing for
western blotting analysis of y-H2AX, KAP1 (S824) and ATM (51981) phosphoryla-
tion. Actin and total protein levels of KAP1 and ATM served as loading controls.
(B) 5757-TERT were treated as in (A) in growth medium with or without 10 uM
ATM inhibitor (KU55933). (C and D), 5757-TERT were treated as in (A) and then
processed for the immunofluorescence detection of the PML protein and DNA
was counter stained with DAPI. The number of PML NBs per cell is indicated on
each panelin (C), and the statistical analysis of PML NB number in 5757-TERT cells
treated with etoposide is shown as bar graph in (D). Scale bars = 10 um and error
bars = SEM (n = 90). *p < 0.05, **p < 0.01.

cell type- or clone-dependent, we generated 5757-TERT NHDF
cell lines expressing either the KAP1 (AKAP1) or GFP shRNA
(Mock) (Fig. 2B). In addition, we generated cell lines in which
the loss of KAP1 expression in AKAPI cells was complemented
by the expression of a wild type KAP1 ¢cDNA (AKAP1 + WT
KAP1) (Fig. 2B) carrying a silent mutation that prevents it from
being targeted by the KAP1 shRNA.» Depletion of KAP1 in the
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Figure 2. KAP1 depletion induces a constitutive increase in PML NB
number in U2-OS and 5757-TERT NHDFs. (A and B), U2-0S (A) or 5757-
TERT NHDFs (B) stably expressing either a control unrelated shRNA
directed against GFP (Mock) or a shRNA directed against human KAP1
(AKAP1) were either fixed and prepared for the immunofluorescence
detection of PML (at the right in A or the bottom part in B) or prepared
for western blotting analysis using antibodies against KAP1. A bar graph
indicates the PML NB number in control (black bar, Mock) and KAP1
depleted (white bar, AKAP1) cells. The relative levels of KAP1 protein
are shown below the bar graph in (A) and to the right in (B) by western
blotting. In addition, PML NB number and KAP1 protein levels were
evaluated in AKAP1 5757-TERT cells expressing a shRNA resistant wild
type KAP1 gene (+WT KAP1) are shown in the bar graph (grey bar) and
western blot in (B). Actin was used as a loading control for western blot
analysis and the level of KAP1 was determined by densitometry relative
to actin (Ratio). The number of PML NBs per cell is indicated on each cell
shown in (A and B), and DNA was counterstained with DAPI. Scale bars
=10 pm and error bars = SEM (n = 90). *p < 0.05, **p < 0.001.
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5757-TERT NHDFs by ~80% caused a concomitant increase in
PML NB number from ~15 to 21 NBs (p < 0.001). This effect
on PML NB number was confirmed to be dependent on KAP1
protein levels and not off-site targeting of other RNAs by the
KAP1 shRNA, as restoration of KAP1 protein levels by wild type
KAPI in these cells caused a reduction in PML NB number to
control levels (-15 NBs) (Fig. 2B). Since we observed an increase
in PML NB number in response to KAP1 depletion in both 5757-
TERT NHDFs and U2-OS cells, which do not express TERT and
maintain their telomeres by the alternative lengthening of telo-
meres (ALT) pathway,” it is also unlikely that TERT expression
is responsible for the observed affects of KAP1-depletion on PML
NB number.

One possible explanation for the observed effects of KAP1
depletion on PML NB number is that loss of KAP1 may alter
the cell cycle distribution of the 5757-TERT cells. We and others
have demonstrated that PML NB number is altered through the
cell cycle and can double in number as cells progress from G- to
G,-phase.”>**' In particularly, PML NB number can dramatically
increase during S-phase.”” As such, a significant accumulation of
cells in S- or G,-phase, and a reduction of cells in G, would result
in an increase in the average PML NB number. Therefore, we
examined the cell cycle distribution of asynchronously dividing
GFP shRNA (Mock) and KAP1 shRNA expressing 5757-TERT
NHDFs (AKAP1) (Fig. 3). We found that depletion of KAPI
had little effect on the cell cycle distribution of these cells, con-
sistent with our previous studies of KAP1 depletion in U2-OS
human osteosarcoma cells.”> We also observed a similar cell
cycle distribution on average between biological replicates and
in AKAP1 cells complemented with WT KAPI (Sup. Fig. 2).
Together these data indicated that the induction of PML NBs
by the depletion of KAP1 was cell type independent and did not
arise because of a change in the cell cycle profile of AKAP1 cells.

Characterization of ultrastructural changes in chromatin
induced by KAP1 depletion. KAP1 depletion in U2-OS cells
can induce an increase in the microccocal nuclease (MNase)
sensitivity of chromatin, suggesting a global change in chro-
matin organization,” and PML NBs are responsive to changes
in chromatin organization.”** Therefore, gross changes in
chromatin structure induced by KAP1 depletion could partially
explain the observed increase in PML NB in AKAP1 U2-OS and
Tert-immortalized NHDFs cells. However, to date the effects of
KAP1 depletion on interphase chromatin structure have only
been inferred from MNase digestion and remain to be confirmed
by high resolution techniques that can visualize chromatin in situ
within cells, such as electron microscopy. To more directly deter-
mine the impact of KAP1 depletion on chromatin organization
we examined chromatin organization within the nuclei of con-
trol (Mock) or KAP1 depleted 5757-TERT NHDFs (AKAPI) by
electron spectroscopic imaging (ESI) (Figs. 4 and 5).

EST allows the unequivocal identification of chromatin within
the nucleus at high resolution by directly observing the elemental
signature of cellular components including nucleic acids and pro-
teins.’? For example, electron micrographs of nitrogen can be used
to determine the location of nucleic acids and proteins within
the cell, and phosphorus can be used to image nucleic acids. In
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addition, the nitrogen and phosphorus electron micrographs
can be subtracted from each other allowing the segmentation of
chromatin (in yellow) from non-chromosomal protein complexes
(in blue) (Fig. 4). KAP1 colocalises with heterochromatin pro-
tein 1 (HP1) isoforms* and can recruit the methyltransferase
SETDBI to mark heterochromatin domains epigenetically via
tri-methylation of histone H3 lysine 9 (H3-MeK9), which in
turn can recruit HP1.>* Unlike murine cells which exhibit large
arrays of pericentric heterochromatin within chromocenters,
heterochromatin within human fibroblast cells is more widely
distributed.”® Nonetheless, concentrations of higher-order chro-
matin fibers consistent with heterochromatin can be identified
by ESI in association with the nucleolus, centromeres and the

nuclear lamina.>

Using ESI, we observed that the thickness of blocks of het-
erochromatin associated with the nuclear lamina appeared to be
greater in control (Mock) (Fig. 4A) than in AKAP1 5757-TERT
NHDFs (Fig. 4B). Depletion of KAP1 reduced the overall thick-
ness of the dense chromatin associated with the nuclear lamina
from 260 + 20 nm in WT cells to 120 + 10 nm in AKAP1 cells
(p < 0.001) (Fig. 4C), which is consistent with the decondensa-
tion of heterochromatin associated with the nuclear lamina in
AKAP1 cells. In addition, by segmenting chromatin from other
nuclear components in the ESI micrographs it is possible to
determine changes in density or packing of chromatin fibers.?”
Using this procedure, we analyzed the global density of chroma-
tin throughout the nucleus of Mock and AKAP1 5757-TERT
NHDFs (Fig. 5). In AKAP1 cells, chromatin appeared to occupy
a reduced percentage of the total area of the nucleus in our ESI
micrographs (Fig. 5A), which could be quantified as a ~30%
reduction in chromatin density from 24 + 1% to 17 + 1% of the
total nuclear volume (p < 0.001) (Fig. 5B). This reduction in
chromatin density also correlated with increased MNase sensi-
tivity of chromatin isolated from AKAP1 versus Mock NHDFs,
which is again consistent with the decondensation of chromatin
in AKAP1 cells (Sup. Fig. 3). These data provide the first ultra-
structural characterization of changes in chromatin structure in
situ after KAP1 depletion, and indicate that loss of KAP1 results
in reduced chromatin density and altered heterochromatin orga-
nization in human fibroblast nuclei.

Increased histone acetylation correlates with elevated
PML NB number. In both yeast and mammals, histone acety-
lation plays an important role in DNA repair (reviewed in ref.
32-34). For example, histone H4 is targeted for acetylation by
the TIP60 acetylase complex in chromatin within the vicinity
of a DNA break’® and loss of TIP60’s acetylase activity is associ-
ated with impaired DNA DSB repair and apoptosis.”” In addi-
tion, prolonged treatment of cells with high concentrations of
HDAC inhibitors can activate ATM kinase in the absence of
DNA damage, suggesting that the decondensation of chromatin
induced by histone acetylation may facilitate both activation of
DNA damage signaling as well as access to DNA lesions.”® To
determine the relationship between histone acetylation and PML
NB number we treated GFP shRNA (Mock) and KAP1 shRNA
expressing 5757-TERT NHDFs (AKAPI) with the HDAC
inhibitor TSA (Fig. 6). We chose to use 200 ng/ml of TSA in
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Figure 3. KAP1 depletion does not significantly alter the cell cycle pro-
file of 5757-TERT NHDFs. (A) Asynchronously growing, 5757-TERT NHDFs
stably expressing either a control unrelated shRNA directed against GFP
(Mock) or a shRNA directed against human KAP1 (AKAP1) were fixed
and prepared for FACs analysis to determine their cell cycle profile. The
fluorescence intensity plots are shown for both Mock (right) and AKAP1
(left) cells. (B) A bar graph of the relative percentage of cellsin G,, S and
G,/M phase of the cell cycle is also shown for Mock (black bars) and
AKAP1 (white bars) cells. Error bars = SD (n = 3).

our experiments as this was above the concentration shown to
induce chromatin decondensation in 4 h (ie., 100 ng/ml)*”
and well below the concentration previously shown to activate
ATM kinase (i.e., 10 pM).*® Under these conditions, we were
able to see a robust increase in histone H4 acetylation (-10-11
fold) within 4 h to 6 h in the Mock cells without inducing ATM
kinase activation as indicated by western blot analysis of ATM
phosphorylation at S1981 (Fig. 6A). We also found that AKAPI
cells exhibited ~5-fold increase in basal histone H4-acetylation
compared to Mock cells prior to TSA treatment and that HDAC
inhibition in these cells only marginally increased H4 acetyla-
tion (Fig. 6A). TSA treatment for 4 h was sufficient to cause a
dramatic increase in PML NB number in Mock cells express-
ing normal levels of KAP1, increasing from ~16 to 22 bodies (p
< 0.001), but had little effect on the number of PML NBs in
AKAP1 cells (Fig. 6A and B). Although there appeared to be
enhanced ATM protein expression in the TSA treated AKAPI
cells, we found similar levels of ATM between Mock and AKAP1
NHDFs in the absence of TSA treatment (Sup. Fig. 4), which is
also consistent with our previous analysis of ATM protein levels
in Mock and KAP1-depleted U2-OS cells.”> Together with our
ultrastructural studies of chromatin in KAP1-depleted NHDFs,
these data indicate that the epigenetic and structural changes in
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Figure 4. Characterization of changes in nuclear lamina-associated chromatin in KAP1 depleted 5757-TERT NHDFs. (A and B) Control (Mock, A) or 5757-
TERT NHDFs stably expressing a shRNA directed against human KAP1 (AKAP1, B) were fixed and prepared for electron spectroscopic imaging (ESI). In
each part, a low magnification phosphorus enriched (155 KeV) ESI micrograph is shown of the same cells imaged at higher magnification at the left.
The overlapping white rectangles indicate an area of the cell imaged at higher magnification at the right, where chromatin (yellow) and non-chromo-
somal protein (cyan) have been segregated and false-colored in a composite electron micrograph. Nuclear-lamina associated chromatin, consistent
with condensed heterochromatin is indicated between the white arrows. (C) The mean thickness of the condensed chromatin associated with the
nuclear lamina was evaluated between Mock (black bars) and AKAP1 (white bars) cells and depicted as a bar graph. Scale bars = 200 nm, unless other-
wise indicated. Error bars = SEM (n = 50). *p < 0.001.
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Figure 6. Increased histone acetylation correlates with elevated PML NB number in KAP1 depleted 5757-TERT NHDFs. (A) 5757-TERT NHDFs stably
expressing a control unrelated shRNA directed against GFP (Mock) or a shRNA directed against human KAP1 (AKAP1), where treated with vehicle
(Control) (0.1% DMSO) or with 200 ng/ml of the HDAC inhibitor trichostatin A (TSA) for 4 h or 6 h prior to western blot analysis of ATM, phosphorylated
ATM (pATM S1981), and acetylated histone H4 (Acetyl-H4). Actin and beta-tubulin (B-Tub) where used as loading controls and the ratio of acetylated
histone H4 protein levels to actin are indicated. (B and C) Mock or AKAP1 5757-TERT NHDFs were treated as above with (+TSA) or without (Control) TSA
for 4 h before processing for the immunofluorescence analysis of PML and histone H4 acetylation (Acetyl-H4). The number of PML NBs is indicated in
the fluorescence micrograph in (B) and represented as a bar graph in (C). To Scale bars = 10 wm and error bars = SEM (n = 60). *p < 0.001.

chromatin mediated by the loss of KAP1 are likely contributors
to the observed increase in PML NB number seen in AKAP1
cells.

Early DNA damage-dependent changes in PML NB num-
ber are inhibited by loss of KAP1 and the expression of $S824
phospho-mutants of KAP1. To examine the effect that the
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loss of KAP1 might have on the induction of PML NB num-
ber by DNA DSBs, control 5757-TERT NHDFs cells expressing
a GFP shRNA (Mock), KAP1 depleted (AKAPI) and KAPI1-
depleted NHDFs reconstituted with human KAP1 (AKAPI +
WT KAP1) were treated with etoposide (Fig. 7A—C and Sup.
Fig. 5). Averaging the response of two biological replicates of
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Figure 7. Characterization of the effect of KAP1-depletion or the expression of KAP1 phospho-mutants on PML NB number in response to etoposide in
5757-TERT NHDFs. (A-E) 5757-TERT NHDFs stably expressing a control unrelated shRNA directed against GFP (Mock), a shRNA directed against human
KAP1 (AKAP1) and AKAP1 5757-TERT cells expressing either a wild type KAP1 (AKAP1 + WT-KAP1), or two different phospho-mutants of KAP1 (+KAP1
S824A or +KAP1 S824D) were left untreated (Control) or treated with 20 uM etoposide for 0.5 h before recovery for the indicated time (i.e, ThR,3 h

R, 6 h Rand 24 h R) before processing for the immunofluorescence detection of PML and the counting of PML NBs. A comparison of the mean PML NB
number for each cell line in response to etoposide over time is depicted as bar graph for Mock (A), AKAP1 (B), AKAP1 + WT-KAP1 (C), AKAP1 + KAP1
S824A (D) and AKAP1 + KAP1 S824D cells (E). (F) Western blot analysis of KAP1 protein levels in representative Mock, AKAP1, AKAP1 + WT-KAP1, AKAP1
+ KAP1 S824A, and AKAP1 + KAP1 S824 5757-TERT NHDFs. Actin was used as a loading control for western blot analysis and the level of KAP1 was de-
termined by densitometry relative to actin (Ratio). Two biological replicates of each cell line were analyzed for PML NB number in triplicate. The dotted
line across each bar graph indicates the initial number of PML NBs prior to etoposide treatment. Error bars = SEM between n = 6 replicates.

*p < 0.05, **p < 0.01.

each cell line, etoposide-treatment induced a similar and sig-
nificant increase in PML NB number in Mock (Fig. 7A) and
AKAP1 + WT KAPI cells (Fig. 7C) after both 0.5 h of drug
treatment (i.e., from ~15 to 18 or 19 NBs, respectively (p < 0.05))
and after 1 h recovery from etoposide (i.e., from ~15 to 21 or
23 NBs, respectively (p < 0.01)) compared to untreated cells.
Whereas, the AKAP1 cells did not show a significant increase
in PML NB number until at least 1 h to 3 h post-etoposide
treatment, where body number increased to 25 from 21 NBs in
untreated cells (p < 0.05) (Fig. 7B). PML NB number peaked
in both Mock and WT KAP1 expressing 5757-TERT NHDFs
at 3 h post-etoposide treatment at ~22 and 24 NBs (respec-
tively) before declining to ~17 NBs by 24 h after drug treat-
ment (Fig. 7A and C). PML NB number in AKAP1 cells also
declined from 6 to 24 h post-etoposide treatment but remained
well above the level of NBs seen in cells expressing WT KAP1
(Fig. 7B). In addition, the fold increase in PML NB number at
3 h recovery from etoposide was reduced by 25-30% in AKAP1
cells compared to either Mock cells or NHDFs expressing W'T
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KAP1 (1.15 versus either 1.49 or 1.56, respectively) (Table 1).
Thus, loss of KAP1 expression elevated the basal level of PML
NBs in these cells and generally inhibited the further induction
of PML NB number in response to etoposide-induced DNA
DSBs.

Loss of ATM expression can inhibit changes in PML NB
number in response to etoposide-induced DNA DSBs,” and
KAP1 phosphorylation by ATM mediates DNA DSB-induced
chromatin decondensation,®® which might provide a mechanism
for changes in PML NB number. We observed early and rapid
changes in KAP1 phosphorylation at $824 in response to etopo-
side in 5757-TERT NHDFs (Fig. 1A), peak phosphorylation of
KAP1 coincided with the initial DNA DSB-dependent increase
in PML NB seen after 0.5 h of drug treatment (Fig. 1C and D),
and this increase can be abrogated by loss of KAP1 expression
(Fig. 7A and B). Thus, ATM may regulate PML NB number in
response to DNA damagg, in part, via KAP1 phosphorylation. To
test this possibility, we generated AKAP1 5757-TERT cells lines
reconstituted with phospho-null (S824A) or phospho-mimetic

315



(5§824D) mutants of human KAP1, and determined the PML NB
response to etoposide-induced DNA DSBs in these cells (Fig. 7D
and E and Sup. Fig. 6). Although KAP1 depleted NHDFs stably
expressing the KAP1 S824A phospho-null mutant cDNA had a
similar number of PML NBs prior to etoposide-treatment as the
WT KAP1 or Mock control cells (Fig. 7D), 5757-TERT NHDFs
expressing the $824D phospho-mimetic mutant cDNA exhibited
a significantly increased number of PML NBs compared to con-
trol cells (i.e., from ~15 to 17 PML NBs; p < 0.05) (Fig. 7E). Cell
cycle profile analysis of KAP1 $824D expressing AKAP1 5757-
TERT NHDFs, indicated an increase in G, (from ~10 to 15%)
and a reduced accumulation of these cells in S-phase (from ~14
to 10%), as compared to Mock, WT and KAP1 S824A express-
ing NHDFs (Sup. Fig. 2). However, the increased percentage of
cells in G,-phase of the cell cycle was not significant (p = 0.25)
when averaged between two biological replicates. After 0.5 h of
etoposide treatment, unlike control cells or NHDFs expressing
WT KAP1 (Fig. 7C), PML NB number in NHDFs expressing
both KAP1 phospho-mutants failed to increase significantly,
indicating that disruption of normal KAP1 phosphorylation can
inhibit early etoposide-induced changes in PML NB number
(Fig. 7D and E). These observed changes were not a result of dif-
ferences in the expression of WT or KAPI mutant cDNAs as we
chose cells lines with nearly equivalent expression levels of KAP1
(Fig. 7F). PML protein levels and isoform expression were also
very similar between Mock and AKAP1 NHDFs, with and with-
out complementation with WT KAPT or the phospho-mutants
(Sup. Fig. 7). In addition, because the banding pattern seen for
the PML protein by western blot analysis represents not only PML
protein splice-isoforms but also the abundance of sumoylated iso-
forms of PML (Sup. Fig. 7),® we conclude that sumoylation of
PML and its isoforms is also similar between these cell lines.
Cells expressing both KAP1 phospho-mutants demonstrated
a significant increase in PML NB number at 1 h post-etoposide
treatment (e.g., increasing from 15 to 18 NBs in KAP1 S824A
cells; p < 0.05) (Fig. 7D and E). However, body number peaked
earlier at 1 h recovery from etoposide in KAP1 S$824D cells (i.e.,
increasing from 17 to 21 NBs; p < 0.05) (Fig. 7E) compared
to controls cells (Mock) or cells expressing either WT or S824A
KAP1, which peaked at 3 h recovery from etoposide (Fig. 7C
and D). In addition, the fold increase in peak PML NB num-
ber after etoposide-treatment compared to untreated cells was
again reduced by 25-30% for cells expressing both the $824D
and S824A KAPI phospho-mutants (i.e., a 1.18 and 1.26 fold
increase at 1 h and 3 h recovery, respectively) compared to 5757-
TERT cells expressing WT KAPI (i.e., a 1.56 fold increase at 3
h recovery) (Fig. 7C and E) (Table 1). Together these data impli-
cate phosphorylation of KAPI at $824 in the early induction of
PML NB number in response to etoposide induced DNA DSBs.

Discussion
Many forms of genotoxic stress can increase PML NB number
and alter their biochemical composition, suggesting these char-

acteristic changes in PML NBs are likely a universal response to
DNA damage.>* We previously demonstrated that the induction
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Table 1. Fold change in PML NB number over time in response to
etoposide

Recovery
Cell line Control 0.5hVP16" 1h 3h 6h 24h
Mock 1 "1.22 143 149 1.10 1.16
AKAP1 1 1.05 117 115 1.08 1.06
+ WT KAP1 1 1.21 147 156 1.24 1.10
+ KAP1 S824A 1 1.05 1.20 126 1.06 113
+ KAP1 S824D 1 1.00 118 1.09 096 0.99

“Fold change was derived from the mean change in PML NB number
between two biological replicates. Cells were treated for 0.5 h with 20
M etoposide (VP16) and left to recovery for the indicated times.

of PML NBs is regulated by ATM kinase and hypothesized that
both changes in chromatin structure induced by DNA damage,
and/or signaling events initiated by ATM, were responsible for
the observed change in PML NB number in response to DNA
DSBs.” However, the mechanistic details of how ATM mediates
changes in PML NB number were not elucidated. In this study,
we used the well characterized response of PML NBs in NHDF
cells treated with the topo II inhibitor etoposide to address
the mechanism by which ATM regulates PML NB number in
response to DNA DSBs. Our study provides the first evidence of
a possible mechanism by which ATM regulates PML NB number
via KAPI-mediated changes in chromatin organization. Below
we discuss these results in the context of the cellular DNA dam-
age response and the possible role that changes in PML NB num-
ber may play in DNA damage signaling and repair.
KAPI-depletion results in changes in chromatin organi-
zation reminiscent of those seen following DNA damage.
Previously, we demonstrated that depletion of KAP1 could alter
the MNase sensitivity of chromatin and that KAP1 phosphory-
lation at S824 was responsible for increased nuclease sensitivity
of chromatin following the induction of DNA DSBs by neo-
carzinostatin.® In addition, the peak sensitivity of chromatin
to MNase after DNA damage correlated with the peak phos-
phorylation of KAP1 at S824.% In our current study, depletion
of KAPI resulted in a constitutive increase in PML NB number
as well as changes in chromatin organization as observed by elec-
tron microscopy. These changes included a reduction in nuclear
lamina-associated heterochromatin (Fig. 4), consistent with
decondensation of heterochromatin at the nuclear envelope, and
a 30% reduction in the area of nucleus occupied by chromatin
in our electron micrographs (Fig. 5). We interpret this decrease
in area occupied by chromatin as a reduction in the density of
chromatin fibers within the nucleus. Chromatin density changes
can occur when 10 or 30 nm fibers of chromatin become more
(or less) closely packed together as well as during changes in
chromatin condensation state, for example as 30 nm or higher
order chromatin fibers decondense into 10 nm chromatin fibers.*'
Therefore, one should not rely on chromatin density measure-
ments alone as an indication of changes in the condensation
state of chromatin, and for this reason we also chose to observe
changes in the thickness of higher order chromatin fibers associ-
ated with the nuclear envelope (Fig. 4). Taken together, these
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data indicate that KAP1 depletion affects the condensation state
of heterochromatin, as well as more generally affecting chroma-
tin density throughout the nucleus.

We and our colleagues have demonstrated that reduced chro-
matin density also correlates positively with the decondensa-
tion of higher order chromatin fibers within tracts of UV-laser
induced DNA damage.*® In addition, the chromatin density
changes seen in AKAP1 5757-TERT NHDFs are reminiscent of
etoposide-induced changes in chromatin structure, where we also
characterized a 30% reduction in chromatin density by electron
microscopy.”” However, the observed changes in chromatin den-
sity in AKAPI cells did not coincide with the appearance of non-
chromosomal protein accumulations (Fig. 4), which is in contrast
to etoposide treated NHDFs.?” These non-chromosomal protein
accumulations contain the MRN complex and presumably other
DNA repair factors that have been recruited into repair foci asso-
ciated with DNA DSBs.” As a corollary to these observations,
changes in chromatin density induced by KAP1-depletion may
be insufficient to initiate ectopic DNA damage signaling; and
consistent with this hypothesis, we did not observe an increased
appearance of repair foci in AKAP1 5757-TERT NHDFs com-
pared to control cells in the absence of DNA damage (data not
shown). Similarly, although changes in chromatin organization
induced by chloroquine and osmotic shock can activate ATM
kinase, no y-H2AX repair foci were observed in treated cells.?®
Finally, we observed a five-fold increase in histone H4-acetylation
in AKAP1 versus Mock NHDFs (Fig. 6). Although increased
histone acetylation has been shown for specific gene promoters in
KAP1 knock-out mice and in the reactivation of endogenous ret-
6263 this is
the first demonstration of the global hyperacetylation of histone
H4 as a result of KAP1-depletion. Histone H4-acetylation medi-
ated by the TIP60 complex is also associated with DNA damaged
chromatin and may facilitate access of repair machinery to DNA
lesions.’**® Thus, although KAP1 depletion most likely increases
histone acetylation indirectly, the directed acetylation of chroma-
tin at DNA breaks is likely to contribute to structural changes in
chromatin that would affect PML NB number following DNA
damage. Furthermore, treatment with the HDAC inhibitor TSA
failed to further increase PML NB number and only slightly
increased histone H4-acetylation in AKAP1 NHDFs; whereas
similar treatment of Mock NHDFs dramatically increased both
PML NB number and histone H4-acetylation (Fig. 6). In sum,
these data both confirm that the MNase sensitivity seen in
KAP1-depleted cells does indeed result from changes in chro-
matin organization, and indicate that the increase in PML NB
number in AKAP1 5757-TERT cells most likely occurs as a result
of structural and epigenetic changes in chromatin rather than

roviruses in KAP1 null murine embryonic stem cells,

inappropriate DNA damage signaling.

KAPI-mediated changes in chromatin structure provide
a possible mechanism by which ATM may regulate the early
induction of PML NB number. Inhibition or loss of ATM
kinase results in an impairment in the early induction of PML
NB number in response to both etoposide and ionizing radia-
tion.”>? These data point to a general role for ATM in regulating

the response of PML NBs to DNA DSBs but do not address the
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possible mechanisms responsible for ATM-dependent PML NB
induction. PML NBs make extensive contacts with the surround-
ing chromatin® and are destabilized by changes to chromatin
structure mediated by entry into S-phase, transcriptional inhibi-
tion and apoptosis.”*® DNA damage itself can initiate the rapid
decondensation of chromatin,® and in response to DNA DSBs,
this process is mediated, at least in part, by the phosphorylation
of KAP1 at $824 by ATM.* Previously, we have shown that DNA
DSBs produced by doxorubicin, etoposide and ionizing radiation
cause similar and dose-dependent changes in PML NB number
in NHDFs.” In the present study, we chose to use etoposide to
generate DNA DSBs because of the well characterized changes in
chromatin ultrastructure and PML NB number induced by this
drug in the NHDF cell line GM05757, which was used to derive
the Tert-immortalized cell line in this study.”>* We found that
in Tert-immortalized NHDFs (5757-TERT), KAP1 is rapidly
phosphorylated at $S824 in an ATM-dependent manner within
30 min following the induction of DNA DSBs by etoposide
(Fig. 1A and B), which coincided with the previously charac-
terized increase in PML NB number in response to this drug
(Fig. 1C and D).” These data led us to hypothesize that ATM
via KAP1 might provide a likely mechanism for ATM-dependent
changes in PML NB number in response to etoposide. Indeed,
when KAPI levels were depleted by RNA interference in both
human U2-OS osteosarcoma cells and 5757-TERT NHDFs,
PML NB number increased significantly in a cell type-indepen-
dent manner, and in the absence of DNA damage (Fig. 2). In
addition, both control (Mock) and KAP1-depleted (AKAPI)
U2-OS cells® and 5757-TERT NHDFs (Fig. 3) showed simi-
lar cell cycle profiles, suggesting that the observed increase in
PML NB number did not arise due to changes in the cell cycle
distribution of AKAPI cells. We also found that PML protein
isoform expression was also similar between Mock and AKAPI
5757-TERT NHDFs (Sup. Fig. 7), indicating that the observed
changes in PML NB number did not arise due to alterations in
PML isoform expression or sumoylation. Complementation of
AKAP1 5757-TERT NHDFs with wild type KAP1 (Fig. 2B)
or a non-phosphorylaTable S824A mutant of KAP1 (Fig. 7B),
resulted in PML NB number returning to that seen in NHDFs
prior to KAP1 depletion. However, complementation of AKAP1
NHDFs with the phospho-mimetic $824D mutant of KAPI
resulted in only a partial reduction in PML NB number, remain-
ing significantly higher in these cells than in control NHDFs
with normal levels of KAP1 (Fig. 7B). The cell cycle profile of
KAP1 S824D expressing AKAP1 NHDFs did show differences
in the percentage of cells in G, and S phase but these differences
were not significant when averaged between biological replicates.
Even so, the magnitude of these cell cycle profile changes would
not be anticipated to significantly alter PML NB number as the
percentage of cells in G, was relatively the same between cell lines
(~75% on average) and the reduced percentage of cells in S-phase
in these cells (Sup. Fig. 2) would actually slightly reduce over-
all body number, as 5757 NHDFs exhibit the greatest increase
in PML NB number during S-phase.”” Nonetheless, the modest
increase in body number we observed in KAP1 $824D compared
to Mock or WT KAP1 expressing cells (i.e., from 15 to 17 bodies)
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(Fig. 7) does indicate that KAP1 phosphorylation at S824 can
contribute to changes in PML NB number. Furthermore, loss of
KAP1 or expression of either phospho-mutant of KAP1 inhibited
the early increase in PML NB number after 30 min etoposide
and generally reduced the overall induction of PML NBs at later
time points by 25-30% (Fig. 7A and B). Since KAP1 phosphory-
lation at $824 peaks after 30 min etoposide treatment and only
persists for 1 h after recovery from the drug (Fig. 1A), these data
are consistent with ATM mediating primarily the early induc-
tion of PML NB number in response to DNA breaks via KAP1
phosphorylation. In contrast, after 24 h recovery from etoposide,
PML NB number was similar among control cells and AKAP1
NHDFs expressing either phospho-mutant of KAP1 (Fig. 1B).
Thus, KAP1 does not appear to play a role in regulating PML NB
number at these later time points. Although we cannot exclude
a role for the phosphorylation of other factors by ATM such as
Chk2 or even PML itself in the regulation of PML NB biochemi-
cal composition or integrity following DNA damage, these data
do provide the first evidence for KAP1 as a downstream mediator
by which ATM can regulate PML NB number.

PML NBs and the DNA damage response: Why does body
number matter? The PML protein and PML NBs are implicated
in a host of cellular functions including gene regulation, cell
senescence, apoptosis and DNA damage signaling and repair, all
of which contribute to tumor suppression.** Several models of
PML NB function have been developed to try to reconcile how
one subnuclear domain can be involved in so many diverse cellu-
lar functions. Initially, PML NB were thought to solely function
as storage sites for nuclear proteins, allowing the cell to maintain
appropriate levels of various proteins within the nucleoplasm.®
As the list of PML NB-associated proteins began to grow and
their functions characterized, it was clear that these bodies might
also play roles in regulating gene expression by sequestration and
release of transcriptional repressors (e.g., Daxx),** and activa-
tors (e.g., CBP).”” Many of the PML NB-associated proteins are
also involved in the post-translational modification of other pro-
teins, including transcription factors like p53, which is modified
by phosphorylation and acetylation by CBP and HIPK?2, respec-
tively.">1¢
subunits of the 20S proteasome also implicate these subnuclear

The association of these bodies with ubiquitination and

domains in regulating protein turn-over, including the PML pro-
tein itself.**7° Thus, it has become increasingly clear that rather
than just sequestering proteins, PML NBs also serve as cellular
nodes that may facilitate diverse nuclear functions by acting
as catalytic surfaces to enhance the association of nuclear pro-
teins with their modifying enzymes.>* As such, PML NBs could
enable efficient DNA damage signaling and repair by a number
of mechanisms including the sequestration and release of impor-
tant DNA repair factors such as ATR and TopBP1,2*?' the co-
recruitment of post-translational modification of proteins such
as p53 and MREI11,"'%*" and by promoting the phosphorylation
and activation of checkpoint kinases such as Chk2."8

If PML NBs do indeed serve as catalytic surfaces for the post-
translational modification of nuclear proteins, then changes in
biochemical composition, size and number of these bodies may
play an important role in modulating the “intensity” of DNA
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damage signaling to physiological or therapeutic levels of DNA
damage. This paradigm is not a new one, as other proteins can
similarly modulate the DNA repair response to physiological lev-
els of DNA damage such as NBS1, which is required for efficient
activation of Chk2 kinase by low levels of ionizing radiation.”!
We demonstrated previously that PML NBs increase in number
in response to DNA DSBs through a fission process, where new
and smaller bodies arise from pre-existing PML NBs.” Most
importantly, the new PML NBs arising by fission appear to
share the same biochemical composition as the “parental” bod-
ies from which they arose. Similarly, we found that PML NB
protein composition was identical between Mock and KAPI
depleted NHDFs even though body number had increased over-
all (data not shown). As such even though PML NB number has
increased, each body should retain the same ability to recruit or
associate with DNA repair factors either directly by binding PML
or indirectly by binding various PML NB-associated proteins
such as SP100, which can recruit NBS1 to PML NBs.”? This is
in contrast to the disruption and redistribution of PML NBs into
“thread-like” structures and/or smaller bodies with altered bio-
chemical composition by viral proteins expressed by a number of
DNA tumor viruses, including human papilloma virus (HPV);
herpes simplex virus (HSV), epstein barr (EBV) and adenovi-
rus.”>7° Interestingly, the disruption of PML NBs under these
circumstances can also impair DNA damage signaling and apop-
tosis, as recently demonstrated for the EBV protein EBNAL.”
The process of PML NB fission effectively subdivides the PML
NBs into smaller structures that have a larger relative surface area
to their volume with identical biochemical composition. Thus,
we hypothesize that the “state-of-subdivision” of PML NBs after
genotoxic stress is directly proportional to the total surface area
available for NB-associated proteins involved in DNA damage
signaling and repair to interact with the enzymes that post-trans-
lationally modify them. The current study now implicates KAP1
as a possible mediator of ATM-dependent changes in PML NB
number, most likely by altering the organization and density
of cellular chromatin in response to DNA DSBs. Although the
“state-of-subdivision” model is highly speculative, it does provide
one possible experimental paradigm for future studies in the role
of PML NBs in the cellular response to DNA damage.

Materials and Methods

Chemical reagents. Unless otherwise stated all chemical reagents
were purchased from Sigma Aldrich.

Celllines and drug treatments. Cell lines used in this study are
as follows: Phoenix helper-free retrovirus producer cell line (gift
from C. McCormick, Dalhousie University); normal human dip-
loid fibroblasts (NHDF) (GM05757; Coriell Cell Repository);
and osteosarcoma (U2-OS) cells expressing short hairpin RNA
(shRNA) against GFP or KAP1.% Phoenix and U2-OS cells were
grown in Dulbecco’s modified eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin solution. U2-OS cells expressing GFP or KAPI
shRNA were grown in complete medium supplemented with 1
pwg/mL puromycin. NHDF and subsequent Tert-immortalized
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cell lines derived from them (5757-TERT) were grown in alpha-
minimum essential medium eagle (a-MEME) supplemented
with 15% FBS and 1% penicillin-streptomycin-glutamine solu-
tion. All cell lines were cultured at 37°C in a 5% CO, atmo-
sphere. To induce DSBs, cells were treated with 20 WM etoposide
(VP16) for 30 min, washed in phosphate-buffered saline (PBS)
twice (WISENT Inc.) and left to recover for the indicated peri-
ods of time. For ATM inhibition, cells were incubated for 30
min in growth medium containing 10 wM KU55933, a specific
inhibitor of ATM* prior to induction of DNA damage with eto-
poside, and maintained in growth medium containing 10 pM
KU55933 as cells recovered from etoposide for the indicated
times. For histone deacetylase (HDAC) inhibition experiments,
cells were treated with 200 ng/ml of TSA (Sigma) for 4—6 h prior
to fixation and processing for western blot or immunofluores-
cence analysis.

Generation of cell lines used in this study. All retroviral
vectors were transfected into Phoenix cells using the Calcium
Phosphate
(Promega), as described by the manufacturer. First a Tert immor-
talized NHDF cell line (5757-TERT) was generated by retroviral
transduction of an early passage of NHDF (GMO05757) using
a pBabe-Hygro-hTert vector (Addgene; Counter et al. 1998)
encoding the catalytic subunit of telomerase, followed by selec-
tion in 75 ug/mL hygromycin (BioShop). 5757-TERT cell lines
stably expressing GFP shRNA or KAP1 shRNA were created
through retroviral transduction of 5757-TERT cells using pRet-
rosuper-Puro vectors encoding shRNA against GFP or KAP1
respectively, followed by selection in 1 ug/mlL puromycin as
previously described in reference 35. 5757-TERT KAP1 shRNA
cell lines (AKAP1) stably expressing wild-type or mutant KAP1
were created by retroviral transduction with the vector pCLXSN
expressing HA-tagged wild-type KAP1, mutant KAP1 S824A or
KAP1 S824D, respectively, and underwent selection with 1 ug/
mL puromycin and 200 ug/mL neomycin.* At least two bio-

ProFection® Mammalian Transfection System

logical replicates of each of the cell lines produced were used for
further analysis.

Immunofluorescence microscopy and statistical analysis of
PML NB number. Cells were treated with or without etoposide
to induced DSBs prior to fixation at the indicated time points
and processing for immunofluorescence as previously described
in reference 25. Cells were then blocked in 5% normal donkey
serum (Sigma) in PBS before immunolabeling with the follow-
ing primary antibodies: rabbit anti-PML (1:300) (Santa Cruz
Biotech; SC-5621), rabbit anti-pan acetyl histone H4 (1:200)
(Millipore; 06-598) or mouse anti-KRIP1 for KAP1 (1:500)
(BD Biosciences; 610680). The secondary antibodies used were:
anti-rabbit or anti-mouse antibodies conjugated to Alexa Fluor
488 (1:200) (A21206) or Alexa Fluor 568 (1:200) (A10037)
(Invitrogen). Coverslips were then mounted in Vectashield anti-
fade medium (Vector Laboratories, Inc.) containing 4,6' diamid-
ino-2-phenylindole (DAPI) prior to microscopy.

Fluorescence images were taken using a 40x 1.4 NA oil-
immersion objective lens on a Zeiss Axioplan 2 motorized upright
fluorescence microscope fitted with a Zeiss Axiocam HRc digi-
tal camera. Images were acquired using AxioVision 4.6 (Zeiss).
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Further image processing and analysis was done using Image]
v.1.42 (National Institutes for Health) (NIH) and Photoshop 8.0
(Adobe).

PML NB number was determined for 30 cells per time point
for each experiment from maximum intensity Z-projections
from multiple focal planes taken for each field of view using
Image ] v1.42 (NIH) and Excel (Microsoft), which were normal-
ized using nucleus size as previously described in reference 25.
Experiments were repeated in triplicate (n = 90 cells) for each cell
line, and two biological replicates per cell line where analyzed
where indicated to account for clonal artifacts. Error analysis was
then expressed as standard error of the mean (SEM). Statistical
significance between datasets was determined using the Student’s
t-test in Excel (Microsoft).

Western blot analysis. Whole cell lysates were prepared before
and after etoposide treatment of cell lines by direct lysis of cells
in 2x SDS loading buffer [20% glycerol, 125 mM Tris-HCl
pH 6.8, 4% sodium dodecyl sulfate (SDS), 0.2% bromophenol
blue, 10% B-mercaptoethanol] supplemented with 1x Protease
Inhibitor Cocktail (Sigma) and the phosphatase inhibitors NaF
(10 mM) and B-glycerolphosphate (40 mM). Lysates where then
subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and
semi-dry transfer (BioRad) to polyvinylidene difluoride (PVDF)
membrane, prior to detection with primary and secondary anti-
bodies diluted in 5% milk/PBST. Western blots were developed
using an ECL detection kit (Pierce). Primary antibodies used
were: KAPT (BD Biosciences; 610680), phosphorylated Ser 824
on KAP1 (Bethyl Laboratories, Inc., A300-767A), ATM (Abcam;
ab17995), phosphorylated Ser 1981 on ATM (Abcam; ab36810),
phophorylated Ser 139 on y-H2A.X (Millipore; 05-636), pan-
acetylated histone H4 (Millipore, 06-598), B-tubulin (Santa
Cruz, s¢-9104) and B-actin (Sigma; A2228). Secondary antibod-
ies used were: anti-mouse (A6782) or anti-rabbit (A6154) horse-
radish peroxidase (Sigma).

Flow cytometry and cell cycle analysis. Cells were pelleted by
centrifugation at 4,000 rpm for 5 min, washed in cold PBS and
fixed in 70% ethanol at -20°C overnight. Before FACS analysis,
cells were again pelleted, washed in PBS containing 0.2 mg/mL
RNase, and following centrifugation (as above) resuspended in
PBS-RNase containing 50 pwg/mL propidium iodide to a final
cell concentration of 3 x 10° cells/mL. The cells were then kept
on ice for 30 min prior to analysis using a FACSCalibur flow
cytometer (BD Biosciences). Cell profiles were then determined
from FACS data using Modfit LT 3.0 software (Verity). FACS
experiments were done in triplicate for at each cell line and the
the percentage of cells in each cell cycle phase was represented as
an average value for single cell lines or between biological repli-
cates as indicated.

Electron spectroscopic imaging (ESI) and statistical analysis
of chromatin density. Control (Mock) and AKAP1 5757-TERT
NHDFs were grown to 100% confluence on coverslips to enrich
for G /G, cells and directly fixed in 4% paraformaldehyde (EMS)
for 10 min at room temperature (RT) before being permeabilized
in PBS containing 0.5% Triton X-100 for 5 min, post fixed in
1% glutaraldehyde (EMS) for 5 min at RT. The cells were then
dehydrated in an ethanol series and embeded in Quetol 651
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(EMS) before being processed, sectioned and imaged by ESI as
previously described in reference 51, using a Tecnai 20 transmis-
sion electron microscope (FEI) equipped with an energy-filtering
spectrometer (Gatan). Energy-filtered electron micrographs of
nitrogen (N) and phosphorus (P) were collected, and non-chro-
mosomal protein was segmented by subtracting the N from the P
ESI micrograph, which was then false colored in cyan and com-
bined in a composite image with the P ESI micrograph false col-
ored in yellow in Photoshop 11.0 (Adobe) to highlight chromatin.
The composite elemental maps of N-P (cyan) and P (yellow) were
then analyzed for thickness of nuclear-lamina-associated chro-
matin using Image J v1.42 software (NIH). Pixel measurements
(n = 50 measurements taken from 5 cells) were converted into
microns (m) and then averaged. Statistical significance between
cell lines was generated using the Student’s ttest in Excel
(Microsoft).

For the statistical analysis of chromatin density, chromatin
was first segmented within composite ESI micrographs of Mock
and AKAP1 5757-TERT NHDFs as previously described in
reference 27. Briefly, the N and P ESI micrographs were first
false colored in green and red, respectively, and combined into a
single RGB image using Photoshop 11.0 (Adobe). In the merged
image chromatin becomes apparent as yellow 10 nm and higher-
order fibers. These images were then imported into Image] v1.42
(NIH) and the Color Threshold Plugin (Gabriel Landini) was
used to segment only those yellow pixels that morphologically
resemble chromatin. The thresholded image was then converted

to an 8-bit grayscale image and the Threshold tool in Image]
was used to create a binary mask representing only chromatin
and areas determined using the Particle Picker tool in Image].
The percentage area was then defined as the ratio of the area
of chromatin divided by the total area of the image in square
pixels. The percentage density measurements were then averaged
(n = 50 measurements taken from 5 cells) and statistical signifi-
cance between datasets was generated using the Student’s t-test
in Excel (Microsoft).
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