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ABSTRACT DNA damage response. nRAGE preferentially co-
localized with the MRE11 nuclease subunit of the
MRN complex and orchestrates its nucleolytic ac-
tivity to the ATR kinase signaling. This promotes
efficient RPA254S8 and CHK1%34% phosphorylation
and thereby prevents cellular senescence, IPF and
carcinoma formation. Accordingly, loss of RAGE
causatively linked to perpetual DSBs signaling, cellu-
lar senescence and fibrosis. Importantly, in a mouse
model of idiopathic pulmonary fibrosis (RAGE~/"),
reconstitution of RAGE efficiently restored DSB-
repair and reversed pathological anomalies. Col-
lectively, this study identifies nRAGE as a master
regulator of DSB-repair, the absence of which or-
chestrates persistent DSB signaling to senescence,
tissue-fibrosis and oncogenesis.

The integrity of genome is a prerequisite for healthy
life. Indeed, defects in DNA repair have been as-
sociated with several human diseases, including
tissue-fibrosis, neurodegeneration and cancer. De-
spite decades of extensive research, the spatio-
mechanical processes of double-strand break (DSB)-
repair, especially the auxiliary factor(s) that can
stimulate accurate and timely repair, have remained
elusive. Here, we report an ATM-kinase depen-
dent, unforeseen function of the nuclear isoform of
the Receptor for Advanced Glycation End-products
(nRAGE) in DSB-repair. RAGE is phosphorylated
at Serine®’® and Serine®®® by the ATM kinase and
is recruited to the site of DNA-DSBs via an early
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INTRODUCTION

Every cell of the human body encounters tens to thousands
of DNA damages every day (1,2), of which DNA-DSBs are
the most cytotoxic form of DNA lesions. These lesions, if
left unrepaired, lead to various disorders such as cancer,
neurodegeneration, fibrosis and immunodeficiency (1,3,4).
Normally, cells respond to these breaks by a complex se-
ries of events commonly known as the DNA damage re-
sponse (DDR) which detect, signal and repair DSB by ei-
ther an error-free homologous recombination repair (HRR)
pathway or error-prone non-homologous end joining re-
pair (NHEJ) pathway (5). DSBs lead to the activation of
the ATM kinase, which then phosphorylates several down-
stream targets including the histone variant H2AX and the
effector kinase CHK?2 (6). Thus, on-demand orchestration
of temporal and spatial repair signaling plays an important
role in preserving the genetic integrity. Impairment of DNA
repair, leading to an accumulation of DNA-DSBs can result
in some of the most devastating diseases of the western so-
ciety, including neurodegeneration, pulmonary fibrosis and
cancer.

Homologous recombination repair requires extensive
nucleolytic processing of broken DNA ends, commonly
known as end-resection (7,8). This repair step generates
ssDNA tails (which play an important role for homology
search) and is concerted through the action of MRE11 and
its associated nucleases, which form a part of the DNA
damage sensor complex MRN (MRE11-Rad50-Nbsl1) (9).
MREI11 possess exo- as well as endonuclease activities, but
recombination repair predominantly relies upon MRE!11
endonuclease activity (10). However, MREI11 shows exclu-
sively exonuclease activity on a paired dsDNA, until pro-
vided with artificial looped or both end-blocked dsDNA
templates (10,11). Hence, one of the most important steps
in the mechanisms of DNA repair has yet to be fully under-
stood and therefore requires further investigation (12). In
the absence of timely repair, persistent DNA damage asso-
ciated signaling prevails, which drives cells towards an irre-
versible senescence-associated secretory phenotype (SASP)
(13,14), marked by abundant secretion of paracrine active
molecules such as IL-6 and IL-8. These cytokines then ini-
tiate a traditional inflammatory response (14-16), leading
to fibrosis and promotion of oncogenesis.

Persistent DNA damage associated SASP depletes tissue
reserves of the stem and progenitor cells, thereby limiting
tissue regeneration (17). In addition, an altered paracrine
signaling (hallmarked by IL-6, 1L-8, IL-la and IL-1pB),
leads to the development of permanent fibrotic scars and
carcinomas in the affected tissue (18,19). Among all the or-
gans of the body, the lung is profusely exposed to high O,
tension as well as reactive oxygen species (ROS), and thus
always in need of an efficient DNA-repair system to combat
the consequences of increased ROS.

The receptor for advanced glycation end-products
(RAGE) is a multi-ligand receptor which can bind to
various ligands such as advanced glycation end-products
(AGEs), originated from oxidative modifications of cellular
biomolecules, S100 protein family members, glycosamino-
glycans, amyloid B-peptides, high-mobility group box-1
(HMGBI1) and nucleic acids (20). The RAGE-ligand

interaction leads to the activation of MAP kinase signaling
pathway. Further ligand-induced up-regulation of RAGE
is also known in various patho-physiological situations
including late diabetic complications, Alzheimer disease
and several other neurodegenerative diseases (21,22).
Within the lungs, the pattern recognition receptor RAGE
is the fifth-most abundant protein and, more importantly,
nuclear accumulation of this receptor has been observed in
different tissues and several diseases associated with loss
of genomic integrity (23-25). Others have reported that
pattern recognition receptors are involved in DNA repair
(26-28). This suggests that within the nucleus RAGE might
not serve as a cell surface pattern recognition receptor for
AGE:s, S100-proteins, amyloid-B-peptides and others (29).
Therefore, RAGE in the nucleus might function differently
from that of surface RAGE. The physiological relevance
of RAGE in the nucleus is hitherto unknown. Similar
to ATM deficient murine models of ataxia telangiectasia
(30,31) or persistent DSB signaling models (32-35), loss
of RAGE affects pulmonary repair mechanisms resulting
in pulmonary fibrosis (29,36,37) and other defective DNA
DSB repair associated anomalies. Thus, the study of the
physiological role of RAGE in the nucleus might help to
understand not only steps critical for DNA repair, but also
to unravel the connection between DNA repair, senescence
and fibrosis.

In this study, we demonstrate that RAGE is recruited to
the site of DNA damage via an ATM signaling cascade and
there it modulates the nucleolytic activity of the MRE11 nu-
clease for long range end-resection, orchestrates timely reg-
ulation of ATM to ATR switch for efficient DNA-repair.
By doing so, ATM-phosphorylated nuclear RAGE prevents
cellular senescence, inflammation, pulmonary fibrosis and
cancer. Collectively, our study provides novel mechanistic
insights into DNA end-resection and identifies RAGE as a
homeostatic regulator of DNA-DSB repair.

MATERIALS AND METHODS

Details on plasmid construction and antibodies used, DNA
damage treatment, immunofluorescence staining, immuno-
precipitation, cell culture, whole body irradiation, prolifer-
ation assay, FACS, Comet assay, expression of recombinant
proteins, Ni-NTA pull down assay, virus production and in-
formation on oligo(s) used in this study are described in sup-
plementary methods.

Mouse models

All the experimental procedures were carried out in two
different mouse strains: The wild type (WT) and RAGE
knock out (RAGE~/7). WT mice (C57BL6) were obtained
from Charles River, Boston USA. RAGE~/~ mice were cre-
ated by us in light of a SVEV129 and backcrossed more
than ten times with C57BL6 mice (38). The procedure
of the experiments was approved by the animal care and
use committees at the Regierungssprésidium Tiibingen and
Karlsruhe, Germany (35-9185.81/G-90/0435-9185.81/G-
182/08, renal reperfusion injury: Animal permit number:
G-16/10, brain reperfusion injury: animal permit number:
Az.222-2013).



Purification of ultrapure tissue organelles

The tissue fractionation was performed as described (39).
Briefly, lung tissue was rinsed twice in ice cold phosphate-
buffered saline (PBS) and homogenized in ice-cold lysis
buffer 250 STM DPS containing 250 mM sucrose, 50 mM
Tris-HCI (pH 7.4), 5 mM MgCl,, | mM DTT, 25 pg/ml
Spermine, 25 wg/ml Spermidine, | mM PMSF and EDTA
free complete protease inhibitor cocktail (Roche) using a
tight fitting Teflon pestle. The lysate was centrifuged in a
bench-top centrifuge at 800 g for 15 min; the supernatant
served as source for cytosol, mitochondria and microsomes.
The soluble mitochondrial proteins were extracted using ice
cold hypotonic HDP buffer (10 mM HEPES (pH 7.9), 1
mM DTT, 1 mM PMSF and other protease inhibitors for 30
min on ice, briefly sonicated and the debris pelleted at 13 000
rpm for 30 min. Membrane bound mitochondrial proteins
and microsomal proteins were extracted using ME buffer
(20 mM Tris—HCI (pH 7.8), 0.4M NaCl, 15% glycerol, ImM
DTT, 1.5% Triton X-100, ] mM PMSF and other protease
inhibitors for 30 min on ice, briefly sonicated and the debris
pelleted at 13 000 rpm for 30 min. The pellet, which con-
tains the nuclei was re-homogenized in lysis buffer and cen-
trifuged as above. The nuclei were resuspended in 2 M STM-
DPS buffer (2 M sucrose, 50 mM Tris-HCI (pH 7.4), 5 mM
MgCl,, 1 mM DTT 25 pg/ml Spermine, 25 pwg/ml Sper-
midine, ] mM PMSF and EDTA free complete protease
inhibitor cocktail (Roche)) and pelleted by ultracentrifuga-
tion at 80 000 g in a SW40Ti (Beckman) for 45 min. Mi-
tochondria were isolated from the crude cytoplasmic frac-
tion by bench-top centrifugation at 6000g for 15 min. The
mitochondrial pellet was washed and pelleted twice in lysis
buffer. The cytosolic fraction was obtained after removal of
the microsomal fraction by ultracentrifugation at 100 000g
in a SW60Ti1 (Beckman) for 1 h. Nuclear proteins were ex-
tracted by re-suspending the isolated nuclei in five volumes
of 20 mM HEPES (pH 7.9), 1.5 mM MgCl,, 0.42 M NaCl,
0.2 mM EDTA, 0.1% Triton X-100 and 25% glycerol for
30 min with gentle shaking at 4°C. The nuclei were lysed
by 10 passages through an 18-gauge needle and debris was
removed by centrifugation at 13 000 rpm. The supernatant
served as nuclear fraction. Mitochondrial proteins were iso-
lated by incubating the mitochondria in a hypotonic lysis
buffer (10 mM HEPES, pH 7.9) for 30 min on ice, briefly
sonicated and debris pelleted at 13 000 rpm for 30 min.

Trichrome Masson and senescence staining

Staining was performed on lung sections after deparaffiniz-
ing them in xylol and rehydrating them through a series
of 100% ethanol, 95% ethanol, 70% ethanol then washed
extensively with water and then incubated with Weigert’s
iron hematoxylin solution for 10 min and then, washed ex-
tensively with distilled water and incubated with Biebrich
scarlet-acid fuchsin solution for 10-15 min. After incuba-
tion the slides were washed extensively and differentiated in
phosphomolybdic-phosphotungstic acid solution for 10-15
min and transfer them to aniline blue solution and stain for
5-10 min. Rinse briefly in distilled water and differentiate
in 1% acetic acid solution for 2-5 min. After this step slides
were washed again with distilled water and dehydrated im-
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mediately with 95% ethyl alcohol, absolute ethyl alcohol
and n-xylene. The slides were then mounted and analyzed.

For detection of SA-B-gal-positive cells in lungs, cryo-
sections of indicated lungs were made and fixed with 2%
formaldehyde/0.2% glutaraldehyde/PBS for 5 min. Slides
were then washed and incubated with 5-bromo-4-chloro-3-
inolyl-B-d-galactoside in dimethylformamide (20 mg/ml),
40 mM sodium phosphate (pH 6.0), 5 mM potassium ferro-
cyanide, 5 mM potassium ferricyanide, 150 mM NaCl and
2 mM MgCl, and incubated at 37°C for 24 h. After incuba-
tion, cells/sections were washed with PBS, counter stained
with eosin, mounted and imaged using an Olympus inverted
microscope.

Laser micro-irradiation

Primary cells were plated on glass-bottom dishes (IBIDI
p-wells) and were pre-sensitized with 10 wM 5-bromo-
2'-deoxyuridine (BrdU, Sigma-Aldrich) in phenol red-
free medium (Gibco) for 24 h at 37°C. Micro-irradiation
was performed with a FluoView1200 confocal microscope
(Olympus Europa GmbH) equipped with an incubator
(EMBL Heidelberg) heated to 37°C. A 355 nm laser (JDS
Uniphase PNV-001525-0 x 0; max pulse energy 30 wJ, pulse
width <500 ps) coupled in to the second scanner SIM port
focused diffraction-limited through a 63x/1.35 oil objec-
tive to yield a line of 0.25-0.5w across the nucleus. Expo-
sure time of the micro-irradiation was 0.5 s per cell. About
60 min after the micro-irradiation treatment, cells were pre-
extracted with CSK buffer and fixed with 4% paraformalde-
hyde for 10 min at 4°C.

Reperfusion injury

Brain. As previously described (40), mice were
anesthetized with volatile anesthesia (isoflurane in
30%0,/70%N,0) and placed in lateral position. Af-
ter a skin incision between eye and ear, the temporal
muscle was removed and the MCA identified. Then, a
burr hole was drilled over the MCA and the dura mater
was removed. The MCA was permanently occluded using
bipolar electrocoagulation forceps. Permanent occlusion of
the MCA was visually verified before suturing the wound.
During the surgery, body temperature was maintained
using a feedback-controlled heating pad.

Renal.  Renal ischemia/reperfusion injury was induced as
described previously (41). In WT (C57BL/6; 9-10 weeks)
mice, both renal arteries were clamped for 30 min un-
der general anesthesia inhalation anesthesia with isoflu-
rane (Baxter, Deerfield, USA). Mice received a subcuta-
neous injection of 0.01mg/100g Buprenorphine (Temgesic,
RB Pharmaceuticals, Berkshire, UK). Mice were sacrificed
two days after I/R. Sham mice underwent the same proce-
dure without clamping of the renal arteries.

Electrophoretic mobility shift assay

DNA RAGE or RAGE-MREI!I interaction was studied
by using recombinant RAGE (and MRE11) was incubated
with the labeled DNA probe, A 64 base pair probe gen-
erated by annealing two or more single stranded DNA
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oligonucleotides at 95°C and allowing them to cool slowly
to room temperature. For sequence details refer Supplemen-
tary Table S4 under oligo names RAGE EM-F and RAGE
EM-R.

For EMSA reactions recombinant RAGE alone or in
combination with MRE11 was mixed in a 20 pl reaction
with 4045 ng of probe, 0.1 mg/ml BSA and EMSA Buffer
(10 mM Tris—CI pH 7.4, 50 mM KCI, 0.5 mM MgCl,, 0.1
mM EDTA, 5% glycerol) for 30 min at 25°C. Reactions were
then loaded onto a pre-electrophoresed 6% acrylamide/bis
(37.5:1) gel in 0.5x TBE and run at 100 V at 4°C. The gels
were dried and analyzed by exposing them to photographic
film.

In vitro nuclease or resectioning assay

The ©X174 circular single-stranded virion DNA substrate
(5.3 kb, New England Biolabs), was mixed with MRN or
MREI11 together with BSA or RAGE in a nuclease reac-
tion buffer (25 mM Tris—CI (pH 7.5), 1 mM dithiothreitol,
I mM ATP, 40 mM KCI, 10 mM NaCland 5 mM of MgCl,,
2.5 mM MnCl,). After incubation for 3 h at 37°C, nuclease
reactions were terminated by adding 1/10 volume of stop
solution (3% SDS, 50 mM EDTA) and samples were run in
a 0.8% agarose gel (1X-TAE) for 90 min at 100 mA. DNA
species were stained with ethidium bromide (Promega) for
20 min and visualized by the gel dock system (Biometra).

In vitro kinase assays

In vitro kinase assays for ATM kinase were performed in 20
wl reaction volume with 1x kinase buffer (10 mM HEPES,
pH 7.5, 50 mM glycerophosphate, 50 mM NaCl, 10 mM
MgClp, 10 mM MnCl,, 5 uM unlabeled ATP, 1 mM DTT
and 5uCi y-P*? ATP). To preserve the active form of ATM
kinase, 0.2 pg dsDNA [pUCI19 extensive sonicated DNA
to yield fragments of ~100-150 bp] was included per reac-
tion. In each reaction tube, WT or mutant RAGE was in-
cluded as substrates (1 pwg/reaction) and 1 ng of the purified
ATM kinase with or without purified MRN complex (100
ng/reaction) [both MRN complex and ATM was received
a kind gift from Prof. Tanya Paull]. The kinase reaction was
conducted at 30°C for 30 min and stopped by the addition
of 1% sodium dodecyl sulfate or by adding equal volume of
urea solution (6 M) and then the unincorporated label was
removed by TCA precipitation of the proteins. The pellet
was washed in ice cold acetone and briefly dried. The pellet
was then re-suspended in 20 wl of 1x PBS and processed
with Laemmli’s buffer. The kinase assay products were sep-
arated on 12% SDS-PAGE. The dried gel was used for Au-
toradiography.

Testing of pulmonary function

To evaluate lung mechanics, invasive lung function analy-
sis was performed as described earlier (42), In brief mice
were anesthetized with sodium pentobarbital (80 mg/kg),
tracheostomized, and placed on a small animal ventila-
tor (FlexiVent system, SCIREQ, Montreal, QC, Canada).
To prevent spontaneous breathing, mice were then para-
lyzed with pancuronium bromide (0.5 mg/kg) and venti-
lated with a tidal volume of 10 ml/kg at a frequency of

(150 breaths/min) and a positive end expiratory pressure
of 3 cm H,O to prevent alveolar collapse. Pressure-volume
curves with stepwise increasing pressure (PVs—P) were con-
secutively measured. All perturbations were performed un-
til three acceptable measurements were achieved.

RESULTS

RAGE deficiency affects genomic integrity and promotes cel-
lular senescence

RAGE is known to be abundantly expressed in lungs of
all vertebrates (43). To determine the cellular distribution
and functional relevance of RAGE in the nucleus, lung tis-
sue samples from wild-type (WT) mice were subjected to
subcellular fractionation on a sucrose gradient. Subcellular
fractionation revealed the presence of two different molec-
ular forms of RAGE located in different sub-nuclear com-
partments, where the sub-form with lower molecular weight
(~50 kDa) was predominant in the soluble nuclear frac-
tion, while the higher molecular weight (~64 kDa) form
was dominant in chromatin-associated fraction. The pu-
rity of the collected fractions was determined using specific
fraction markers such as HDAC-1 to identify the soluble
nuclear and histone H1 to identify the chromatin bound
fraction. The antibody used was specific and did not yield
a signal in RAGE~/~ lungs (Figure 1A and Supplemen-
tary Figure S1A). This was confirmed by immunofluores-
cence showing a nuclear localization of RAGE (Supplemen-
tary Figure S1B). To understand the possible role of RAGE
in the lung, the morphology of lungs from RAGE~/~
mice was analyzed. The absence of RAGE was associated
with an accumulation of fibrotic tissue (as evidenced by
Masson’s trichrome staining) and senescent lesions, as ev-
idenced by B-Gal-staining (Figure 1B). The accumulation
of these senescent lesions was also observed in other tissues
of RAGE~/~ mice (Supplementary Figure S1C). Interest-
ingly these changes were not associated with a specific cell
type of the lung, but rather ubiquitously disseminated in
a patchy pattern in all regions, encompassing all different
cell types of the lungs. In addition, lungs from RAGE~/~
mice showed a more distorted, loose pattern of alveoli and
the peri-alveolar region (Figure 1B, upper panel). Consis-
tently, these changes were also associated with a marked
reduction in pulmonary function of RAGE~/~ mice (Sup-
plementary Figure S1D). When markers of senescence as-
sociated cellular properties were studied, an increase of 1L-
6 by ~50% (Figure 1C) and an almost 3-fold increase of
vyH2AX and 53BP1 was seen, while pATM increased by
~50%. This is consistent with DNA damage associated
senescence and a senescence associated pro-inflammatory
phenotype in cells and lungs of RAGE™/~ mice (Figure 1C,
D and Supplementary Figure S2), indicating an on-going
persistent DNA damage signaling (13,14,34). The lack of
adequate and timely DNA-repair may lead to the accumula-
tion of mutations and ultimately cancer. Accordingly, long-
term survival experiments showed that RAGE~/~ mice have
indeed a higher frequency of lung carcinomas as compared
to WT controls (Figure 1E), indicating a change in the mi-
croenvironment of the lungs predisposing them to cancer.
The increase in lung cancer became evident after 25 weeks
and with increasing age, the cancer incidence rose abruptly.
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Figure 1. RAGE deficiency affects genomic integrity and promotes cellular senescence. (A) Representative immunoblots of WT murine lungs subjected to
subcellular fractionation on a sucrose gradient as described in Materials and Methods. The supernatant was analyzed for the presence of RAGE in different
fractions; particularly in nucleoplasmic, as well as the chromatin associated fraction. Here HDAC-1 or Histone-H1 antibodies were used to analyze the
purity of nucleoplasmic or chromatin associated fractions respectively. Note that all fractions shows high degree of purity. (B) Representative images of
age matched WT and affected RAGE ™/~ lung sections stained for either Masson’s Trichrome stain as described in Methods (upper panel), or senescence
associated B-galactosidase [3-Gal] as described in Methods (lower panel) and visualized by bright field and polarized light, where the accumulated ECM
or senescent areas are recognized by its blue staining (Scale 40 um). (C) Quantitative analysis of age matched WT or RAGE ™/~ lungs for persistent DNA
damage associated inflammatory marker IL-6, as determined by mean fluorescence intensity of respective genotype lungs (mean + SD, *P < 0.05, N =
5). (D) Mean percentage of DSB positive nuclei (yH2AX, 53BP1 or pATM versus DAPI) in age matched WT or RAGE~/~ lungs, as determined by
immunofluorescence analysis with the respective markers (mean percentage values are represented as = SEM, **P < 0.01, ***P < 0.001, N = 5). (E)
The frequency of lung carcinomas determined macroscopically in WT or RAGE™/~ mice are shown as age wise frequency distribution. Data from two
independent experiments with a total of 40 mice analyzed from each group. (F) Quantitative analysis of DNA damage in WT or RAGE~/~ lung fibroblasts
by comet assay (average from three independent experiments, for details see Materials and Methods). Cells were either left untreated (UT; graph bar 1) or
treated with Bleomycin (BL; 30 pg/ml for 60 min, graph bar 2). Untreated RAGE~/~ cells are depicted as dotted bar (graph bar 3). WT cells treated with
control shRNA (graph bar 4) were used as control for siRAGE treated WT fibroblasts (graph bar 5). The comet assay was done 60 h after transfection
(mean =+ SD, **P < 0.01, ***P < 0.001).
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This points towards a direct or indirect link of RAGE in
maintaining nuclear integrity, relevant for preventing pul-
monary fibrosis and cancer.

As compared to epithelial cells, pulmonary fibroblasts
are more susceptible to oxidative stress (44). Cultured pul-
monary fibroblasts display a constitutive nuclear accumu-
lation of RAGE, while A549 cells do not (Supplementary
Figure S3A). Moreover, the chromatin bound RAGE can be
stripped with DNase-I, but not with RNase-A further sug-
gesting a role of RAGE in chromatin-associated functions.
(Supplementary Figure S3B and S3C). The upper band is
the chromatin-associated band, as shown in Figure 1 A. This
band is less prominent in the nuclear soluble fraction, not
enhanced after RNase-A treatment, but becomes dominant
in the DNase-I treated nuclear soluble fraction (Supplemen-
tary Figure S3B). Similar data was obtained when un- or
pre- extracted cultured fibroblasts were stained for RAGE
before and after treatment with RNase-A or DNase-I (Sup-
plementary Figure S3C last lane, overlay). When RNase-
A was added, staining remained prominent, however after
DNase-I treatment, loss of RAGE staining in the overlay
was evident. Moreover, co-localization studies with the nu-
cleolar marker eIF6 or DAPI enriched heterochromatic re-
gions (45,46) shows that RAGE does not colocalize with the
nucleolar marker at the M- and G2-phase, but it shows a dif-
fusive nucleolar localization pattern during the S-phase of
the cell cycle. RAGE does not colocalize with heterochro-
matic foci of pulmonary fibroblasts in different stages of the
cell cycle (Supplementary Figure S3D). The specificity of
the DNA binding by RAGE was also validated using a gel
retardation assay (Supplementary Figure S3E). When the
64mer dsDNA probe (labeled at the 5'-end) was used, the
formation of a RAGE-DNA complex was observed (lane
2), which increased with increasing doses from 12.5 to 50
nM of RAGE (lanes 2-4) and was competed by excess of
cold DNA (lane 5).

Consistent with the observed DSB associated phenotype
in RAGE~/~ lungs, RAGE~/~ pulmonary fibroblasts were
also found to have a several-fold higher level of broken
DNA, as evidenced in the comet assay, as compared to WT
controls and WT cells treated with bleomycin as positive
control (Figure 1F, graph bar 1, 2 versus 3). The level of
DNA damage in the WT fibroblasts could be effectively
increased by transient knockdown of RAGE (Figure 1F,
graph bar 4 versus 5), excluding an artifact in the RAGE™/~
mice and cells. Furthermore, the RAGE~/~ fibroblasts dis-
played a slightly reduced proliferation rate (Supplementary
Figure S4A; left panel), but without much change in cell cy-
cle profile (Supplementary Figure S4A; right panel). Their
gross morphologic appearance was reminiscent of senes-
cence, as the RAGE ™/~ cells had an activated morphology
and enhanced cellular senescence as compared to passage
matched WT cells (Supplementary Figure S4B and C). This
is indicative of persistent DNA damage signaling, as well as
the absence of timely DNA repair in RAGE~/~ cells. These
findings suggest that RAGE plays an integral role in pre-
venting cellular senescence associated with loss of genomic
integrity in the cell types tested.

RAGE serves as direct downstream target of DNA damage
signaling mediated by an activated ATM Kkinase

RAGE undergoes various post-translational modifications
and these modifications include glycosylation, ubiquitiny-
lation, acetylation and phosphorylation (39,47-49). Fur-
thermore, RAGE is known to interact with the ERK-
1/2 kinase, but it cannot be phosphorylated by the ERK-
1/2 kinase, as it lacks the appropriate signature motifs
(50). Proteomic studies have reported conserved amino acid
residues at Ser-376 and Ser-389 of murine-RAGE (acces-
sion no. NM_007425.3) as potentially phosphorylatable tar-
gets, which may be associated with the DNA damage signal-
ing cascade. However the kinase, that performs this phos-
phorylation event and its functional relevance remained un-
known (39,49). Since phosphorylation plays a central role
in activating the cascade needed for DNA repair, RAGE in
silico analysis was performed. The analysis predicted that
these two serine (S376 and S389) residues of RAGE pos-
sess the signature motif of the ATM kinase (51). Although
Serine®® does not reside in a canonical ATM target mo-
tif, other reports suggest the existence of a non-canonical
sequence dependent phosphorylation activity of ATM ki-
nase (52). Therefore, RAGE phosphorylation by ATM ki-
nase was studied. ATM signaling was reconstituted in vitro
using recombinant RAGE or its non-phosphorylatable mu-
tants (RAGESY%A or RAGES3%A or RAGES370A-S389A) For
this experiment, RAGE was expressed and purified from
Escherichia coli cells (Supplementary Figure S4D). Un-
phosphorylated RAGE expressed this way is free from
unwanted eukaryotic factors and can serve as phospho-
acceptor in the signaling studies. In the absence of ATM,
RAGE cannot become phosphorylated, but in the presence
of pATM, dsDNA and [y->*p]-ATP phosphorylation oc-
curs (Figure 2A). No signal is seen when RAGE is miss-
ing, or in the absence of ATM kinase. However, in the pres-
ence of both, a strong signal for phosphorylated RAGE
becomes evident, which is even stronger in the presence
of the MRN complex. When one or both phosphoryla-
tion sites were mutated, the signal intensity was either dras-
tically reduced (RAGES¥®A or RAGES*®%A) or was com-
pletely absent (RAGES376A-8389A) (Figure 2A and B). To fur-
ther validate the specificity of this signaling event at the
cellular level, ATM-RAGE interaction was verified by co-
immunoprecipitation of RAGE with the activated ATM
(pATM) kinase (Supplementary Figure S4E). WT lung fi-
broblasts were either left untreated (Supplementary Figure
S4E, lanes 1, 4 and 5) or treated with bleomycin (Supple-
mentary Figure S4E, lanes 2, 6 and 7), or with camptothecin
(Supplementary Figure S4E, lanes 3, 8 and 9). Immuno-
precipitation from untreated cells, showed almost no inter-
action of RAGE (lower panel) and pATM (upper panel)
(Supplementary Figure S4E, lane 4 and lane 5 respectively).
Whereas in bleomycin or camptothecin treated cells, enrich-
ment for pATM was seen using the anti-RAGE antibody
(Supplementary Figure S4E, lane 6 and lane 8 respectively).
A similar observation was made when anti-pATM (Sup-
plementary Figure S4E, lane 7 and lane 9 respectively) an-
tibody was used for immunoprecipitation, while no signal
for either RAGE or pATM was seen using the non-specific
species control antibody (Supplementary Figure S4E, lane
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Figure 2. RAGE serves as direct downstream target of DNA damage signaling mediated by an activated ATM kinase. (A) Approximately 1 ng of guriﬁed
ATM kinase was studied in an in vitro kinase assay (see Materials and Methods) by using E. coli expressed either RAGEWVT RAGESY70A RAGES394 or
RAGES30A-S389A 45 phosphate acceptor. All these RAGE forms were expressed and purified simultaneously. The ATM kinase was activated by using 200
ng of extensively sonicated pUC19 DNA in each reaction. Samples were analyzed on 12% PAGE and exposed to X-ray film overnight in -80°C. The band
shown represents the amount of phosphorylated RAGE. (B) Quantitative densitometry analysis of in vitro kinase assay performed as described in A. The
autoradiograms were used for quantitative analysis of pATM signaling onto RAGE or its mutants (N = 3). (C) Detection of RAGE phosphorylation in WT
lung fibroblasts with (a-pS/TQ-ab) 1 h after exposure to either Camptothecin (1 wM), or Bleomycin (30.g/ml), or Etoposide (5 pM), or Camptothecin
with the ATM kinase specific inhibitor (Ku55933; 15 wM, 60 min before CPT treatment) or with the DNA-PK specific inhibitor (Nu7026; 10nM, 60 min
before CPT treatment), added 24 h after transfection with the WT RAGE GFP-(His)s construct. The phosphorylated RAGE was collected from the cell
lysates on Ni-NTA beads followed by analyzing them by western blotting.
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10), shows the specificity of this interaction assay. Thus, this
data validates the previous kinase assay as well as indicates
the importance of DNA damage for RAGE-pATM inter-
action.

In congruence, in vitro induction of DSBs using camp-
tothecin, bleomycin or etoposide in cultured fibroblasts in-
duced phosphorylation of RAGE (Figure 2C), which can
only be inhibited by the ATM kinase inhibitor KU55933
(53), but not by the DNA-protein kinase (DNA-PK) spe-
cific inhibitor Nu7026 (Figure 2C). This observation was
also validated in human lung adenocarcinoma cells (Sup-
plementary Figure S4F), where the hRAGE phosphoryla-
tion at S389 can be induced by either bleomycin or camp-
tothecin treatment (Supplementary Figure S4F, lanes 2 and
3 respectively), and mutating this residue to alanine aborts
this signaling event (Supplementary Figure S4F, lanes 7—
9). Further, similar to mRAGE, human RAGE phospho-
rylation can only be inhibited by the pATM kinase specific
inhibitor, but not by a DNA-PK inhibitor (Supplementary
Figure S4F, lanes 5 and 6 respectively). These data identi-
fied RAGE as a novel substrate as well as DSB dependent
downstream target of the ATM kinase-signaling cascade.

RAGE is recruited to DNA DSBs foci and interacts with the
MRN complex

As the ATM signaling cascade plays an important role in
sequential recruitment and dynamics of repair factors dur-
ing the early phases of DNA repair, any perturbation in this
process affects the repair potential of the cell (54). This is
consistent with the finding that endogenous RAGE accu-
mulated and co-localized on a laser induced DNA dam-
age strip with the different members of the MRN complex
(Figure 3A). However, many proteins accumulate at laser
induced damage. Therefore, the RAGE-MRN complex co-
localization was also investigated in camptothecin (Supple-
mentary Figure S5A), or bleomycin treated pulmonary fi-
broblasts (Supplementary Figure S5B) and in camptothecin
treated human lung adenocarcinoma cells transfected with
either RAGEWT-GFP or RAGES70A-S39A_GFP construct
(Supplementary Figure S5C). Both drugs also accumulated
RAGE at damage foci as evidenced by the MRN complex
subunits or y H2AX. To exclude any non-specific effect, co-
localization of RAGE with the MRN complex was fur-
ther verified by co-immunoprecipitation of RAGE with the
MRN complex subunits (Figure 3B). WT lung fibroblasts
were either left untreated (Figure 3B, lanes 1-4) or treated
with bleomycin (Figure 3B, lanes 5-9). Immunoprecipita-
tion of untreated cells using MRE11 (top), showed a weak
basal interaction with RAGE (middle) and as expected for
untreated cells, almost an undetectable signal with yH2AX
(bottom), indicating the basal DNA damage in cultured
cells. A similar observation was made using anti-RAGE for
immunoprecipitation (Figure 3B, lane 3), while no signal for
MREI11, RAGE or yH2AX was seen using the non-specific
species control antibody (Figure 3B, lane 4). However in
the bleomycin treated cells, an enrichment for RAGE and
vyH2AX was seen using the anti-MREI11 antibody (Figure
3B, lane 6), while the anti-RAGE (Figure 3B, lane 7) an-
tibody enriched MRE 11 and yH2AX (compared to lane
3). The specificity of this interaction was confirmed using

ethidium bromide (Figure 3B, lane 8), which did not dis-
sociate the complex. Thus RAGE interacts with the MRN
complex and this interaction is unaided by any form of
DNA. Similar data was obtained from DNA damage in-
duced lungs. For this, mice were treated with bleomycin and
the lungs were harvested after 25 h (Figure 3C). When the
whole lung extract was precipitated using anti-RAGE (Fig-
ure 3C, lane 2), a clear signal for Nbs1, Rad50, MRE11 was
seen. When the anti-MRE11 antibody was used (Figure 3C,
lane 3), Nbs1 (Figure 3C, lane 4), RADS50 (Figure 3C, lane
5), a similar result was observed. When anti-y H2AX was
used (Figure 3C, lane 6) there was also a co-precipitation
of Nbsl, Rad50, MREI11 and RAGE, however the RAGE
higher molecular weight band was enriched. This is consis-
tent with our previous finding (Figure 1A), indicating that
the chromatin associated higher molecular weight band is
the RAGE isoform, responsible for MRE complex forma-
tion. The non-specific species control showed no interaction
(Figure 3C, lane 7).

In addition to endogenous RAGE, immunoprecipitation
studies were further confirmed in WT lung fibroblasts ec-
topically expressing different regions of RAGE. For this,
cells were transfected with either RAGE-GFP, or RAGE-
cyto-GFP (consisting of the cytoplasmic domain only), or
GFP alone , pre-sensitised and treated with camptothecin
(Supplementary Figure SSD). The first three lanes show the
input controls. The GFP staining confirmed the presence
of the GFP-tagged RAGE variants added (Supplementary
Figure S5D, bottom). The increased GFP signal in lanes 3—
6 is explained by the enrichment of the GFP-tagged pro-
teins. A weak Rad50 (top) and MREI11 band (middle) were
seen in the absence of GFP immunoprecipitations. When
the lysates were precipitated with an anti-GFP antibody,
recognizing either the empty vector-GFP, the GFP-RAGE
or GFP-cyto-RAGE, a strong co-precipitation was seen in
the cells transfected with full length (lane 4), but not, the cy-
toplasmic domain of RAGE (Supplementary Figure S5D,
lane 5) or GFP alone (Supplementary Figure S5D, lane 6).
These data show, that in cultured cells as well as in mice
RAGE is involved in the complex formation occurring at
the site of DNA damage. The complex consists of MRE11,
Rad50, Nbsl as well as yH2AX.

To further identify the specific subunit of the MRN com-
plex with which RAGE interacts, a Ni-NTA pull-down as-
say was performed, using purified RAGE (as bait) and
MREI1 (as prey)] (Figure 3D). When recombinant His-
tagged RAGE was added, as strong band appeared (Figure
3D, lane 2). When MREI11 alone was added, no interaction
with the Ni-NTA beads was observed, since MREI11 has
no His-tag (Figure 3D, lane 3). Only a weak MREI11 signal
was observed in the MREI1 blot (bottom, lane 3). While
the recombinant proteins were enriched using His-tagged-
RAGE in the pull down assay, using RAGE as the bait and
MREL11I as the prey, a strong signal for RAGE (top), as well
as MREI11 (bottom) appeared (Figure 3D, lane 4). This in-
teraction was not blocked using DNase-I (Figure 3D, lane
5); or ethidium-bromide (Figure 3D, lane 6). Thus, RAGE
directly binds MRE11 in the absence of other factors form-
ing the MRN complex.

To understand the mechanistic specificity as well as
stability of the MREI11-RAGE interaction, binding of
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Figure 3. RAGE is recruited to DNA DSBs foci and interacts with the MRN complex. (A) Co-localization of RAGE with yH2AX, MREI11, Rad50 and
Nbsl to the site of laser induced DNA damage in pre-sensitized (BrdU; 10um for 24 h in phenol red free DMEM-medium) WT lung fibroblasts, analyzed
by immunofluorescence after 60 minutes of laser treatment. These cells were detergent extracted (in CSK buffer) before fixing in 4% paraformaldehyde.
(B) Cultured pulmonary fibroblasts were pre-sensitized using BrdU (10 wM for 24 h). Cells were either left untreated or stimulated using bleomycin (30
rg/ml for 60 min). The cell extract was immunoprecipitated using antibodies against MRE11 (lanes 2 and 6), RAGE (lanes 3 and 7, 8), or a non-specific
species control antibody (lanes 4 and 9). To exclude a DNA protein interaction, ethidium bromide (25 pg/ml) was added before immunoprecipitation.
(C) Wild type mice were treated with bleomycin (2 mg/kg), after 24 h an additional boost with bleomycin (2 mg/kg) was given and 1 h later mice were
sacrificed. Lungs were homogenized and a lysate was prepared as described in Materials and Methods. The input is shown in lane 1. For detection either
anti-RAGE (lane 2), anti-MREI1 (lane 3), Nbsl (lane 4), RADS0 (lane 5), yH2AX (lane 6) or non-specific species control was used (lane 7). (D) Using
recombinant his-tagged RAGE, a Ni-NTA pull down assay was performed in Tris buffer, pH 7.5, containing 10 mM MgCl,, using RAGEH9)° a5 bait and
MREI11FLAG) g5 prey. The negative control using beads alone, is shown in lane 1, RAGE alone in lane 2 and MRE11 alone in lane 3. After enrichment
the pull down using his-tagged RAGE in the presence of MREI1 is shown in lane 4, the effect of DNase-1 (10 U/pl, 30 min at 30°C) in lane 5, the effect
of ethidium bromide (25 pg/ml) in lane 6.
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either RAGEWYT or its non-phosphorylatable mutant
(RAGES376A-S389AY \yag studied under different salt con-
centrations (Supplementary Figure SSE). The increasing
salt (NaCl/KCl) concentrations can be used to distinguish
non-specific, unstable interactions from stable and specific
ones. Here, it was observed that this interaction (with either
RAGEWYT or RAGESY76A-S389A) was indistinguishable, when
the beads were washed with low salt buffer (100mM NaCl),
(Supplementary Figure S5E; lane 4 versus lane 7). How-
ever, when either 200 or 300 mM NaCl was used, binding of
the RAGES370A-8389A byt not of RAGEWT, was drastically
reduced (Supplementary Figure S5E lane 5 versus lane §;
lane 6 versus lane 9). This shows that, only the RAGEWT
interacts stably and specifically with MRE11, whereas the
RAGES376A-S389A nyytant not, since the RAGEWT interac-
tion with MREI11 was salt resistant.

RAGE did not co-localize with NHEJ repair foci, such
as the Octl-PTF-transcription domain, as evidenced by
53BP1 staining, in cultured pulmonary fibroblasts (Sup-
plementary Figure S5F). Thus, RAGE has MREI1 de-
pendent roles in recombination, but not in NHEJ repair.
MREI11 possesses under normal assay conditions primarily
exo-nucleolytic activities (55,56). However, in order to sus-
tain DNA repair, MRE11 activity must be shifted from exo-
to endo-nuclease activity (9,12,57). If RAGE were the fac-
tor which shifts under physiologic conditions MRE11 from
exo- to endonuclease activity, than one would expect RAGE
should be involved in homologous DNA repair only.

RAGE and MREI11 contribute together to end processing of
the DNA and absence of RAGE affects ATM to ATR signal-
ing

To determine the functional role of the RAGE/MRE]1 in-
teraction, the binding of RAGE purified to homogeneity
and MREI11 onto the dsDNA template was studied. Su-
per shift analysis using a native EMSA gel (non-denaturing)
and purified proteins was performed in an ex vivo assay
(Figure 4A). When 5'-labeled DNA was used as EMSA
based probe, no shift was seen when no other protein was
present (Figure 4A, lane 1). When RAGE alone was added,
a shift occurred, indicating RAGE DNA binding. When
MREI11 was added in increasing concentrations (Figure 4A,
lanes 3-7) not only a super shift, but also a reduction in the
bottom band representing the labeled DNA was seen. This
was also dependent on the RAGE concentration used (Fig-
ure 4A, lanes 9-13). Thus, an active complex is formed be-
tween MRE11 and RAGE on DNA, at the same time the
MREI1 nuclease activity results in degradation of the DNA
template used.

If the RAGE-MREI1 interaction on DNA was impor-
tant for the function of MRE11, than the nucleolytic pro-
cessing of the DNA ends by either the MRN complex or
MRE11 should be affected by RAGE (Figure 4B). The nu-
cleolytic activity of MRN-RAGE complex was studied us-
ing ss-circular DNA as described by Sartori et al. (56,58).
When MRN was added alone or along with BSA (lane 2 or
lane 3), very little nucleolytic activity was seen. When MRN
and RAGE, were added together, a strong endonuclease ac-
tivity was seen (lanes 4-7), while the addition of RAGE
alone showed no nuclease activity on this template (lane 8).

Thus, RAGE in a dose dependent manner enhanced the nu-
cleolytic processing of circular DNA. Thus in an in vitro
reconstituted system, RAGE under normal physiological
conditions [pH 7.5, ionic balance (KCI 40 mM, NaCl 10
mM) enhanced the nucleolytic activity of MRE11 nuclease.

To further prove that RAGE is actively involved in end
resection activity of MREI1 nuclease, the loss of RAGE
was studied with respect to other steps in the DNA re-
pair pathway. When the effect of bleomycin was studied,
the increase of pCHKI1 over 24 h was evident in WT, but
not in RAGE~/~ fibroblasts, despite a normal expression
of CHK1 (Figure 4C and Supplementary Figure S6A, up-
per panel). A similar observation was also made when WT
and RAGE~/~ cells were treated with camptothecin (Sup-
plementary Figure S6A, lower panel and Supplementary
Figure S6B). Thus, loss of RAGE did not affect the ini-
tial detection and/or signaling by ATM, resulting in nor-
mal yH2AX phosphorylation, but was associated with a
lack of checkpoint kinase-1 (CHK 1) phosphorylation. As
phosphorylation of CHK 15 is regulated by the ssDNA-
RPA2 nucleoprotein sensor kinase, Ataxia telangiectasia
and Rad3-related protein kinase (ATR) (59), the recruit-
ment and phosphorylation of RPA2 bound to ssDNA was
determined in cultivated pulmonary WT or RAGE~/~ fi-
broblasts (Supplementary Figure S6C). When cells were
treated with camptothecin (Supplementary Figure S6C,
lanes 3 and 4), bleomycin (Supplementary Figure S6C, lanes
5and 6); etoposide (Supplementary Figure S6C, lanes 7 and
8) or hydroxyurea (Supplementary Figure S6C, lanes 9 and
10), a strong phosphorylation of RPA was seen in WT, but
not the RAGE~/~ cells, despite normal total RPA, cyclin-
A antigen and strong induction of yH2AX in RAGE~/~
cells. This was confirmed by immunofluorescence staining
in cultured fibroblasts (Figure 4D). Furthermore, by us-
ing a method to detect BrdU substituted cellular DNA
under native (non-denaturing) conditions (60), it was ob-
served that resection associated, BrdU substituted ssDNA
foci were also absent in pre-sensitized, camptothecin treated
RAGE/~ cells, whereas the DNA DSB formation was ev-
ident by yH2AX foci formation (Supplementary Figure
S6D). Consistent with these results, RPA2 phosphorylation
was also absent in lungs from RAGE~/~ mice (Supplemen-
tary Figure S7). The absence of phosphorylated RPA254/58
foci indicated an improper end-resection of DNA, mediated
by the MRN/ATR axis.

Genetic reconstitution of RAGE restores DNA repair and
pulmonary function

Persistent DNA damage signaling perturbs the normal cel-
lular homeostasis, thereby severely affecting the physiology
of an organ. To validate the role of RAGE in the DSB as-
sociated senescence signaling, RAGE~/~ cells were recon-
stituted with the normal, full-length RAGE (RAGE!0?)
and several RAGE mutants (Figure 5A). Compared to un-
treated WT cells (graph bar 1), there was a significant ac-
cumulation of broken DNA as evidenced by the comet as-
say in RAGE~/~ cells (graph bar 2). This could be re-
duced by reconstitution of full-length wild type RAGE
(graph bar 3). However, the RAGE®»% 42 (graph bar 4),
RAGE'""? (graph bar 5), or the non-phosphorylatable
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Figure 5. Genetic reconstitution of RAGE restores DNA repair and pulmonary function. (A) The quantitative analysis of DNA damage in WT or
RAGE~/~ lung fibroblasts was evidenced by the comet assay, as described in Materials and Methods. Cells were transiently transfected using WT full
length RAGE (graph bar 3), RAGE 350-420 (graph bar 4), RAGE 1-235 (graph bar 5) or RAGE S376A/389A (graph bar 6), RPA S4E (graph bar 7),
RPA S8E (graph bar 8), RPA S4E-S8E (graph bar 9). Untransfected cells served as control. Shown is the average from three independent experiments. About
100 of comets were analyzed for each construct (mean £ SEM, Student’s #-test; ***P < 0.001). (B) Quantitative analysis of efficiency of recombination
repair in RAGE~/~ cells by the DR-GFP assay, as described in supplementary methods. RAGE~/~ lung fibroblasts were transiently transfected using
WT full length RAGE (graph bar 4), or RAGE S376A/389A (graph bar 5), transfected WT lung fibroblasts served as positive control (graph bar 2),
untransfected cells served as negative control. Shown is the average from three independent experiments (graph bars 1 and 3). Data represents mean +
SEM (Student’s #-test; **P < 0.01). (C) Quantitative analysis of y H2AX positive nuclei in lungs of RAGE~/~ mice transduced with AAVZ/8 as described
in Materials and Methods. 6-month-old mice were harvested 4 weeks after viral transduction. The empty vector served as control. Mean + SD of six
animals per group is shown (Student’s r-test; **P < 0.01). (D) Pressure-volume curves were determined using the FlexiVent system in RAGE ™/~ mice, 4
weeks after transduction with the indicated virus. The curves represent group averages (N = 6). The lungs studied in Figure 5B and C and Supplementary

Figure S9 are identical.



RAGES70A-S389A o RPA2WYT did not reduce the level of
DNA damage (graph bars 6 and 7). Furthermore the
phosphomimetic mutant of RPA2 (RPA25E, RPA2SSE,
RPA284E-S8E (graph bars 8-10); also reduced the DNA dam-
age. The effect observed with the mutants of RPA2 could be
the result of an indirect effect on ATR signaling and there-
fore allow for a RAGE-independent mode of repair in the
G1l-phase. Thus, ATM activated RAGE or in the absence of
it, the RPA254E-S8E mediated pathway can rescue the DNA
repair defect in RAGE~/~ cells. These data are consistent
with the ex vivo data shown above.

Furthermore, a modified DR-GFP assay was used to
verify that these reconstitutions can indeed overcome the
defective recombination repair system of the RAGE™/~
(Supplementary Figure S8A). To avoid any interference
from the internal GFP fluorescence (in the RAGE~/~ mice,
the RAGE gene was replaced with a GFP expression cas-
sette; (38,61)), the DR-GFP plasmid was modified by lig-
ating the 3X FLAG tag expressing nucleotide sequence
(in frame) to the 3’-end of the SceGFP gene of the DR-
GFP plasmid. This modified system was then used to an-
alyze the repair efficiency of RAGE~/~ lung fibroblast,
which were left untransfected or transfected with either
RAGEWYT or RAGES376A-389A constructs (Figure SB). Fur-
thermore, the functionality of this modified system was ver-
ified in WT pulmonary fibroblasts (Figure 5B, graph bars
1 and 2). In agreement with the previous observations in
RAGE~/~ cells, the defects associated with recombination
repair can only be repaired by reconstituting RAGEWT,
but not by the non-phosphorylatable mutant of RAGE
(RAGES376A-S389A) " (Figure 5B, graph bar 4 versus bar 5).
Since untransfected WT pulmonary fibroblasts do not ex-
press any FLAG-tagged GFP, they were used as negative
control (Figure 5B, graph bar 1), WT cells transfected with
modified DR-GFP as well as iScel construct served as pos-
itive (100%) control (Figure 5B, graph bar 2). Since in the
RAGE~/~ cells (transfected with modified DR-GFP as well
as iScel construct), FLAG-GFP signal was very low (Fig-
ure 5B, graph bar 3), this indicates a defective homolo-
gous recombination repair. However, reconstitution using
RAGEWT, but not with RAGES376A-8389A restores recombi-
nation repair (Figure 5B, graph bars 4 and 5). From these
data, we conclude that RAGE stimulates end-resection and
thereby promotes both ATR signaling and recombination
repair.

These molecular reconstitution experiments paved the
ways for clarifying the defects associated with the ab-
sence of RAGE. To understand the mechanistic link as-
sociated with the RAGE phosphorylation, an in vitro
nuclease assay was performed by using either RAGEWT
or non-phosphorylatable RAGE (Supplementary Figure
S8B). While RAGEWT can only support the nuclease ac-
tivity of the MRN complex, the mutant (RAGES376A-S339A,)
that cannot interact specifically and stably, does not sup-
port the MRN complex resection activity (Supplemen-
tary Figure S8B; lane 5 versus lane 7). Similarly the
hyper-phosphorylated RAGE (RAGES°E-S3%9E; 4 phos-
phomimetic mutant of RAGE generated by replacing the
serine (S) with glutamic acid (E) at the respective positions,
mimics the pATM phosphorylated RAGE) supports more
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efficiently the resection activity of the MRN complex (Sup-
plementary Figure S8B; lane 5 versus lane 6). Further vali-
dates the importance of pATM-mediated phosphorylation
of RAGE in end-resection.

Persistent DNA damage signaling is known to be
causatively linked to idiopathic pulmonary fibrosis (IPF)
(33). Similarly, RAGE~/~ mice are considered as a model
for IPF (29,36,37,62). Thus to ascertain the DNA repair as-
sociated physiological relevance of RAGE in vivo, RAGE
expression in the lungs of RAGE~/~ mice was reconsti-
tuted using recombinant virions (AAV2/8). Four weeks
post transduction, the transduced antigen was shown to be
expressed in lung tissue (Supplementary Figure S9A, up-
per panel). When the double strand break marker yH2AX
was studied by immunofluorescence in the control and AAV
treated lungs (Figure 5C), no effect of the empty vector
(graph bar 2) was seen. However a significant reduction in
vyH2AX positive nuclei (from 63% to 18%) was seen, when
the RAGE~/~ lungs were transduced with the full-length
and phosphorylatable RAGE (graph bar 3), but not with
the non-phosphorylatable mutant (graph bar 4). Consis-
tent with the RAGE mediated activation of RPA, DNA
repair could also be reconstituted by transducing a phos-
phomimetic RPA mutant (RPA254E-38E) (graph bar 5). This
was also shown using immunohistochemistry (Supplemen-
tary Figure S9A top panels) for yH2AX staining of lungs
in RAGE~/~ mice, as well as 53BP1 as marker of DNA
damage (Supplementary Figure S9B). In addition, reduc-
tion in DNA damage markers was associated with a re-
markable reduction in tissue fibrosis, as evidenced by de-
creased deposition of extracellular matrix components us-
ing Masson’s trichrome staining (Supplementary Figure
S9A, lower panels). The reduction in DNA damage and
fibrotic tissue corresponds well to the effect of phospho-
rylatable full-length RAGE treatment of pulmonary func-
tion (Figure 5D). Transduction using wild type RAGE al-
most normalized the pressure-volume curve to the level of
healthy wild type mice, while the empty vector and non-
phosphorylatable RAGE had no significant effect. Con-
sistent with a defect in RPA phosphorylation in the ab-
sence of RAGE, an enhancement of pulmonary function
was also observed in the phosphomimetic RPA transduced
mice. These data provide a mechanistic link between RAGE
and defective DNA-DSB repair and demonstrate the thera-
peutic potential of RAGE in mitigation of defective DNA-
DSBs associated pulmonary fibrosis.

RAGE contributes to DNA repair in various disease models

RAGE is constitutively expressed in wide range of cell
types and is up-regulated in response to oxidative chal-
lenges (63,64) as well as hypoxic stress (65). Hence, to
evaluate whether nuclear RAGE is only relevant for the
lung or acts as a global repair factor, murine models of
hypoxia/reperfusion injury to brain or kidney (Supplemen-
tary Figure S10A) were studied. Upon hypoxia/reperfusion
injury, nuclear translocation of RAGE was markedly en-
hanced and co-localized with yH2AX in the clamped is-
chemic ipsilateral brain or kidney, whilst no effect was ob-
served in the unclamped contralateral side. In addition,
in A549 cells, known to express cytoplasmic and mem-
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Figure 6. Schematic representation of homeostatic RAGE-ATM interaction is essential for preventing senescence-associated pulmonary fibrosis. This
schematic depiction shows the importance of RAGE in timely repair of the broken ends of the DNA. Thus, RAGE plays an important role in maintaining
normal homeostasis of lungs by inducing timely repair of the broken DNA.



brane RAGE, RAGE accumulates into the nucleus in
these cells after induction of DSBs (Supplementary Figure
S10B). Similarly, nuclear accumulation and co-localization
of RAGE with yH2AX was also observed in several other
cell types in response to the DNA-DSBs induced by to-
tal body irradiation in an ATM-kinase dependent manner
(Supplementary Figure S11). In addition nuclear accumula-
tion of RAGE has been shown previously in other patholog-
ical settings, which cause DNA-DSBs, such as H. pylori in-
fection (66), diabetes (67) and under severe oxidative stress
which affects the nuclear integrity (23-25). Thus, nuclear
translocation of RAGE occurs in several pathological set-
tings, which challenge the genomic integrity.

DISCUSSION

This study shows that RAGE can translocate to the nucleus
where it accumulates in areas of DSB and becomes phos-
phorylated at the serines 376 and 389 by the DNA-DSB sen-
sor kinase "ATM". RAGE, physiologically abundant in the
nuclei of pulmonary cells, does not control the initial DNA
damage associated signaling, since ATM activation is un-
affected in the absence of RAGE. RAGE by binding and
tailoring the helical properties of DNA, as well as binding
MREI1 via its FHA % rich domain, provides a physiologi-
cal template for the endorsement of MRE11 endonuclease
activity. Future studies are needed to define the precise na-
ture of the DNA binding pocket and most importantly ad-
ditional factors enhancing or inhibiting RAGE-DNA in-
teractions. Our data indicate that the native endonuclease
activity of MREI11 can be enhanced by RAGE. The precise
role of other endonuclease such as CtIP, in the RAGE de-
pendent end processing remains to be studied. Nevertheless,
absence of CtIP or MRE11 nucleases show a similar pheno-
type as the RAGE deletion shown here (56,58). The in vitro
data indicate, that binding of DNA, ATP and MREI11 is
sufficient for the endonuclease activity of the MRN com-
plex and subsequent RPA phosphorylation on a physio-
logic DNA substrate. This promotes effective DNA end-
resection, a process required for shuttling checkpoint acti-
vation from an ATM to an ATR dependent signaling (68).
The connection between RAGE mediated MRE11 endonu-
clease activity and RPA function could be demonstrated
by either reconstituting RAGE, or a phosphomimetic mu-
tant of RPA. Future studies need to show, how the RAGE
mediated complex formation and end processing relates to
RPA phosphorylation and activity. Furthermore, not only
the functional role of CtIP in this complex remains to be
studied, but also the potential function of proteins known
to bind RAGE, when expressed on the cell surface and
also known to be present in the nucleus, such as HMGBI,
members of the S100 family and others (69-72). Thus, even
though the effect described here is independent of these
RAGE ligands and has been demonstrated using purified
proteins ex vivo, they may still be capable of modifying the
RAGE-DNA or RAGE-MREI!1 binding, by blocking re-
gions of RAGE critical for DNA, MREI11 or ATP binding
and might thus affect endorsement of the MRE11 endonu-
clease activity.

The function of RAGE has previously been studied with
respect to its role as a transmembrane pattern recognition
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receptor, able to induce a sustained pro-inflammatory cel-
lular response (21,22,72-76). This raises the question, how
other cell surface factors such as Par3, MMP9, Ku, NR4A,
which are involved in DSB repair too (77-79), interact with
the RAGE pathway described here. In accordance with our
findings, a role for nuclear receptors such as NR4A (80),
TR4 (81) or surface factors (77,82) in DNA repair has also
been demonstrated. Under the influence of DDR signaling
(mediated by either ATM kinase or DNA-PK) (79), these
receptors are translocated to the nucleus (from cell surface),
co-localize with DNA damage foci and participate in DNA
DSB-repair. Intriguingly, similar to the RAGE~/~ mice,
NR4A null mice also accumulate unrepaired DNA and de-
velop cellular senescence (79), a role that is distinct from
the normal functions of NR4A. Thus, not only RAGE, but
also other nuclear receptors and other pattern recognition
receptors (26-28) regulate DNA repair. A more generalized
picture is therefore evolving, in which pattern recognition
receptors are critical for DNA repair, but also participate in
cell surface mediated cell activation, in most cases related to
disease induction.

As is the case for many of those proteins mentioned
above, the precise mechanism for nuclear localization of
RAGE remains unclear. Our data show, that in all cells
studied, interventions such as ischemia-reperfusion or ra-
diation, known to induce genotoxic stress (83,84), result in
nuclear translocation and co-localization of RAGE with
vyH2AX foci. The truncated mutant of RAGE (1-235)
alone is capable of nuclear translocation, but the in silico
analysis of this region does not identify a canonical nuclear
localization signal (NLS). This observation is in agreement
with recent reports, since nuclear proteomics have shown
that there are many other nuclear proteins, such as ERK1/2
(85), SMAD3 (86), or MEK1 (87,88), which do not have
a distinct NLS, but are nevertheless capable to translocate
into the nucleus. Nuclear translocation of proteins without
a NLS is mostly enabled by their direct interaction with
nuclear pore complexes or shuttle proteins (89,90). In ad-
dition posttranslational modifications which affect protein
stability and functionality, such as phosphorylation (91,92),
SUMOylation (93), or acetylation (78) are also known to
play an important role in nuclear translocation (94-96).
Further mutation analysis of RAGE 1-235 may identify the
minimal sequence of RAGE required for nuclear localiza-
tion and might then allow to understand the mechanism
of nuclear translocation. Thus, studies are needed to un-
derstand the stimulus dependent mechanisms of inducible
RAGE translocation, but also the regulation of physiologic
nuclear RAGE accumulation, as seen in the lung. The per-
sistent RAGE nuclear accumulation in the lung, which is
exposed to oxidative stress more than other organs under
physiologic conditions, fits well to the ROS inducing stim-
uli, such as ischemia-reperfusion and radiation used here
to induce RAGE translocation in other organs. Finally, the
phenotype of RAGE~/~ animals provides for the first time
evidence for a physiologic function or RAGE (in contrast
to the pathophysiologic role of cell surface RAGE in many
inflammatory diseases), since RAGE~/~ mice suffer, as a re-
sult of impaired DNA repair (97), from senescence, a senes-
cence associated secretory phenotype and finally from pul-
monary cancer and fibrosis.
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Previous studies on lungs have shown that cellular senes-
cence can be accelerated by inducing DNA damage, by tar-
geting factors involved in DNA end-resection, or by in-
ducing oxidative stress (98,99). Likewise, specific inhibitors,
which prevent generation of endogenous DNA damage,
can prevent the development of fibrosis in lungs and
other organs (100), emphasizing that an efficient DNA re-
pair system plays an important role in preventing fibrosis.
RAGE~/~ cells have a defective repair system, which ab-
rogates timely repair of DNA, thereby directing the cellu-
lar system towards the inflammatory secretory phenotype,
as also observed in persistent DNA damage signaling (14).
Similarly, the absence of a functional telomere maintain-
ing enzyme, telomerase (33,101,102), or cellular stress that
generates dysfunctional telomeres (102), lead to a persis-
tent DNA damage signaling cascade (103,104). These stud-
ies show that effective DNA repair plays an important role
in preventing fibrosis. Absence of RAGE in mice compro-
mises the effective DNA repair system and similar to the
telomerase (33,101,102) and other persistent DNA dam-
age models (105), mice lacking RAGE develop severe pul-
monary fibrosis. Based on these studies, we hypothesize that
defective DDR signaling, or inefficient DNA-repair mech-
anisms are causatively linked in RAGE~/~ mice to chronic
diseases, such as IPF or cancer. This is supported by the
fact that full length RAGE, but not its ATM resistant mu-
tants, as well as a phosphomimetic mutant of RPA, were
effective in not only ensuring sufficient DNA repair, but
also reversing senescence and the senescence associated se-
cretory phenotype. This points, at least in this model, to a
direct link between DNA double strand repair and senes-
cence. However, this study not only shows the causative rela-
tionship between impaired DNA damage repair and senes-
cence and fibrosis, but also to another consequence of senes-
cence, namely the impairment of regenerative tissue capac-
ity. Paracrine signaling of SASP factors, such as IL-6 (in-
duced in the lungs of RAGE™/~ mice) and TGF-B, fur-
ther amplify the impaired DNA damage repair by limit-
ing the overall regenerative capacity of the lung. The cur-
rent study shows, that reconstitution of RAGE reverses de-
fective DNA repair and SASP. Most surprisingly, reintro-
duction of RAGE, but not its non-phosphorylatable mu-
tant, even reverses fibrosis and normalizes in part lung func-
tion. This indicates a yet unknown cross talk between fi-
broblasts and their surrounding cells in pulmonary fibrosis,
since the AAV serotype used, transduced fibroblasts pref-
erentially. Whether endorsing MRE11 endonuclease activ-
ity and DNA repair accounts for the dramatic effect seen
in vivo alone remains open, since RAGE not only translo-
cates into the nucleus, but also into the mitochondria (106),
recently shown to be important in the development of pul-
monary fibrosis (107).

Future studies need to show how RAGE, in addition to
support DNA-repair, can also induce remission of fibrosis
within 4 weeks only, and how it can normalize lung func-
tion to a large extend. Nevertheless, the data shown suggest,
that fibrosis might no-longer be considered a ’point of no re-
turn’, since at least in this model studied, the causative link
between impaired DNA repair, senescence and fibrosis can
be overcome by the activity of nuclear RAGE (Figure 6).
RAGE does not only promote a stop of the process leading

to fibrosis, but also induces remission of fibrosis and almost
normalization of lung function. Thus, a strong capacity for
repair and regeneration is present even in fibrotic organs of
the RAGE~/~ mouse. Collectively, our study demonstrates
an ’on-demand’ repair function of RAGE, identifying a
previously unsuspected function of RAGE in regulation of
genome integrity.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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