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APPL proteins modulate DNA repair and radiation
survival of pancreatic carcinoma cells by
regulating ATM

J Hennig1, MP McShane2, N Cordes*,1 and I Eke*,1

Despite intensive multimodal therapies, the overall survival rate of patients with ductal adenocarcinoma of the pancreas is still
poor. The chemo- and radioresistance mechanisms of this tumor entity remain to be determined in order to develop novel
treatment strategies. In cancer, endocytosis and membrane trafficking proteins are known to be utilized and they also critically
regulate essential cell functions like survival and proliferation. On the basis of these data, we evaluated the role of the endosomal
proteins adaptor proteins containing pleckstrin homology domain, phosphotyrosine binding domain and a leucine zipper motif
(APPL)1 and 2 for the radioresistance of pancreatic carcinoma cells. Here, we show that APPL2 expression in pancreatic cancer
cells is upregulated after irradiation and that depletion of APPL proteins by small interfering RNA (siRNA) significantly reduced
radiation survival in parallel to impairing DNA double strand break (DSB) repair. In addition, APPL knockdown diminished
radiogenic hyperphosphorylation of ataxia telangiectasia mutated (ATM). Activated ATM and APPL1 were also shown to interact
after irradiation, suggesting that APPL has a more direct role in the phosphorylation of ATM. Double targeting of APPL proteins
and ATM caused similar radiosensitization and concomitant DSB repair perturbation to that observed after depletion of single
proteins, indicating that ATM is the central modulator of APPL-mediated effects on radiosensitivity and DNA repair. These data
strongly suggest that endosomal APPL proteins contribute to the DNA damage response. Whether targeting of APPL proteins is
beneficial for the survival of patients with pancreatic adenocarcinoma remains to be elucidated.
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Although the incidence is quite low relative to other cancer
types, ductal adenocarcinoma of the pancreas (PDAC) is
the fourth most common cause of cancer-related death
worldwide.1,2 There are several reasons hampering the cure
of this disease. In addition to early symptoms being absent,
resulting in late diagnosis and confining surgical removal,
radio- and chemoresistance contributes to a 5-year survival
rate of o5%.3 Not much is known about the molecular
background of these resistance mechanisms. Our group and
others have shown that growth factor receptors, integrins and
integrin-associated molecules4–8 as well as proteins involved
in endocytosis have a significant role in radiation survival of
different tumor entities including PDAC.4,9

The multifunctional adaptor proteins containing pleckstrin
homology domain, phosphotyrosine binding domain and a
leucine zipper motif (APPL) protein family controls the activity
of membrane receptors by regulating endosomal trafficking
and interacts with nuclear factors to modulate gene transcrip-
tion and chromatin remodeling.10,11 Two isoforms, that is,
APPL1 and APPL2, are localized in a subset of early

endosomes as well as in the cytoplasm and in the nucleus.10,12

APPL1 participates in epidermal growth factor (EGF) receptor
internalization13 and in EGF-mediated promitotic signaling
through its cytoplasmic-nuclear translocation after EGF
stimulation.10 Prosurvival and radioresistance might be
potentially conferred by APPL1 via its regulation of the activity
and substrate specifity of the serine/threonine kinase
AKT.5,12,14,15 Specifically in the pancreas, loss of APPL1
results in insulin secretion deficiency via AKT.16 The nuclear
functions of APPL1, that is, for gene transcription and
chromatin remodeling, involve the b-catenin/T-cell factor17

and the Reptin/b-catenin/HDAC1/2 pathway, respectively,10

both signaling cascades, which have been shown to modulate
cell death and cellular radiosensitivity.18–21

Central to radioresistance mechanisms is DNA damage
repair—in particular, the repair of DNA double strand breaks
(DSBs). DSBs are probably the most severe lesions of
radiation-induced DNA damage.22 As a cellular response to
DSBs, p53 binding protein (53BP1) is recruited to damage
sites and functions as a promotor of DNA repair processes.
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53BP1 has also been shown to have a role in the activation of
the serine/threonine kinase ataxia telangiectasia mutated
(ATM).23

ATM belongs to the family of phosphatidylinositol
3-kinases. Following irradiation, ATM is phosphorylated at
different residues including the autophosphorylation site
S1981, which indicates ATM kinase activity.24 Although the
molecular mechanisms are complex and far from being
completely understood, several targets of ATM have been
revealed. By regulating proteins like the checkpoint kinases
(Chks) and p53, ATM affects the cell cycle and cell cycle
arrest.25,26 ATM is also associated with the Mre11–Rad50–
NBS1 (MRN) complex as a central part of the DSB repair
response.27 Interestingly, ATM has been previously shown to
localize not only in the nucleus but also in the cytoplasm and in
vesicles, although whether there are localization-specific
functions remains unknown.28,29

Because of the multifunctional nature of APPL proteins, we
addressed whether APPL1 and APPL2 are critical for
radiation survival and DSB damage response in human
pancreatic cancer cells. We uncovered that APPL proteins
serve as important determinants of ATM function, the DSB
repair process and cellular radiosensitivity.

Results

APPL2 expression is increased after irradiation. We
commenced this study by evaluating the subcellular

expression and radioinducibility of APPL1 and APPL2 in
the pancreatic carcinoma cell lines MiaPaCa2 and Capan-1.
Both APPL1 and APPL2 proteins were localized in the
cytoplasm as well as in the nucleus (Figure 1a). Moreover,
we observed colocalization of about 45% of APPL2 vesicles
to APPL1, whereas only 30% of APPL1 vesicles localized to
APPL2 vesicles (Supplementary Figure 1). Irradiation did not
change the subcellular localization of APPL1 and APPL2 but
resulted in a fast and significant increase of APPL2
expression in both MiaPaCa2 and Capan-1 cell lines relative
to unirradiated controls as measured by western blot
(Figures 1b and c). Whereas APPL1 expression was not
affected, the radiogenic APPL2 induction maintained at
higher levels over the 24-h observation period. These data
indicate a differential role of these proteins in both normal cell
physiology and cellular radiation response.

APPL depletion enhances the cellular sensitivity to
X-rays and leads to an increased number of residual
DNA DSBs. Next, we analyzed whether APPL proteins are
essential in the radiation survival response by silencing
APPL1 and/or APPL2 using small interfering RNA (siRNA)
technology. We found that depletion of APPL proteins
significantly enhanced the radiosensitivity of both MiaPaCa2
and Capan-1 cells, whereas basal cell survival was similar to
siRNA controls (Figures 2a and b, Supplementary Figure 2).
Supporting this, stable overexpression of APPL1 in Capan-1
cells resulted in enhanced radioresistance (Figure 2c).

Figure 1 APPL1 and APPL2 are differentially expressed upon X-ray irradiation. (a) Immunofluorescence staining of APPL1 (green) and APPL2 (red) in MiaPaCa2 and
Capan-1 cells (DAPI, blue) without irradiation or after irradiation with 6 Gy. (b) Western blots and (c) densitometric analysis of APPL expression in unirradiated cells and 6-Gy-
irradiated cells at indicated time points. b-Actin served as the loading control. Results show mean±S.D. (n¼ 3; t-test; *Po0.05, **Po0.01). Statistics were calculated to
compare unirradiated MiaPaCa2 (orange) or Capan-1 (red) cells with irradiated cells at indicated time points after irradiation
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In addition to the pancreatic cancer cell lines, we assessed
the effects of APPL1 knockdown in cancer cell lines
originating from the lung, colorectum, head and neck,
stomach and cervix and found no modification of their
cellular radiosensitivity (Supplementary Figure 3).
As cellular radiation survival is strongly influenced by DNA

damage repair, we next examined the number of residual
DSBs dependent on APPL1 and APPL2 expression. As
shown in Figure 2, APPL knockdown cultures had significantly
more radiation-induced 53BP1 foci compared with controls
(Figure 2d, Supplementary Figure 4). The effect of a
combined downregulation of APPL1 and APPL2 on radiation
survival and DNA damage was only slightly more pronounced
than that caused by single knockdown of either APPL1 or
APPL2 (Figures 2b and d). Interestingly, there was no
effect on radiation-induced caspase-3 cleavage (Figure 3a,
Supplementary Figure 5), indicating that the observed
differences in cell survival are not due to increased apoptosis.
Nevertheless, these data suggest that APPL1 and APPL2 are
both essential regulators of the DNA damage survival and
repair response and that loss of one protein cannot be fully
compensated by the other.

APPL1 impacts radiation-induced ATM phosphorylation.
The increased and similar induction of 53BP1-positive foci
after irradiation resulting from APPL protein depletion

(Figure 2d) is suggestive of a function of these proteins in
DNA damage repair. Therefore, we evaluated the effect of
APPL knockdown on ATM, a serine/threonine kinase well
known to be a key regulator of DSB repair.30 After depletion
of APPL1 and APPL2, the number of radiation-induced
phosphorylated ATM S1981 foci—indicative of the ATM
activity status24—decreased when compared with control
cultures (Figure 3b). Accordingly, downregulation of APPL1
alone and in combination with APPL2, but not APPL2 alone,
led to a significant reduction of ATM S1981 phosphorylation
as measured by western blotting (Figures 3c and d). In
contrast, proteins associated with ATM such as radiogenic
phosphorylation of Chk2 and the expression of meiotic
recombination 11(Mre11), Rad50 and NBS1 were not
robustly affected upon APPL protein silencing (Figures 3c
and d).

ATM is essential to APPL-mediated radioresistance. To
evaluate whether the observed APPL1-related reduction
in ATM phosphorylation upon irradiation is critically involved
in APPL knockdown-mediated radiosensitization, we per-
formed ATM siRNA transfections alone or in combination
with APPL depletion. As shown in Figure 4, efficient
downregulation of ATM radiosensitized the pancreatic
carcinoma cells and resulted in an increase in residual
53BP1-positive foci (Figures 4a–d, Supplementary Figure 6).

Figure 2 APPL knockdown sensitizes pancreatic cancer cells to X-rays and impairs DSB repair. (a) Protein expression of APPL1 and APPL2 after siRNA-mediated
knockdown in human MiaPaCa2 and Capan-1 cells analyzed by western blotting. b-Actin was used as the loading control. (b) Clonogenic radiation survival of APPL1
and APPL2 single or double knockdown cell cultures. Data are mean±S.D. (n¼ 3; t-test; *Po0.05, **Po0.01). (c) Western blot from whole cell lysates and stably
transfected with Cherry or Cherry-APPL1 fusion constructs. b-Actin served as the loading control. Clonogenic survival of Cherry or Cherry-APPL1 Capan-1 transfectants. Cells
were irradiated 24 h after plating with 2–6 Gy or left unirradiated. Results show mean±S.D (n¼ 3; t test; *Po0.05). (d) Representative immunofluorescence staining (53BP1,
green; gH2AX, red; DAPI, blue) and quantification of foci numbers in 6-Gy-irradiated MiaPaCa2 cells after APPL1 or/and APPL2 depletion (see also Supplementary Figure 3).
Data are mean±S.D. (n¼ 3; t-test; *Po0.05, **Po0.01). Co, nonspecific siRNA control
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Additional knockdown of APPL proteins revealed no further
effect on clonogenic radiation survival and radiogenic foci
(Figures 4a–d), indicating that ATM, APPL1 and APPL2 are
part of the same signaling axis. In addition, depletion of ATM
in Capan-1 transfectants diminished the radioprotective
effect of APPL1 overexpression (Figure 4e), suggesting that
ATM is the key mediator of APPL1-mediated radioresistance.
These findings provide evidence that APPL proteins
modulate DNA repair processes by regulating ATM, thereby
having an impact on cell survival after irradiation.

APPL proteins and ATM are important modulators of
DNA repair during the first hours after irradiation. To
detect a differential function of APPL proteins in the early
versus late phase of the DNA repair process, we next
explored ATM phosphorylation and foci removal kinetics at
time points ranging from 30min to 24 h after irradiation in
cells silenced for APPL1, APPL2 and ATM. In addition, we
observed strongly diminished levels of phosphorylated ATM
S1981 between 30min and 2 h after 6Gy in APPL1þ 2
knockdown cultures compared with controls (Figure 5a). This
time interval also comprised the maximum of ATM activation,

as after 24 h ATM phosphorylation was decreased to
the control level (Figure 5a). In parallel, removal of
53BP1-positive foci was significantly delayed in APPL1þ 2,
ATM and APPL1þ 2/ATM knockdown cultures already 2 h
after irradiation (Figures 5b–d). The early time points,
that is, 30min and 2 h, indicated no significant difference
in foci number of APPL1- or APPL2-depleted cells
relative to controls (Figure 5d). These data show a major
impact of APPL proteins on the DNA repair process
conducted between 2 and 24 h, which is marginally altered
by additional ATM inhibition at earlier time points than 24 h
(Figures 5c and d).

APPL1 interacts with ATM. To explore mechanistically
how APPL1 modulates ATM phosphorylation, we analyzed
the localization of ATM upon irradiation and additionally
utilized a proximity ligation assay to detect a possible
interaction between the two proteins. After irradiation, the
nuclear expression of ATM and phosphorylated ATM
strongly increased (Figures 6a and b). Additionally, we found
a significantly enhanced interaction of phospho-ATM with
APPL1 30min after irradiation, which was mainly found in the

Figure 3 The endosomal proteins APPL1 and APPL2 regulate the activation and phosphorylation of the DNA repair enzyme ATM. (a) Western blot and cleaved caspase-3
staining of irradiated MiaPaCa2 cells after knockdown of APPL1 and APPL2. (b) Foci analysis of pATM S1981 1 h or 24 h after irradiation with 6 Gy. Data indicate mean±S.D.
(n¼ 2). (c) Western blots and (d) densitometric analysis of indicated proteins in MiaPaCa2 cells after knockdown of APPL1 and APPL2. Whole-cell lysates from knockdown
cell cultures were harvested 30 min after a 6 Gy irradiation. b-Actin served as loading control. Densitometric values of irradiated knockdown cultures were normalized to
corresponding irradiated controls. Data indicate mean±S.D (n¼ 3; t-test; *Po0.05, **Po0.01). Co, nonspecific siRNA control
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nucleus (Figure 6c). In contrast, radiation-induced colocali-
zation of total ATM and APPL1 occurred in the cytoplasm
as well as in the nucleus (Figure 6d, Supplementary
Figure 7).These data suggest that the observed APPL1/
ATM interaction might be important for ATM activation and
ATM-mediated DNA repair processes.

Discussion

To develop strategies to overcome resistance to therapy,
tumor cell biology requires further unraveling. Although DNA
repair mechanisms seem to be well understood, the
cellular response to genotoxic injury induced by conventional

Figure 4 ATM is a major effector of radiosensitization through APPL knockdown. (a) Western blots of APPL1, APPL2 and ATM in MiaPaCa2 knockdown cell cultures.
b-Actin served as the loading control. (b) Representative images and (c) corresponding clonogenic radiation survival of MiaPaCa2 cells depleted of ATM, APPL1 or APPL2
alone or in combination. Results show mean±S.D. (n¼ 3; t-test; *Po0.05, **Po0.01). (d) DSB analysis by means of 53BP1-positive foci was performed in MiaPaCa2 upon
indicated knockdown 24 h after irradiation. Data are mean±S.D. (n¼ 3; t-test; *Po0.05, **Po0.01). (e) Western blot and radiation survival of Capan-1 Cherry- or
Cherry-APPL1-expressing transfectants after ATM knockdown. Data are mean±S.D (n¼ 3; t-test; **Po0.01). Co, nonspecific siRNA controls; n.s., not significant

APPL and DNA repair
J Hennig et al

5

Cell Death and Disease



Figure 5 APPL proteins and ATM are important modulators throughout the first 24 h of DNA repair. (a) Western blot kinetics of ATM S1981 autophosphorylation in
MiaPaCa2 cells after siRNA-mediated depletion of APPL proteins and irradiation with 6 Gy. b-Actin served as loading control. (b) Western blots and (c) immunofluorescence
staining of 53BP1 (green) in MiaPaCa2 knockdown cultures at indicated time points after irradiation with 2 Gy (DAPI, blue). (d) Foci analysis in 2-Gy-irradiated MiaPaCa2 cells
depleted of ATM, APPL1 or/and APPL2. Statistics compare ATM, APPL1 and APPL2 single knockdown as well as APPL1þ 2 double knockdowns with control siRNA cultures
(I–III) and ATMþ APPL1, ATMþ APPL2 and ATMþAPPL1þ 2 knockdown with ATM single knockdown cultures (IV–VI). Data are mean±S.D. (n¼ 3; t-test; *Po0.05,
**Po0.01). Co, nonspecific siRNA controls; n.s., not significant

Figure 6 After irradiation, APPL1 interacts with ATM. Immunofluorescense staining of APPL1 and phospho-ATM (a) or ATM (b) 30 min after irradiation with
6 Gy. Unirradiated cells were used as control. Proximity ligation assay for APPL1 and phosphorylated ATM (c) or total ATM (d) in MiaPaCa2 cells. Data are mean±S.D.
(n¼ 3; t-test; **Po0.01)
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chemotherapies and radiotherapy appears to be more
complex. In this study, we investigated the endosomal APPL
proteins and report on their essential function in ATM-
dependent DNA repair and radiation survival of human
pancreatic cancer cells. Our results provide evidence that
the endosomal APPL proteins regulate ATM activity and
thereby influence radioresistance and DNA repair of pancrea-
tic adenocarcinoma cells, revealing a new link between
endocytic pathways and DNA repair mechanisms.
Endocytic proteins control essential cell functions like

proliferation and cell survival.10,12,31,32 In addition to Caveo-
lin-1 being a key factor in caveolae-mediated endocytosis and
its modulatory role in the radiation survival and DNA damage
response,4,9,33,34 APPL proteins also seem to be essential in
this context. The first line of evidence is based on the
observation that total APPL2 but not APPL1 expression is
inducible by X-ray radiation, while the subcellular localization
of APPL proteins remains unchanged in the pancreatic
adenocarcinoma cells. Interestingly, there did not exist a
100% overlap of APPL1- and APPL2-positive vesicles either.
In cervix carcinoma cells, however, both APPL proteins
largely colocalized, particularly in defined structures near
the plasma membrane,10 leading to the assumption that
APPL-mediated endocytosis is differentially regulated in
these two tumor entities.
On the basis of these findings, we hypothesize a differential

role of APPL1 and APPL2 in radiation survival and DSB repair
response. Both proteins significantly enhanced radiosensitiv-
ity to a similar degree in the tested pancreatic cancer cell lines
when depleted using siRNA. Combined silencing of APPL1
and APPL2 conferred no further radiosensitization compared
with either single knockdown. These results are in line with
several studies showing a role of APPL proteins in the
regulation of survival mechanisms including apoptosis.10,12,31

In line with cellular radiosensitization, MiaPaCa2 andCapan-1
cells showed a higher number of 53BP1-positive foci 24 h after
irradiation, especially under concomitant APPL protein
depletion. This observation corroborates data from others
that 53BP1 foci numbers correlate with radiation survival.30,35

Despite the fact that APPL proteins interact with a variety of
promitotic and prosurvival protein kinases such as EGFR and
AKT, a recently published protein sequence analysis sug-
gested a possibility for APPL1/ATM interactions,36 which we
confirmwith the PLA experiments. Our experiments, based on
significant downregulation of ATM S1981 autophosphoryla-
tion under APPL1 silencing, point to a possible regulatory
association of both proteins. Intriguingly, the MRN complex,
although undoubtedly an important factor in DNA repair
processes,27,37 was unaffected by both irradiation and APPL
knockdown. One possible explanation for these observations
could be the R248W mutation within the p53 protein
sequence, which is present in MiaPaCa2 cells.38 Song and
Hollstein39 found that this specific p53 mutation results in
diminished binding of Mre11-Rad50-NBS1 to DSBs causing
reduced activation of the DNA repair machinery.
Taking current knowledge into account, it was expected to

see an increase in radiosensitivity and 53BP1 foci in the
pancreatic carcinoma cells after ATM knockdown. Not only do
data from patients with ataxia telangiectasia but also a large
amount of in vitro and in vivo studies give evidence for ATM’s

central function in the cellular radiation response.37,40–42 As
additional depletion of APPL proteins had equal effects as
with ATM knockdown alone, we concluded that ATM and
APPL proteins are part of the same signaling axis. The
strongest induction of ATM phosphorylation could be observed
between 30min and 2h after irradiation, whereas after 24h
phospho-ATM expression declined to the level of unirradiated
cells. Similar findings were previously obtained in cells of other
tumor entities such as lung cancer.18 A further indication for an
interrelation between APPL proteins and ATMwas given by the
analysis of the DNA repair kinetics. Single depletion of APPL1,
APPL2 and ATM modulated early and late DSB repair phases
and displayed analogous time kinetics of foci removal, and this
was even more pronounced upon the combined knockdown of
APPL1/ATM and APPL2/ATM.
In summary, our study shows a critical function of the

endosomal APPL proteins on radiation survival and DNA
repair mechanisms of pancreatic carcinoma cells. The
presented data indicate a regulatory interaction of APPL
proteins with the DNA repair kinase ATM, thus providing novel
insights into molecular processes controlling cell fate and
tumor cell resistance.

Materials and Methods
Antibodies and reagents. Antibodies against APPL1 (western blot), ATM
S1981 (immunofluorescence, western blot), ATM (western blot), Chk2, Chk2
Th68, Mre11, NBS1/p95, Rad50, cleaved caspase-3 (Cell Signaling, Frankfurt,
Germany), 53BP1 (Novus Biologicals, Herford, Germany), ATM (immunofluores-
cence) (GeneTex, Irvine, CA, USA), APPL2, b-Actin (Sigma, Taufkirchen,
Germany), ATM S1981 (PLA) (Rockland, Gilbertsville, PA, USA), APPL1
(immunofluorescence) (Zerial lab) and horseradish peroxidase-conjugated donkey
anti-rabbit and sheep anti-mouse (Amersham, Freiburg, Germany), AlexaFluor
594 anti-mouse and AlexaFluor 488 anti-rabbit (Invitrogen, Darmstadt, Germany)
antibodies were purchased as indicated. Complete protease inhibitor cocktail was
from Roche (Mannheim, Germany), SuperSignal West Dura Extended Duration
Substrate was from Thermo Scientific (Bonn, Germany), nitrocellulose membranes
were from Schleicher and Schuell (Dassel, Germany), Vectashield/DAPI mounting
medium from Alexis (Gruenberg, Germany), oligofectamine from Invitrogen
(Karlsruhe, Germany), dimethyl sulfoxide (DMSO) from AppliChem (Darmstadt,
Germany) BSA from Serva (Heidelberg, Germany).

Cell culture and radiation exposure. Pancreatic carcinoma cell line
MiaPaCa2 was purchased from DMSZ (Braunschweig, Germany). The pancreatic
cancer cell line Capan-1 was kindly provided by C. Pilarsky (Department of
Surgery, University Hospital, Dresden, Germany). Cells were cultured in DMEM
GlutaMAX 1 medium (Gibco, Karlsruhe, Germany) supplemented with 10%
(MiaPaCa2) or 20% (Capan-1) FCS (PAA, Cölbe, Germany) and 1% nonessential
amino acids (PAA) at 37 1C in a humidified atmosphere containing 7% CO2. In all
experiments, asynchronously growing cell cultures were used. Irradiation was
delivered at room temperature using single doses of 200 kV X-rays (Yxlon Y.TU
320; Yxlon, Copenhagen, Denmark) filtered with 0.5 mm Cu. The absorbed dose
was measured using a Duplex dosimeter (PTW, Freiburg, Germany). The dose
rate was B1.3 Gy/min at 20 mA and applied doses ranged from 0 to 6 Gy.

siRNA transfection. APPL1 siRNA (sequence: 50-GGGUGGAAAUUUAAU
GAGUtt-30), APPL2 siRNA (sequence: 50-GGAUCUCACAGAAGUAAGCtt-30),
ATM siRNA (sequence: 50-GGCACAAAAUGUGAAAUUCtt-30) and the nonspecific
control siRNA (sequence: 50-GCAGCUAUAUGAAUGUUGUtt-30) were obtained
from MWG (Ebersberg, Germany). Cells were transfected as recently published43

using oligofectamine and 20 nM siRNA under serum-free cell culture conditions.
At 48 h after transfection, cells were irradiated as indicated. Colony formation
assay, western blotting or immunofluorescence staining was performed.

Stable transfection. Capan-1 cells were stably transfected with pCherry
empty vector control or pCherry-APPL1 using Lipofectamine 2000 as previously
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published.6 Selection of stable transfectants was performed with G418
(Calbiochem, Darmstadt, Germany) for 6 weeks. Expression of Cherry-APPL1
or Cherry was confirmed by western blotting or fluorescence microscopy.

Colony formation assay. This assay was applied for measurement of
clonogenic cell survival as published.5 Cells were plated 24 h after siRNA
transfection. After another 24 h, that is, 48 h after siRNA transfection, the time of
maximum silencing of protein expression, cells were irradiated with 2–6 Gy or left
unirradiated. Cell colonies were stained with Coomassie blue and colonies of 450
cells were counted 9 days (Capan-1, MiaPaCa2) after plating. Plating efficiencies
were calculated as follows: numbers of colonies formed/numbers of cells plated.
Surviving fractions (SF) were calculated as follows: numbers of colonies formed/
(numbers of cells plated (irradiated)� plating efficiency (unirradiated)). Each point
on survival curves represents the mean surviving fraction from at least three
independent experiments.

Total protein extractions and western blotting. Adherent cells were
rinsed with ice-cold 1XPBS before harvesting total proteins by scraping using
modified RIPA buffer (50 mM Tris-HCl (pH 7.4), 1% Nonidet-P40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA, Complete protease inhibitor cocktail
(Roche, Mannheim, Germany), 1 mM Na3VO4, 2 mM NaF). Samples were stored
at � 80 1C. Amounts of total protein extracts were determined using BCA assay
(Pierce, Bonn, Germany). After SDS-PAGE and transfer of proteins onto
nitrocellulose membranes (Schleicher and Schuell), probing and detection of
specific proteins was accomplished with indicated antibodies and SuperSignal
West Dura Extended Duration Substrate as published.43

Immunofluorescence staining. A total number of 5� 103 cells were
plated. After 24 h, cells were irradiated with 6 Gy and fixed, by using 3%
formaldehyde/PBS, 15 min or 1 h after X-ray irradiation. For control, unirradiated
cells were used. Permeabilization was carried out with 0.25% Triton X-100/PBS.
Immunostaining was performed using anti-APPL1 or -APPL2 antibodies and
secondary Alexa Fluor594 anti-mouse or Alexa Fluor488 anti-rabbit antibodies.
Fluorescence images were obtained using a laser scanning microscope (LSM)
equipped with Axiovert 200 M, LSM 510 Meta from Carl Zeiss (Jena, Germany).
To provide further mechanistic insight into the enhanced radiosensitivity after
APPL1/APPL2/APPL1þ 2 and ATM silencing, we measured DNA DSBs by using
the foci assay. For detection of DSBs, p53 binding protein 1 (53BP1) foci assay
was performed as described.44 53BP1-positive nuclear foci of at least 150 cells
were counted microscopically with an Axiscope 2 plus fluorescence microscope
(Carl Zeiss) and defined as marker for residual DSBs.

Colocalization image analysis. Fluorescence images were taken using a
Zeiss Duoscan Laser Scanning Microscope (63X oil, 1.4, 1 Airy unit). These
images were then processed using MotionTracking.45 Briefly, this first involved
vesicle identification and then statistical analysis.46 For colocalization, the
threshold was set at 0.35 using the volume of the vesicles, and for each
condition 415 000 vesicles were analyzed per experiment. Second, to determine
the intensity of APPL1 in the ATM channel, the cells were first masked to show
only the nuclei using the DAPI channel as a reference. Following this, the median
intensity of APPL1 was found only within the ATM intensity and vice versa. This
was also performed to measure the amount of APPL1 in the cytoplasm in ATM by
using a mask for the inverse nucleus (i.e. masking the nuclei) and again
measuring ATM in the APPL1 channel. In each experiment, the median intensity
was normalized to the value at 0 Gy.

Analysis of cleaved caspase-3 and pATM S1981 foci. After
siRNA-mediated knockdown and irradiation, cells were fixed in 4% PFA,
permeabilized with Triton X-100, blocked in 10% fFCS and then incubated with
the cleaved caspase-3 or pATM S1981 antibody in 5% FCS. DAPI was included
during the secondary antibody incubation. Fluorescence images were taken using
the Zeiss Duoscan Laser Scanning Microscope (63X oil, 1.4, 1 Airy unit). Visual
inspection and number of cells positive for pATM foci were manually counted for
the 0 Gy condition at both time point 0 and time point 24 due to the low number. At
the 24 h-6 Gy condition, the nuclei were outlined in ImageJ using the DAPI
channel, and the number of foci/nuclei was manually determined in the pATM
channel. At the 1 h-6 Gy condition, nuclei were also outlined in ImageJ using the
DAPI channel. Then using the 3D Objects Counter,47 foci/‘objects’ were identified in
each image by using the same threshold conditions and size settings (10–100 voxel).

The number of foci/nuclei was then counted. Incomplete nuclei were not analyzed.
Approximately 100 cells per condition were examined.

Proximity ligation assay. To analyze APPL1/ATM interactions, we
performed a Proximity ligation assay using the Duolink Detection Kit (Olink
Bioscience, Uppsala, Sweden) according to the manufacturer’s protocol and as
previously described.6 Cells were plated 24 h before irradiation with 6 Gy.
Unirradiated cells were used as control. After 30 min, cells were fixed,
permeabilized and stained with primary antibodies for APPL1 and ATM. After
incubation with PLA probes, ligation and amplification steps, samples were
analyzed with an LSM 510 meta (Carl Zeiss). Interactions of at least 34 cells per
experiment were counted.

Data analysis. Mean±S.D. of at least three independent experiments was
calculated with reference to untreated controls defined in a 1.0 scale. To test
statistical significance, Student’s t-test was performed using Microsoft Excel 2003
(Redmond, WA, USA). Results were considered statistically significant if a P-value
of o0.05 was reached. Densitometry of western blots was performed by scanning
of the exposed film and using ImageJ analysis software (www.nih.gov).
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