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Proteomics and Pathway Analysis Identifies
JNK Signaling as Critical for High Linear
Energy Transfer Radiation-induced Apoptosis
in Non-small Lung Cancer Cells*s

Sara Stahlf, Eva Fung§, Christopher Adams§, Johan Lengqvistt, Birgitta Morkt,
Bo Stenerl6w1], Rolf Lewensohnt, Janne Lehtiot, Roman Zubarev§|,

and Kristina Viktorssont**

During the past decade, we have witnessed an explosive
increase in generation of large proteomics data sets, not
least in cancer research. There is a growing need to ex-
tract and correctly interpret information from such data
sets to generate biologically relevant hypotheses. A path-
way search engine (PSE) has recently been developed as
a novel tool intended to meet these requirements. lonizing
radiation (IR) is an anticancer treatment modality that
triggers multiple signal transduction networks. In this
work, we show that high linear energy transfer (LET) IR
induces apoptosis in a non-small cell lung cancer cell line,
U-1810, whereas low LET IR does not. PSE was applied to
study changes in pathway status between high and low
LET IR to find pathway candidates of importance for high
LET-induced apoptosis. Such pathways are potential clin-
ical targets, and they were further validated in vitro. We
used an unsupervised shotgun proteomics approach
where high resolution mass spectrometry coupled to
nanoflow liquid chromatography determined the identity
and relative abundance of expressed proteins. Based on
the proteomics data, PSE suggested the JNK pathway
(0 = 6:107°) as a key event in response to high LET IR. In
addition, the Fas pathway was found to be activated (p =
3:10%) and the p38 pathway was found to be deactivated
(p = 0.001) compared with untreated cells. Antibody-
based analyses confirmed that high LET IR caused an
increase in phosphorylation of JNK. Moreover pharmaco-
logical inhibition of JNK blocked high LET-induced apo-
ptotic signaling. In contrast, neither an activation of p38
nor a role for p38 in high LET IR-induced apoptotic sig-
naling was found. We conclude that, in contrast to con-
ventional low LET IR, high LET IR can trigger activation of
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the JNK pathway, which in turn is critical for induction of
apoptosis in these cells. Thus PSE predictions were
largely confirmed, and PSE was proven to be a useful
hypothesis-generating tool. Molecular & Cellular Pro-
teomics 8:1117-1129, 2009.

Radiotherapy is important in curative treatment of primary
inoperable tumors and for palliation of metastatic disease.
The two major classes of ionizing radiation (IR)' quality are low
and high linear energy transfer (LET) IR. Currently low LET
v-IR (photons) is the standard quality used for radiotherapy.
However, high LET IR (accelerated ions) has recently been
suggested to be therapeutically superior because of its phys-
ical as well as biological properties (1, 2). A large fraction of
tumors show resistance to low LET IR by mechanisms that are
only partly elucidated (3-7). Non-small cell lung carcinoma
(NSCLC) is one example of such a resistance-prone tumor
type (4, 5). Here high LET IR offers a possible alternative and
has been used with promising results (8-10). To date, how-
ever, the signaling transduction events that are critical for the
improved efficacy of high LET IR remain elusive.

In the present study we used methods for global analysis of
cellular pathways to obtain more insight into signaling events
triggered in NSCLC after high LET IR. Results from such
analyses may provide biomarkers of high LET IR efficacy and
possibly even markers for selection of patients that would
benefit from treatment with such IR quality.

Conventional low LET IR is known to cause relatively well
separated ionizations, resulting in non-clustered DNA double
strand breaks (11). In contrast, high LET ions release energy

" The abbreviations used are: IR, ionizing radiation; LET, linear
energy transfer; NSCLC, non-small cell lung carcinoma; PSE, path-
way search engine; SAPK, stress-activated protein kinase; JNK, c-
Jun NH,-terminal kinase; Gy, gray(s); PFA, paraformaldehyde; DAPI,
4,6'diamidino-2-phenylindole dihydrochloride; bis-Tris, 2-[bis(2-hy-
droxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; RANKL, re-
ceptor activator of nuclear factor kB ligand; Epo, erythropoietin;
pJdNK, phosphorylated JNK; MKK, mitogen-activated protein kinase
kinase; IGF-1 R, insulin-like growth factor receptor.
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densely along their track through the cell nucleus, creating
several double strand breaks in a narrow region, resulting in
more complex and less repairable DNA damages (11). The
signal transduction events triggered by these clustered le-
sions are anticipated to be critical for the increased biological
effectiveness observed with high LET (12, 13).

It has been suggested that non-repairable DNA lesions
and/or lesions with ongoing repair most likely will induce
different types of cell death including apoptosis. We have
previously shown that insufficient activation of mitochondria
may play a role in the impaired apoptotic signaling observed
in response to low LET photon IR in NSCLC cell lines. This
lack of apoptotic signaling may contribute to the emergence
of an intrinsic radioresistant phenotype of NSCLC (4, 6).

One important group of modulators of apoptotic signaling is
the stress-activated protein kinases (SAPKs) (14-17). Activa-
tion of the SAPK JNK in response to DNA damage is mainly
associated with increased cell death, i.e. increased induction
of apoptosis (6, 14, 16, 18, 19). Moreover the DNA damage-
induced apoptotic response has been found to be reduced in
JNK-deficient cells, in cells expressing a kinase-dead JNK
mutant, and in cells treated with SP600125, a pharmacolog-
ical inhibitor of JNK (6, 17, 19). In agreement with this, we
have shown that impaired activation of JNK is involved in
resistance to low LET IR in NSCLC cells (6). A role for p38 in
DNA damage-induced apoptotic signaling is less conclusive
as p38 activation has been shown both to promote and pre-
vent apoptotic signaling (6, 20).

It is most likely that the observed IR effects in human
tumors are the result of multiple signal transduction networks
working in concert. To study such signal transduction net-
works, methods allowing adequate simultaneous analysis of
multiple proteins are required. Recent technical develop-
ments in the proteomics field allow high throughput identifi-
cation and characterization of large numbers of proteins from
almost any biological material. This has been shown to be
greatly useful when studying signal transduction (21, 22).
However, although being highly informative, these proteomics
strategies often generate large amounts of data that are dif-
ficult to interpret in terms of their biological relevance. To deal
with these problems, we have recently developed a prototype
of a pathway search engine (PSE) that is capable of determin-
ing the cellular signaling response from the multitude of
changes in global protein expression (23). The PSE performs
non-linear analysis of proteomics data using TRANSPATH®, a
high quality database focused on signal transduction (24, 25),
and TRANSFAC, a collection of experimental data on tran-
scription factors (26).

We consider PSE as a hypothesis-generating discovery
tool. The input data for generating hypotheses using PSE is
relative protein abundance generated from shotgun high res-
olution mass spectrometry analysis. One of the basic princi-
ples of analytical sciences is to validate a discovery with a
complementary technique that independently measures a dif-

ferent parameter compared with the technique used for the
discovery. In the case of PSE-based analysis, such a param-
eter is the phosphorylation levels or expression turnover of
proteins potentially involved in the predicted pathway. Fur-
thermore it is fortunate if the validation is performed by a
technique complementary to mass spectrometry. In the pres-
ent study we applied this novel approach to study how high
LET IR can trigger proapoptotic signaling where low LET IR
cannot.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—In this study, a previously character-
ized NSCLC cell line, U-1810, was used (5). The cells were maintained
in a humidified atmosphere of 5% CO, and cultured in glutamine-
containing RPMI 1640 medium supplemented with 10% heat-inacti-
vated fetal calf serum and antibiotics (100 units/ml penicillin and 100
units/ml streptomycin). For experiments with inhibitors, the cells were
preincubated for 1 h prior to IR with either JNK inhibitor SP600125 (10
um) or the p38 inhibitor SB203850 (10 um). After IR, fresh medium
containing the inhibitor was added, and the cells were kept in the
inhibitor-containing medium until harvest. All chemicals were pur-
chased from Sigma-Aldrich if not otherwise stated.

Irradiation Procedure—Cells were irradiated with either low LET
y-photons (LET = 3 keV/um; absorbed dose, 8 Gy) or high LET
accelerated nitrogen ions (LET = 125 keV/um; absorbed dose, 4 Gy)
at room temperature. Low LET IR was carried out with adherent cells
using a 5°Co source (dose rate was recalculated every month accord-
ing to the known decay rate). For high LET IR cells were irradiated in
suspension as was demanded by the IR source setup. Before IR, cells
were detached and concentrated in 300 ul of culture medium and
were thereafter placed in in-house constructed plastic chambers (22
mm in diameter and 1 mm in depth) shielded with a coverslip (Ther-
manox, Nunc, Neperville, IL). High LET IR was delivered in the form of
accelerated *N”™ ions with a mean energy of 20.9 MeV/nucleon from
the Gustaf Werner synchrocyclotron at The Svedberg Laboratory,
Uppsala University, Sweden.

Preparation of Protein Extracts—Low or high LET-irradiated cells
were harvested 4 h post-treatment using non-enzymatic cell dissoci-
ation solution. At the same time point, untreated cells were harvested
and used as a control. Cell pellets were washed in a buffer containing
100 mm Tris-HCI at pH 7.5 and 250 mm sucrose, centrifuged at
1,500 X g for 10 min, snap frozen, and stored at —80 °C until analysis.
After thawing, cell pellets were lysed in 200 mm ammonium bicarbon-
ate and 2 M urea, and lysates were completely solubilized by sonica-
tion. The protein extracts were separated from insoluble cell debris by
centrifugation at 10,000 X g for 10 min, and the protein concentra-
tions of the obtained protein supernatants were determined using the
Bradford DC assay (Bio-Rad).

Tryptic Digestion— Additional urea was added to a final concentra-
tion of 8 M to an aliquot containing 50 ug of protein from each sample.
Thereafter the samples were reduced for 1 h at 37 °C using 10 mm
DTT and subsequently alkylated for 30 min in darkness using 20 mm
iodoacetamide. Before digestion, the urea concentration was lowered
to 2 M by adding 100 mm ammonium bicarbonate and concentrated to
a 50-ul volume using a 5-kDa-cutoff filter (Agilent Technologies).
Finally 2% (w/w) sequence grade modified trypsin (Promega Corp.)
was added, and proteins were allowed to digest for 12 h at 37 °C. The
digested samples were purified using Strata X C,g columns (Phe-
nomenex Torrance, CA) according to the manufacturer’s instructions.
Briefly the columns were equilibrated with 1 ml of methanol and 1 ml
of deionized water. The samples were acidified to pH 2 by formic acid
and were thereafter loaded onto the Strata X Cg columns. After
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washing with 10% ACN and 2% formic acid in deionized H,O, the
peptides were eluted in three steps by first adding 1 ml of 80% ACN,
2% formic acid, and 18% deionized H,O followed by 2 X 1 ml of 98%
ACN and 2% formic acid in deionized H,O. The collected fractions
from each sample were pooled and then divided into two aliquots
(experiments 1 and 2) that subsequently were lyophilized to dryness.
Prior to LC-MS/MS analysis the peptides were redissolved in 12 ul of
0.1% trifluoroacetic acid.

Nanoflow Liquid Chromatography, Mass Spectrometry, and Protein
Identification—For the MS analysis, a 7-tesla hybrid linear ion trap
Fourier transform mass spectrometer (LTQ FT, Thermo Fisher Scien-
tific, Bremen, Germany) equipped with a nanoelectrospray ion source
(Proxeon Biosystems, Odense, Denmark) was used. For separation of
the peptides, a high performance liquid chromatography setup, Agi-
lent 1100 nanoflow system, was applied. As analytical column, a
15-cm-long fused silica emitter (75-um inner diameter, 375-um outer
diameter; Proxeon Biosystems) was used. The column was packed in
house from a slurry of reverse phase material (fully end-capped
Reprosil-Pur C;5-AQ 3-um resin from Dr. Maisch GmbH, Ammer-
buch-Entrigen, Germany) in methanol using a “packing bomb”
(Proxeon Biosystems) at a helium pressure of 50-60 bars. The mobile
phases consisted of 0.5% acetic acid and 99.5% HPLC grade H,O
(v/v) (A) and 0.5% acetic acid, 90% ACN, and 9.5% HPLC grade H,O
(v/v) (B). For the analysis, 8 ul of the peptide solution was loaded onto
the analytical column that subsequently was rinsed in 2% B for 30 min
at a flow rate of 500 nl/min, and thereafter a gradient from 2 to 60%
B at a constant flow rate of 200 nl/min was applied for either 360 or
720 min. For data acquisition, unattended mode was used in which
the mass spectrometer automatically alternated between a high res-
olution (R = 100,000) overview MS scan and a lower resolution (R =
20,000) fragmentation scan (electron capture dissociation followed by
collision-associated dissociation) of the two most abundant peptides
at any given moment. Peak lists were generated using Xcalibur™ 2.0
SR2 (Thermo Fisher Scientific). For protein identification, the obtained
MS/MS peak lists were searched against the International Protein
Index (January 19, 2007) human database containing 67,250 se-
quences using the Mascot search engine (v2.1, Matrix Science, Lon-
don, UK) in which trypsin specificity was used with up to two missed
cleavages allowed. For the searches, methionine oxidation was used
as a flexible modification, and cysteine alkylation was used as a fixed
modification. The mass tolerance for MS was 10 ppm and for MS/MS
was 0.02 Da. A group of peptides were considered as a positive
match to a database protein if the confidence interval for the match,
as determined by Mascot, was at least 95%. The cutoff scores as
determined by Mascot were specific for each run and varied between
25 and 30. The false discovery rate was estimated to be 1.5% by a
search in a concatenated reversed database.

Determination of Pathway Status— Quantification of the expression
level of identified peptides was based on peak intensity and was
carried out using the Xtract routine program in the Xcalibur software
(Thermo Fisher Scientific). The threshold for a peak to be used for
quantification was 10,000 counts. Charge and isotope deconvolution
was performed in the high resolution MS scans, and then the shape
of the chromatographic peak was extracted using the accurate neu-
tral mass. The summed intensities of the MS peaks originating from
the same peptide were taken as the peptide abundance. The sum of
the abundances of at least two peptides was attributed to the protein
abundance. Peptide expression data were added to the peptide
sequences determined by Mascot using in-house programmed
scripts. Thereafter lists containing International Protein Index entries
and protein abundances were loaded into the ExPlain™ 1.3 tool
(BioBase GmbH). The previously described (23) PSE was used to
determine the signaling status of the U-1810 cells after treatment with
low and high LET IR, respectively.

Briefly when the identified proteins and their corresponding relative
abundance were loaded into the ExPlain tool (BioBase), the protein
identities were converted to their corresponding gene identities, cre-
ating a gene list, GL1. Next the proteins/genes from GL1 were
mapped onto a pathway database TRANSPATH. TRANSPATH is one
of the largest available databases of signal transduction components,
containing proteins involved in cellular signaling such as ligands,
receptors, adaptors, transcription factors; how they form complexes;
their PTMs; and how they react to and interact with each other.
Currently TRANSPATH contains information on about 150,000 signal
transduction components of mammalian cells.

When a protein in the input list matched a gene in a network, an
upstream analysis was initiated leading from the gene to one or
several “key nodes” using the algorithm of searching for shortest path
in a directed graph with the purpose to find an upstream node in the
graph that was maximally connected to the nodes in the target list
(24). Consequently not just one but several key nodes were found.
Key nodes are molecules typically found in an intersection of net-
works and are known from literature to be critical elements in signal
regulation. During analysis they were sorted in the output according
to the “key node specificity score” K, which was calculated by the
following formula.

(Eqg. 1)

Here Ei,qe is the sum of expression values of all proteins from the
target list that are reachable from the key node in a defined number of
consecutive signal transduction reactions (default is set to four reac-
tions); £, on-target iS the sum of all other molecules in the whole network
that also can be reached from the key node and that are considered
as “non-target nodes.” The system assigns each non-target node
with the lowest possible expression value, 1, because these nodes
are not found as expressed in the target list. For a definition of and
a thorough explanation of the penalty levels «, which describe how
the user can adjust the balance between true and false positives,
see Ref. 24.

Computation of key nodes allows us to extend the initial list of
target proteins by considering other proteins that are revealed based
on the database knowledge on the protein signaling reactions and
that may not be detected in the proteomics experiments but whose
activation status can influence a maximal number of the target pro-
teins. The result of the first step of the algorithm is the list of key nodes
sorted by the key node specificity score. Therefore at this step we
enrich the initial list of proteins by more proteins that are known to be
the most frequently connected in the signal transduction network
generated from the proteins of the initial list.

The key nodes build networks with the downstream proteins; one
example of a network that mapped to the JNK pathway is shown in
supplemental Fig. S1. Red nodes (which all have numbers reflecting
their relative abundance) are proteins identified from our proteomics
experiments, the brown nodes are undetected molecules found in the
TRANSPATH database, and finally purple molecules represent the
key nodes. The key nodes are sometimes found among the identified
proteins from the proteomics experiment (in that case, the relative
abundance is written on the node), but more often they are found in
the pathway database. At the next step, only 50% of the highest
scoring key nodes are retained, and these key nodes together with
their downstream proteins (both experimentally detected proteins and
molecules detected from the database) are extracted into a new gene
list, GL2. This new list is mapped onto all pathways in the TRANS-
PATH database, which contains 120 major pathways and several
hundred subpathways. This time, if an input protein matches a gene
in the pathway, it is considered a “hit.” Each pathway is therefore
characterized by the number of hits N and the total number of key
nodes L (N = L). Additionally ExPlain calculates a p value of the

K= Etarget/(1 +aEnon-target)
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pathway taking into account N, L, the size of the database, and the
size of the input protein list GL2. The score S of the obtained pathway
candidates was calculated by dividing the number of hits N for the
pathway by its p value, S = N/p, as we described previously (23).
Subsequently the pathway candidate lists were sorted according to
the scores.

Comparison of Pathway Status between Differently Treated Cells—
When experiments 1 and 2 were run for each of the three samples
(control, low LET IR, and high LET IR) 2 X 3 analysis results were
obtained: low LET IR experiment 1 (L1), low LET IR experiment 2 (L2),
high LET IR experiment 1 (H1), high LET IR experiment 2 (H2), control
experiment 1 (C1), and control experiment 2 (C2) (Fig. 2). The pathway
score S was compared between different samples as indicated in Fig.
2. Besides the relative prominence of a pathway in a certain sample
(score value S), the PSE also gives a measure of confidence in
pathway activation for one sample compared with another through
the relative degree of activation (AS value). The importance of a
specific AS value can only be understood by comparing it with AS
values of other pathway candidates within the same pairwise com-
parison. Thus for each comparison, a AS distribution was created and
analyzed as described below.

Statistical Methods—The PSE used in this work functions in a way
similar to that routinely used in transcriptomics for determination of
signaling pathways from gene expression levels. We have added a
mechanism of taking into account the protein abundances and a
scoring system that evaluates relative activation of each pathway
candidate. The important feature of the PSE is that it takes into
account the abundance of all detected proteins at once without
separating them into groups of up- and down-regulated or un-
changed species. Moreover the PSE considers all known signaling
pathways as potentially activated and identifies the pathway or path-
ways that are most activated. The consequence of these features is
that it is not always possible to determine precisely which protein or
group of proteins triggered the outcome. But in our view, such de-
termination is not required for testing the PSE: validation has to be of
the prediction (i.e. of the activated pathway) and not of the underlying
data (input protein expression levels).

Between 241 and 283 pathway candidates and their score values
S were found for each sample. The score difference AS between two
samples was calculated for each pathway candidate for all 12 com-
parative analyses (Fig. 2). The AS formed a bell-shaped distribution
(not necessarily Gaussian) centered at zero. For each AS distribution,
its dispersion o was calculated. Pathways that had a AS larger than
3o or smaller than —3q (outliers) were considered activated or deac-
tivated, respectively. Because the properties of the AS distributions
were unclear, p values for the outliers could not be directly calculated
from a single AS distribution. Instead the ranks of the pathways in the
AS sorted lists in the four pairwise comparisons were taken into
consideration. The p value of the combined measurement comprising
four comparison pairs was calculated as follows: p = ryryryr,/N,
wherery, r,, I3, and r, are the pathway ranks in the four AS lists sorted
from high to low AS values, each containing N pathway candidates. N
was set as the median value between 241 and 283, i.e. 261. For
example, when comparing high LET IR with low LET IR cells, the JNK
pathway was found on the positions 1, 3, 1, and 1 of 261 pathway
candidates, which corresponds to the p value 6.4-10'°. Such a
straightforward calculation, however, may underestimate the p values
because it assumes the AS lists to be completely random and the four
comparisons to be completely independent. To compensate for the
eventual non-random character of the AS lists and the presence of
statistical correlation between the four pairwise comparisons, the
pathways were randomized in the four comparisons using a random
number generator, and the p* value distribution of the randomized
data was calculated. None of the 283 p* values was below 1-107%,

which then was used as a conservative normalizing factor for the p
values determined as described above. The normalized p value of the
JNK pathway is 6:107°. The p values reported for other pathways are
the normalized p values. All statistical tests were two-sided.

Analysis of Apoptotic Morphology—Apoptotic morphology was
quantified as the number of cells with fragmented nuclei. Thus, con-
trol and low or high LET-irradiated cells in the presence or absence of
the JNK inhibitor SP600125 or p38 inhibitor SB203850 were har-
vested with cell dissociation solution. After washing in PBS, cells were
fixed for 10 min in 4% PFA solution. The nuclei of fixed cells were
stained with mounting medium containing 4,6'diamidino-2-phenylin-
dole dihydrochloride (DAPI) (Vector Laboratories). The presence of
fragmented nuclei indicative of an apoptotic cell was examined and
quantified using a fluorescence microscope (Zeiss Axioplan 2 imaging
microscope). In each sample at least 100 cells were assessed, and
apoptosis is presented as the percentage of cells with fragmented
nuclei. The doses of IR and time points for harvest are indicated for
each specific analysis.

Quantification of Caspase-3 Activity—Caspase-3 activity was ex-
amined in intact cells using an antibody that recognize active
caspase-3, i.e. DEVD, or by assessing the accumulation of caspase-
cleaved cytokeratin-18 (CK18-Asp®®®-NE) in pooled cell lysates and
culture medium using the M30-Apopotosense™ ELISA (Peviva). An-
tibody-based caspase-3 activity was quantified in 0.25% PFA solu-
tion-fixed cells at indicated times postirradiation by incubating the
cells for 1 h with a FITC-conjugated caspase-3 antibody (BD Pharm-
ingen; dilution, 1:20) in the presence of digitonin (100 wug/ml). After
washing in PBS the corresponding caspase-3-associated fluores-
cence in each sample was analyzed on the FL-1 channel using a
FACS-Calibur flow cytometer (BD Biosciences). Fractions of 10,000
cells/sample were analyzed, and the amounts of caspase-3-positive
cells were quantified. For assessment of caspase-cleaved cytokera-
tin-18 (CK18-Asp®°6-NE), cells were seeded at a density of 10,000
cells/well in a 96-well microtiter plate and the next day irradiated in
the presence or absence of JNK or p38 inhibitor. At 48 h post-IR, the
amount of cleaved cytokeratin-18 in cell culture medium and intact
cells was measured according to the manufacturer’s instructions.

ELISA-based Measurement of JNK and p38 Activation— Activation
of JNK and p38 was analyzed in fixed control or irradiated cells using
FACE™ JUNK ELISA and FACE-38 ELISA (both from Active Motif).
Antibodies recognizing dually phosphorylated JNK (Thr'83/Tyr18%)
and p38 (Thr'8%/Tyr'82) or total JINK and p38 were used according to
the manufacturer’s instructions. Briefly cells were seeded at a density
of 30,000/well in a 96-well plate and irradiated the next day in the
adherent state with accelerated nitrogen ions as described above. At
indicated time points postirradiation, the cells were rinsed in PBS and
fixed in 4% PFA solution for 20 min at room temperature. Labeling
with antibodies was done according to the manufacturer’s protocol,
and the resulting phosphoantibody signal was calculated after cor-
rection for number of cells and total JNK or p38 levels in each sample.
The results are shown as -fold increase compared with control and
are the mean of three independent experiments.

Immunofluorescence Analysis—Cells were cytospun onto slides,
directly fixed in 4% PFA solution for 10 min, and thereafter immersed
in ice-cold acetone for 10 s. The cells were permeabilized using 0.5%
Triton X-100 (10 min), blocked in 3% BSA buffer (10 min), and there-
after probed with phospho-JNK antibody (Cell Signaling Technology
Inc.) diluted in BSA-containing buffer for 4 h at room temperature and
subsequently washed in PBS. Finally slides were incubated for 1 h in
darkness with FITC-conjugated secondary antibody, washed again,
and mounted in DAPI-containing mounting medium before being
analyzed by fluorescence microscopy (Zeiss Axioplan 2 imaging mi-
croscope). The images were acquired with Axiovision software and
further processed in Adobe Photoshop CS3.

1120 Molecular & Cellular Proteomics 8.5



Combined Proteomics and Pathway Analysis of NSCLC Cells

A YT STwIETR " Hgh ETR
2304
8 —
2
[=]
S
% -
== 104
0_
0 16 24 36 44
Hours post IR
B LowlLETIR High LET IR

150

Counts
0 W & W 120

E 1 7 w o o' e ?
o A1 woowf Fli-caipase-3

ot

% olow LET IR mHigh LET IR
< 504
2
= 40
%30—
D
§2U—
w
& 104
3\9\- .
0 16 24 44
Hours post IR

FiG. 1. High LET but not low LET IR induces a time-dependent increase in apoptotic morphology and caspase-3 activity of U-1810
cells. U-1810 cells were irradiated with either 8 Gy of low LET -y-photons or 4 Gy of high LET accelerated ions. At the indicated time points
(hours) after irradiation, the amount of cells with apoptotic morphology of the nuclei (A) or caspase-3 activation (B) was examined. A,
fragmented nuclei indicative of an apoptotic cell were examined by counting DAPI-stained nuclei in duplicate samples for each treatment (100
cells examined). The results are presented as percentage of cells with apoptotic morphology. Data presented are the mean values (£S.D.) of
two independent experiments. White bars, low LET IR; black bars, high LET IR. B, caspase-3 activity was analyzed using a FITC-conjugated
antibody recognizing active caspase-3. Left, histogram showing caspase-3-associated immunofluorescence. Filled gray, untreated cells; black
line, 44 h post-low or -high LET IR. Right, quantification of caspase-3-associated immunofluorescence after irradiation. Data presented are the
mean values (=S.D.) of two independent experiments. White bars, low LET IR; black bars, high LET IR. Error bars refer to £S.D.

Western Blot Analysis—Western blots were run using NuPAGE
bis-Tris 3-12% gradient gels from Invitrogen according to the man-
ufacturer’s instructions. Equal amounts of protein (30 ng) were
loaded, and gels were run in MES buffer for 35 min at 200 V. After
blotting onto nitrocellulose membranes for 1 h at 30 V, the mem-
branes were blocked in 5% BSA in TBS with Tween 20 for 60 min.
Next the membranes were incubated with primary antibodies over-
night at 4 °C. Primary antibodies used were JNK1 and JNK2 (phos-
pho-Thr'8® and -Tyr'8%) (Abcam), total JNK1 and JNK2 (Santa Cruz
Biotechnology, Inc.), phospho-SEK1/mitogen-activated protein ki-
nase kinase (MKK) 4 (Cell Signaling Technology Inc.), total SEK1/
MKK4 (Cell Signaling Technology Inc.), 14-3-30 (Abcam), and glyc-
eraldehyde-3-phosphate dehydrogenase (Trevigen). After washing
the membranes in TBS with Tween 20 for 30 min, secondary anti-
mouse or anti-rabbit antibodies were added for 60 min at room
temperature. Finally after washing, the membranes were developed
on films, and band intensities were quantified using the Quantity One
4.6 software (Bio-Rad).

RESULTS

High LET Elicits Apoptosis in Low LET-resistant NSCLC
Cells—In this study we aimed to reveal signal transduction
networks of importance for response to high LET IR in NSCLC
cells. For this purpose, an NSCLC cell line, U-1810, consid-
ered resistant to low LET IR relative to other lung cancer cell
lines was used (3, 6, 7). In response to high LET but not low
LET IR, these cells showed a time-dependent increase in
apoptotic morphology (Fig. 1A). Moreover a time-dependent
increase in activation of caspase-3, one of the major executor

caspases in apoptotic signaling, was observed after high LET
IR (Fig. 1B). In accordance with our previous results (6), little or
no increase in caspase-3 activity was observed in response to
low LET IR in these NSCLC cells (Fig. 1B).

Determination of Pathway Status in NSCLC Cells in Re-
sponse to Different IR Qualities— Proapoptotic mitochondria-
mediated signaling occurs in NSCLC U-1810 cells between
12 and 16 h after DNA damage (6). To study proapoptotic
signaling upstream of mitochondria, the MS analysis was
therefore focused on an earlier time point, i.e. at 4 h post-IR,
with the proteome being analyzed by LC-FT-ICR-MS/MS. In a
few rare cases, proteins were identified and quantified with
only one peptide. However, in those cases, the peptide al-
ways was identified both with electron capture dissociation
and collision-associated dissociation fragmentation. The pep-
tides used for identification and quantification of each protein
and their corresponding identified sequences are presented
for each run in supplemental Tables S1-S6. About 1,500
peptides and 650 proteins were identified from each sample.
Quantitative data were based on at least two summed peptide
intensities as described under “Experimental Procedures.”
Lists of identified proteins and corresponding abundances are
available in supplemental Table S1. Pathway analysis and
determination of pathway status were carried out using PSE
as described under “Experimental Procedures” and in Ref.
23 and was based on the proteomics data. Biological re-
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producibility was addressed by comparing high LET-irradi-
ated cells not only with control but also with low LET-
irradiated cells. Analytical reproducibility was addressed by
running two technical replicates of each sample. A sche-
matic overview of the study design is given in Fig. 2. One of
the four lists showing (de)activated pathways in response to
high LET IR compared with low LET IR is given in Table I.
When analyzing the list of regulated cellular pathways, we
noted that several of these have previously been attributed
to apoptotic signaling, e.g. the JNK pathway, the Fas path-
way, the p38 pathway, and the caspase network. Maps of
these pathways as defined by the ExPlain 1.3 tool are
provided in supplemental Figs. S2-S5.

One approach to identify significantly regulated pathways
was to find the outliers of the AS distribution. To be charac-
terized as an outlier the corresponding AS had to be larger
than 3 standard deviations, 30, which in the exemplified data
set (Table | and Fig. 3) corresponds to AS > 4,656. The spread
of AS for the different pathways in Table | is presented graph-
ically in Fig. 3. As can be observed, the JNK pathway is a clear
outlier in this data set with AS = 24,897. The total 12 lists and
corresponding graphic views of pathways regulated in re-
sponse to the different treatments are given in supplemental
Tables S7-S18. In these analyses, the stress pathway was
ignored for the following reason as reported previously (23):
the score value of the stress pathway is usually so large that
its statistical fluctuation is comparable with the non-random
AS value for other signaling pathways. Consequently it was
difficult to interpret the reliability of the biological outcome
from the analysis result of the stress pathway.

Criteria for Assigning Regulated Pathways— Statistical out-
liers (AS| > 30) represent significantly regulated pathways,
whereas less significantly regulated pathways may appear
with AS values within the —30 to +30 area (Fig. 3). These
pathways can still be identified as (de)activated if they sys-
tematically appear among the top three pathways in the AS
sorted candidate list. Therefore, we kept separate records for
the outliers (Fig. 4, A-C, upper panel) and the top three
pathways (Fig. 4, A-C, lower panel). These two types of
pathway identification correspond to different degrees of an-
alytical sensitivity with the top 3 method being the most
sensitive. The most significantly (de)activated pathways were
identified with both methods. A summary of the four analyses
from each of the three comparisons, low LET-irradiated cells
versus untreated cells, high LET-irradiated cells versus un-
treated cells, and high LET-irradiated cells versus low LET-
irradiated cells, are presented in Fig. 4.

In Silico Analysis Suggested the JNK Pathway as Activated
after High LET IR—In the case of high LET IR versus control
the JNK pathway was a positive outlier in four of four analyses
(o = 2:107°) (Fig. 4, A, upper panel). This corresponds to the
highest possible degree of activation. In contrast, in the case
of low LET IR versus control, no pathway was an outlier more
than twice, even in the sensitive top 3 detection (Fig. 4B). This
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FiGc. 2. Schematic overview of experiments. NSCLC cells (U-
1810) were either left untreated or irradiated with low or high LET IR.
At 4 h post-IR proteins were isolated and digested into peptides.
Equal amounts of protein from each sample were divided into two
experiments (experiment 1, control (C1), low LET 4-h IR (L1), and high
LET 4-h IR (H1); and experiment 2, control (C2), low LET 4-h IR (L2),
and high LET 4-h IR (H2)) and thereafter analyzed by nanoflow LC-
FT-ICR-MS/MS using a 720-min (experiment 1) or 360-min solvent
gradient (experiment 2) in the LC run. Protein identities were obtained
by Mascot, quantified by label-free quantification, and subsequently
uploaded in the ExPlain tool. Determination of pathway status in each
sample was performed using PSE, and pathway status for each
sample was compared between the samples both within one ex-
periment and between the two experiments. Pathways predicted as
deactivated or activated were thereafter validated as described
under “Experimental Procedures.” WB, Western blotting; IF,
immunofluorescence.
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TABLE |
Exemplified data when comparing high LET IR cells with low LET IR
cells

Here data from one of the four analyses comparing high LET IR with
low LET IR are presented. The pathways are sorted according to their
difference in score, i.e. AS between the two different radiation qual-
ities. Thus, activation of a certain pathway is presented as a positive
delta score for the corresponding pathway, and by analogy, deacti-
vation of a specific pathway is given as a negative delta score. In this
data set, 30 corresponds to a AS of 4,656, meaning that every
pathway with a AS larger than 4,656 or smaller than —4,656 is
characterized as an outlier. The top three ranked (de)activated path-
ways are in bold. When the name of the pathway is reported this was
the only pathway given the corresponding delta score. When the delta
score approaches zero, as indicated, several different pathways can
share the same delta score. The complete tables containing also the
name of all these different pathways and all analyses are provided in
supplemental Tables S1-S12. EGF, epidermal growth factor; LAT,
linker for activation of T cells; PKC, protein kinase C; PRL, prolactin;
MITF, microphthalmia transcription factor; ERK, extracellular signal-
regulated kinase; TGF, transforming growth factor.

AS
Activated pathways
JNK pathway?® 24,897
Fas pathway 2,929
EGF pathway 2,625
JNK1 — MKK4 1,302
IL-8 pathway 175
Neurotensin pathway 151
Caspase network 127
LAT — PKCpB 86
Two different pathways 77
Three different pathways 36
Two different pathways 27
Wnt pathway 25
Seven different pathways 5
Deactivated pathways
p38 pathway -3,561
RANKL pathway -1,897
Epo pathway -1,713
PRL pathway —-633
BMP2 — p38a -519
TAK1 — ATF-2 —287
EGF — PAK1 -185
Apo2L pathway —-159
RANKL — MITF -130
Epo — ERK1 —88
TGFB pathway —74
ZAP-70 — c-Jun -50
Two different pathways —-40
Five different pathways —33
Three different pathways —-25
25 different pathways —-14
197 different pathways -4

2 The outlier.

indicates that low LET IR does not produce a serious disturb-
ance in the pathway domain in U-1810 cells at the 4-h time
point examined. Importantly when comparing high LET- ver-
sus low LET-irradiated NSCLC U-1810 cells, the JNK pathway
was again a positive outlier (p = 6-:107°) in four of four anal-
yses (Fig. 4C). Also the Fas pathway was significantly acti-

Deactivation Activation
+ +
-30 +30
200,
B w»
=
28 150
g £ JNK pathway
(1]
== 100
50
+
40-—.—‘ - +
-10000 -5000 0 5000 10000 1500 20000 25000 30000
/\ Score

Fic. 3. Spread in AS of regulated pathways in response to high
LET IR versus low LET IR in U-1810 cells. Using the data from Table
I, the numbers of differentially regulated pathways from high versus
low LET-irradiated cells are plotted against their corresponding AS.
Each dot in the graph represents a specific AS, and when AS ap-
proaches zero several pathways share the same AS, and therefore a
dot could represent one or several pathways (see Table I). One
procedure to identify significantly (de)activated pathways was to find
the pathways that have a delta score that is so large that it is
considered an outlier in the data set in point. Pathways are consid-
ered as outliers if the pathway has a delta score >|3a{, which in the
exemplified data set corresponds only to the JNK pathway (delta
score, 24,897).

vated both when comparing high LET IR versus control (p =
310®) and when comparing high LET- versus low LET-irra-
diated cells (p = 3-10®), classified as an outlier or appearing
as a top 3 ranked pathway in three of the four pairwise
analyses (Fig. 4C). In addition, the p38 pathway was signifi-
cantly deactivated (p = 0.001) when comparing high LET IR
versus control cells (Fig. 4A). The interferon y/STAT1« path-
way, the RANKL pathway, and the Epo pathway were also
predicted to be significantly deactivated (Fig. 4, A and C) but
were not considered further in this study. Pathways that ap-
peared as outliers or as the top three less than three times but
more than zero are also presented in Fig. 4, but they were not
considered significantly regulated.

In Vitro Validation of JNK Pathway Activation in U-1810
Cells after High LET IR—We have previously reported that
defective activation of JNK in NSCLC may contribute to
impaired apoptotic response to low LET IR (6). Given this
and the fact that predictions from the pathway analysis
identified the JNK pathway as a key event in high LET
IR-induced cellular signaling, we aimed to validate the acti-
vation and function of JNK in high LET IR-induced proapo-
ptotic signaling. As a start we examined whether an increased
phosphorylation of JNK, indicative of activation, is observed
in response to high LET IR in these NSCLC U-1810 cells. At
4 h post-IR with high LET particles (absorbed dose, 4 Gy), an
activation of JNK could be confirmed by immunofluorescence
analysis (Fig. 5A, left). We also examined JNK activation over
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Fic. 4. Summary of the four analyses for each pairwise comparison, showing significant outliers and top three ranked deactivated/

activated pathways. Using PSE, pathways could be identified as significantly (*) (de)activated by fulfilling one of two requirements or both of
them. The most apparent identification of a (de)activated pathway is when the pathway is classified as an outlier in at least three of the four
analyses (upper panel). A pathway that was not classified as an outlier could still be identified as significantly (de)activated by a more sensitive
method, i.e. if it was ranked as top 3 according to AS in at least three of the four analyses (lower panel). The most significant (de)activated
pathways are found in both upper and lower panels. The requirements for a significant (de)activated pathway were fulfilled for the JNK pathway
(o = 2:1079), the Fas pathway (p = 3-10~°), and the p38 pathway (o = 0.001) when comparing high LET-irradiated versus control cells (A) and
for the JNK pathway (p = 6-107°) and the Fas pathway (p = 3-107°) when comparing high LET- versus low LET-irradiated cells (C). When
comparing low LET-irradiated versus control cells no significantly (de)activated pathways were identified (B). Nr., number; LPS, lipopolysac-

charide; IFN, interferon; EGF, epidermal growth factor; PRL, prolactin.

time (1, 4, and 16 h) in response to high LET IR using an
ELISA-based assay, and a 2-fold increase in phosphorylated
JNK was observed at 1 and 4 h compared with control cells
(Fig. 5A, right). To compare the effect of low LET IR versus
high LET IR another time course study (2, 4, and 24 h) was
performed using classic Western blot analysis. With respect
to JNK, we observed a clear activation of both JNK1 and
JNK2 at 2 h in response to high but not low LET IR. However,
the most prominent activation of JNK was detected at 24 h
where a strong activation of JNK2 was observed in response
to high but not low LET IR (Fig. 5B, left). Moreover the band
intensities from the JNK Western blot were quantified. A
graph showing variations of the total phosphorylation status
(PJNK1 and pJdNK2) of JNK (after normalization to loading

control and to total JNK1 and JNK2 expression) over time in
cells treated with low and high LET IR, respectively, is shown
in Fig. 5B, right.

To further validate the activation of the JNK pathway, we
also checked activation of MKK4 and MKK7, which are
upstream of JNK itself in the JNK pathway. Thus, MKK4 and
MKK7 were suggested from the pathway analysis as poten-
tial important players of this pathway (supplemental Fig.
S3). Interestingly our data showed no changes in activation
of MKK7 (data not shown), but in contrast, MKK4 was
strongly activated at 4 h in response to high but not to low
LET IR (Fig. 5C).

In addition, we validated activation of the ¢ isoform and the
expression turnover of the o isoform of the scaffold protein
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Fic. 5. High LET IR activates JNK, which in turn is required for
induction of apoptosis in U-1810 cells. A, /eft, U-1810 cells were
irradiated with 4 Gy of high LET IR and after 4 h were stained with
antibody specific for phosphorylated JNK1/2. The nucleus of the cells
is visualized by blue fluorescence (DAPI), and phosphorylated JNK is
visualized by green fluorescence (FITC). Right, activation of JNK was
assessed at the indicated time points after high LET IR (4 Gy) using
phosphospecific activity-related antibodies to JNK in a 96-well
ELISA-based assay. -Fold increase in phospho-JNK-associated sig-
nal in irradiated cells compared with control was examined after
correction for the number of cells and the level of total JNK in each
sample. Data shown are the mean (+S.D.) of three independent
experiments with duplicate samples. B, left, Western blots showing
levels of total expression of JNK1 and JNK2 as well as phosphoryl-
ated JNK1 and phosphorylated JNK2 in response to low LET and high
LET IR, respectively, at the indicated time points. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) is used as loading control. Left,
the graph shows quantified data from the Western blot in the right
panel. Total phosphorylation of JNK (pJNK1 and pJNK2) and total
protein expression of JNK (Tot JNK1 and Tot JNK2) were both nor-
malized to loading control (glyceraldehyde-3-phosphate dehydrogen-
ase). Next corrected total phosphorylated JNK was normalized to
corrected total JNK protein expression. Untreated cells were used as
control (C), and the curves illustrate the -fold change to control
distributed over time of total phosphorylated JNK in response to low

14-3-3; they also were suggested as candidate players in the
JNK pathway (supplemental Fig. S3). However, with respect
to 14-3-3{, no change in activation (phosphorylation) was
detected (data not shown).

With regard to 14-3-30, its expression level is reported to
be elevated in tumors, and this isoform is thereby suggested
as a tumor marker. Because 14-3-3¢ is reported to be over-
expressed specifically in NSCLC it is a potential drug target
for this form of cancer in particular (27). The o isoform of
14-3-3 is not reported to be phosphorylated in the literature;
thus, in this case the validation was focused on the expres-
sion turnover. As expected, we found that 14-3-30 was
strongly expressed in our NSCLC cell model system; how-
ever, at the 4-h time point postirradiation with high LET IR it
was clear that the protein level of 14-3-3¢ was significantly
decreased (Fig. 5C).

Inhibition of JNK Blocks High LET IR-induced Apoptotic
Signaling in U-1810 Cells—To examine the importance of
JNK-mediated signaling for proapoptotic response to high
LET IR, U-1810 cells were pretreated with the JNK inhibitor
SP600125 prior to IR. The JNK inhibitor was able to effi-
ciently block apoptosis induced by high LET IR (Fig. 5D).
Thus the amount of apoptotic cells when combining high
LET IR and SP600125 was almost the same as that seen for
SP600125 alone (Fig. 5D, left). Importantly SP600125 was
also found to block high LET IR-induced caspase-3 activity
(Fig. 5D, right). In conclusion, we for the first time show that
apoptotic signaling in response to high LET IR involves JNK
activation.

High LET IR Deactivate p38 in U-1810 Cells—Given the
reported dissimilar roles of p38 with respect to DNA damage-
induced apoptotic signaling and the fact that PSE pathway
analyses indicated that the p38 pathway was deactivated
when comparing high LET IR versus control cells, we also
analyzed the function of p38 in response to high LET IR. In
agreement with the PSE prediction, analysis of p38 activity at
4 and 16 h post-high LET IR revealed a reduction in activity to
approximately half (Fig. 6A). Accordingly blocking p38 activity
by SB203850 in U-1810 cells prior to IR neither inhibited high
LET IR-induced apoptotic propensity (Fig. 6B) nor affected
high LET IR-induced caspase-3 activity (Fig. 6C). Rather
SB203850 somewhat increased high LET IR-induced apopto-
tic morphology (Fig. 6B). These results indicate that JNK and

LET and high LET IR, respectively. C, Western blots showing levels of
total expression of 14-3-30 and MKK4 as well as phosphorylated MKK4
in response to low LET (8 Gy) and high LET IR (4 Gy), respectively, at the
indicated time points. Glyceraldehyde-3-phosphate dehydrogenase is
used as loading control. D, U-1810 cells were irradiated with high LET
IR (4 Gy) in the presence or absence of SP600125 (10 um). At 44 h
post-treatment, apoptosis was assessed either as inhibition of apopto-
tic morphology of the cell nuclei (leff) or as inhibition of caspase-3
(Casp.3) activity assessed as cleavage of cytokeratin 18 (M30 signal)
(right). The data shown are the mean (+S.D.) of three independent
experiments with duplicate samples. Error bars refer to =S.D.
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FiG. 6. Activation of p38 is dispensable for induction of apopto-
sis after high LET IR in U-1810 cells. Activation of p38 was as-
sessed at the indicated time points after high LET IR (4 Gy) using
phosphospecific antibodies to p38 in a 96-well ELISA-based assay.
-Fold increase in phospho-p38-associated fluorescence in irradiated
cells compared with control after correction for the number of cells and
amount of total p38 is presented (A). U-1810 cells were irradiated with
accelerated nitrogen ions in the presence or absence of SB203850 (10
uMm). At 44 h post-treatment, apoptosis was assessed either as inhibition
of apoptotic morphology of the cell nuclei (B) or as inhibition of
caspase-3 activity assessed as cleavage of cytokeratin 18 (M30 signal)
(C). The data shown are the mean (+S.D.) of three independent exper-
iments with duplicate samples. Error bar refers to = S.D.

p38 have opposite roles in high LET IR-induced apoptotic
signaling in U-1810 cells.

DISCUSSION

Accelerated ions conferring high LET IR are known to have
a higher relative biological effect compared with conventional
IR, i.e. low LET. In NSCLC cases that showed resistance to
conventional low LET radiotherapy, high LET IR (accelerated
ions) have demonstrated promising clinical results (8, 10). In
this setting, the identification of specific biomarkers would be
of high clinical impact. In fact, the selection of patients for
therapy with high LET IR could be based on the evaluation of

biomarkers of resistance to conventional radiotherapy and
sensitivity to high LET IR. In addition monitoring the expres-
sion of IR-induced downstream effectors could be of impor-
tance for early prediction of patients’ response to treatment.
Furthermore key molecules could be targeted to sensitize
NSCLC cells to conventional low LET IR. In the search for
such biomarkers, identification of signaling pathways opera-
tive after IR with high LET as opposed to low LET IR is highly
relevant.

In this study an NSCLC cell line sensitive to high and
resistant to low LET IR was used. We have previously found
defective mitochondrial activation in response to low LET IR in
this cell line, also reflected by reduced caspase-3 activation
(6). As shown in Fig. 1, it is clear that high LET IR more
efficiently induces both caspase-3 activation and apoptotic
morphology in these cells compared with low LET IR. This
indicates that our model system suits the purpose of using it
for revealing signaling pathways of importance for high LET
IR-induced apoptosis. For analyses of signal transduction
events triggered by high and low LET IR we used PSE, a novel
search engine, the basis of which is an unsupervised algo-
rithm that compares extensive sets of proteomics data to
predict signaling status in cells. When using this strategy to
compare high and low LET-irradiated U-1810 cells, several
signal transduction pathways were identified as differentially
regulated (Table I, Fig. 3, and supplemental Tables S7-S18).
After repeatedly analyzing the pathway status in response to
high LET IR in this cell system, JNK- and Fas-mediated signal
transduction pathways were consistently identified as the
most striking alterations, a finding that was not seen in re-
sponse to low LET IR (Fig. 4, A-C). Moreover the p38 pathway
was significantly deactivated when comparing high LET IR
with control cells (Fig. 4A).

Undoubtedly there are large advantages and potential in
using global and unsupervised methods to get a fast and
holistic understanding of critical signaling events. However, it
is important to be aware that the PSE predictions rely on the
information stored in the database. If the database is incom-
plete, there is a risk of generating invalid hypotheses. This
emphasizes the importance of validation of PSE predictions
and encourages that both traditional hypothesis-driven re-
search and the hypothesis-generating approach described
here should be used in parallel to accomplish fast and reliable
medical development.

The JNK pathway is one of the most well characterized
pathways within cells. In addition, databases that work with
public domain annotated data will more often report highly
annotated pathways simply because more information about
them is available. Hence the chance that the JNK pathway will
be reported as affected with PSE-mediated pathway analysis
could be considered high. Importantly in our comparison of
the pathways differentially regulated between low LET-irradi-
ated U-1810 cells and untreated, PSE did not report the JNK
pathway as activated in the low LET-irradiated sample (Fig.
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Fic. 7. A simplified hypothetical illustration of signaling in response to low and high LET IR in U-1810 cells. The NSCLC cell line U-1810
can resist apoptosis when treated with low LET IR. However, in response to high LET IR, these cells start a proapoptotic signaling through an
early activation of JNK. Left, a hypothetical explanation is that high LET IR causes a decrease of 14-3-3 and possibly phosphorylation of c-Abl
by JNK (/). As a consequence, c-Abl cannot form a complex with 14-3-3 (/) and is allowed to translocate to the nucleus (///) where it is activated
by IR-induced DNA damage that in turn through activation of MKK4 mediates a late JNK activation (/V). This subsequently leads to activation
of various proapoptotic signaling molecules and activation of mitochondria resulting in an apoptotic cell death. JNK may also phosphorylate
the transcriptional factor c-Jun, which can increase expression of Fas ligand (V) and thereby activate non-mitochondria-mediated apoptotic
signaling (V/). High LET IR also deactivates p38 that in turn inhibits the IGF-1R-mediated survival signaling in these NSCLC cells (V). Right,
in contrast, low LET IR can neither activate JNK-mediated apoptotic signaling (Vi) nor inhibit p38-mediated survival signaling via the
IGF-1R/phosphatidylinositol 3-kinase (PI3K)/Akt pathway (/X). As a result, U-1810 cells can resist low LET IR-induced apoptotic cell death. Fas

R, Fas receptor; cyt. ¢, cytochrome c. FOX, Forkhead box.

4B). This indicates that the JNK pathway was not randomly
identified. Moreover the robustness of the predictions is high-
lighted by the fact that the pathway analysis consistently
generated similar results although different solvent gradients
were used for the LC runs and despite the fact that there was
a 3-month time lag between the two experiments (Fig. 4).

It should be stressed that the PSE analysis is based on
pathway information assembled from thousands of published
sources. None of these sources has reported JNK activation
in response to high LET IR, which was an original finding of
this work. Moreover PSE was ignorant of the experimental
specifics. Therefore, the JNK activation prediction was based
on objective proteomics data and not on a priori knowledge of
the processes considered. At no point was the PSE aware of
the plausible involvement of apoptosis, cancer treatment,
DNA damage, or any other information that could have trig-
gered the output. This indicates that it is possible to use large
sets of global proteomics data in combination with previous
knowledge stored in the database to create a plausible sug-
gestion of the pathway status in cells even in the absence of
other a priori information. However, as always, in silico-based
findings need to be validated. In accordance, because PSE is
mostly a hypothesis-generating tool, it was crucial that we
could validate its predictions and confirm that high LET IR
activated signaling through the JNK pathway in U-1810 cells
(Fig. 5).

The presented data strongly indicate a role of JNK signaling
for efficient induction of apoptosis after high LET IR because

pharmacological inhibition of JNK inhibited DNA fragmenta-
tion as well as caspase-3 activation in this cell system (Fig.
5D). Because we have shown that the sensitivity of NSCLC
cells to low LET IR is linked to whether or not the JNK pathway
is activated (6), the fact that we found activation of the JNK
pathway by high LET IR is of considerable interest. This
suggests that in response to high LET IR, NSCLC cells may
circumvent the resistance to apoptotic cell death seen in the
case of low LET IR by being capable of activating the JNK
pathway in a proper way.

It is interesting to consider which upstream signaling events
might be implicated in JNK activation after high LET IR. As we
did see an activation of MKK4 (Fig. 5C) but not MKK7 (data
not shown) at 4 h post-high LET IR our data indicate that
MKK4 might be involved in the activation of JNK at 24 h but
not be responsible for the observed early JNK activation i.e. at
2 h (Fig. 5B). Further upstream of MKK4 activation one may
speculate that the non-receptor tyrosine kinase c-Abl is in-
volved as it has been shown to activate MKK4 and subse-
quently JNK via MEKK1-mediated signaling after low LET IR
as well as other DNA-damaging treatments (28-31). It was
recently shown that an early initial JNK activation is required
to trigger release of c-Abl from the adaptor protein 14-3-3 and
localization of c-Abl within the cell nuclei and subsequently
allow c-Abl and late JNK activation (32-34). Given the fact that
we did see a reduction in 14-3-3¢ in U-1810 cells after high
LET IR (Fig. 5C) and because 14-3-3 proteins are known to
form cytoplasmic complexes with c-Abl, one might hypothe-
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size that high LET but not low LET IR is capable of causing
redistribution of c-Abl to the nucleus and that c-Abl is respon-
sible for the observed late activation of JNK in this system.
Therefore, further analyses of c-Abl in response to high LET IR
would indeed be an interesting future research approach.

The PSE analysis also suggested that the Fas pathway is
activated in response to high but not low LET IR (Fig. 4C).
Given that we and others have previously shown that a Fas-
caspase-8-mediated pathway is not of importance for low
LET IR (3, 35, 36), one may also speculate that a non-mito-
chondria-mediated pathway involving Fas is responsible for
the higher efficiency of high LET IR-induced apoptotic signal-
ing. Interestingly the JNK and Fas pathways have proven
connections and work in concert. Thus, JNK activates c-Jun
through phosphorylation, which in turn acts as a transcrip-
tional regulator of Fas and subsequent activation of the Fas
pathway (37, 38). Yet another route to increased Fas activity is
mediated via inhibition of the phosphatidylinositol 3-kinase/
Akt pathway, which subsequently can activate the FKHR-L1/
FOXOB3A transcription factor and trigger expression of Fas
(89). Given that we previously showed that low LET IR effi-
ciency can be increased by blocking phosphatidylinositol
3-kinase/Akt signaling either indirectly via IGF-1R (40) or pro-
tein kinase C blockade or directly via LY-294002 (40-42), one
may speculate that high LET IR in contrast to low LET IR may
cause inhibition of the phosphatidylinositol 3-kinase/Akt path-
way in U-1810 cells and in this way regulate the function of
Fas signaling.

The SAPK p38 has at least in part been associated with
apoptotic signaling after DNA damage (6, 18, 43, 44). How-
ever, we could not in response to high LET IR predict any
increased activation of the p38 pathway when determining the
pathway status (Fig. 4). In accordance, no activation of p38
could be detected in vitro after high LET IR (Fig. 6A). In
addition, when inhibiting p38 pharmacologically before high
LET IR, decreased apoptosis was not observed (Fig. 6, B and
C). This suggests that induction of p38 is not an absolute
requirement for high LET IR-induced apoptotic signaling. We
have previously shown that p38, rather than being a proapo-
ptotic kinase in response to low LET IR, is involved in an
IGF-1R-mediated prosurvival signal in this NSCLC cell line
(40). Thus one may speculate that the observed down-regu-
lation of p38 after high LET IR (Fig. 4A and Fig. 6A) reflects a
blockade of an IGF-1 R-mediated survival signaling. In con-
trast, p38 was recently implicated in low LET IR-induced
proapoptotic signaling involving Bak and Bax (20) pointing to
its dual function in signaling in response to IR in NSCLC cells.
A hypothetical illustration reflecting the differences in cellular
response between low LET and high LET IR in U-1810 cells as
discussed above is presented in Fig. 7.

When considering approaches focused on finding biomar-
kers of IR sensitivity or resistance, one may suppose that one
or a few molecules may be critical for radiosensitivity or,
alternatively, that one or several protein networks together

contribute to a radiosensitive phenotype. This also has an
implication on development of therapeutic strategies. De-
pending on the ultimate result of such analyses one or several
regulated pathways may have to be targeted. This promotes
the concept of multipathway targeting in analogy with using
either specific or multitargeted tyrosine kinase inhibitors in
cancer therapy (45, 46). Similarly it will be important to under-
stand whether activation of the JNK and Fas pathways will be
the optimal way to sensitize tumors to low LET IR. The JNK
pathway consists of a large network of molecules, and the
critical parts of this network may be the known activators and
substrates for JNK discussed above but might as well consist
of molecules or networks of molecules that are not yet well
characterized. The PSE may here, by coupling back to the
large set of input molecules from the proteomics analysis,
play a very important role. By revealing a selection of relations
between proteins, PSE can enable the findings of key mole-
cules and networks containing possible targets to circumvent
resistance and thereby provide a rich resource for future
follow-up studies. The information generated in these kinds of
analyses will most probably be a requirement for the devel-
opment of future cancer therapy.
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