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ABSTRACT

An elevated frequency of DNA replication defects is
associated with diabetes and cancer. However, data
linking these nuclear perturbations to the onset or
progression of organ complications remained unex-
plored. Here, we report that RAGE (Receptor for Ad-
vanced Glycated Endproducts), previously believed
to be an extracellular receptor, upon metabolic stress
localizes to the damaged forks. There it interacts
and stabilizes the minichromosome-maintenance
(Mcm2-7) complex. Accordingly, RAGE deficiency
leads to slowed fork progression, premature fork col-
lapse, hypersensitivity to replication stress agents
and reduction of viability, which was reversed by
the reconstitution of RAGE. This was marked by
the 53BP1/0OPT-domain expression and the presence
of micronuclei, premature loss-of-ciliated zones,
increased incidences of tubular-karyomegaly, and
finally, interstitial fibrosis. More importantly, the
RAGE-Mcm2 axis was selectively compromised in
cells expressing micronuclei in human biopsies and
mouse models of diabetic nephropathy and cancer.
Thus, the functional RAGE-Mcm2/7 axis is critical in
handling replication stress in vitro and human dis-
ease.

GRAPHICAL ABSTRACT

Replication stress

|

Checkpoint activation / signaling

Initiate repair / Resolution of the damage

wT RAGE"

Survival o + 1 g
Micronuclei - I T
53BP1(OPT) = F i £
Ciliated zone o + -
Karyomegaly s ++ _§
Micronuclei s ++ &

ECM - o J

INTRODUCTION

DNA replication is a complex process that enables timely
and accurate duplication of genetic information (1). Initia-
tion of DNA replication is achieved through two sequen-
tial steps: origin licensing and origin firing (2). The ori-
gin licensing involves the systematic assembly of the in-
active hexameric minichromosome maintenance (Mcm2—
7) helicase complex at replication origins. This occurs dur-
ing the M- and next G1l-phase of the cell cycle. The con-
version of this inactive Mcm2-7 complex to a functional
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replisome occurs during S-phase and is termed origin firing
(3,4).

Further, depending upon the situation and cellular
microenvironment, various impediments such as abnor-
mal DNA structure, common fragile sites, DNA-—protein
crosslinks, and other DNA lesions collectively affect the
faithful progression of the replication fork, commonly
called fork stalling (5). However, in response to these hin-
drances, cells execute a series of regulated responses to sta-
bilize the replisome structure, activate the checkpoint sig-
naling, remove the cause of stalling, and reinitiate replica-
tion via the replication fork restart program (5). More im-
portantly, this fork repair response is initiated by activating
the ATR (ATM and Rad3-related)/CHKI1 signaling axis.
It cumulatively leads to the recruitment of repair factors
to the stalled fork to remove the hindering perturbations
and restart replication (6). Failure of the ATR response ul-
timately leads to replication fork collapse mediated through
the ubiquitination of the replisome machinery, premature
unloading of the clamp complex and cleavage of the DNA
helix (7-9). Mcm?2 serves as a downstream target of ATR
signaling, to promote faithful progression of the replica-
tion fork (10). This points to the key role of stabilizing
the Mcm complex, but the mechanisms stabilizing Mcm?2-
7 and maintaining its function during replication stress re-
main unknown.

The receptor for advanced glycation end-products
(RAGE) is a multi-ligand receptor localizing to various
organelles such as the nucleus, mitochondria, cytoplasm
and cell membrane. It binds to multiple ligands such as
advanced glycation end-products (AGEs), S100 protein
family members, glycosaminoglycans, amyloid B-peptides,
high-mobility group box-1 (HMGBI), double-stranded
DNA and others (11). Previous work on nuclear RAGE
has shown that upon induction of DNA double-strand
breaks (DSBs), RAGE is recruited to the sites of damage
via an ATM signaling cascade, and the absence of RAGE
affects the ATR/Chkl signaling (12-15). In addition,
RAGE~/~ cells show proliferation defects and massive
endogenous damage compared to controls. However,
the underlying causes of these defects are still unknown,
albeit the phenotypic description of RAGE-deficient
cells might be compatible with a loss of Mcm func-
tions. To extend these observations to a broader base,
the role of RAGE in replication stress and especially
its interaction with Mcm2/7 was studied in vitro and
in vivo.

In this study, we demonstrate that within a replication
stress environment, RAGE interacts with Mcm?2 and 7, and
stabilizes the replication helicase complex, to promote faith-
ful progression of the replication forks, thereby preventing
the formation of micronuclei and the expression of 53BP1
in OPT domains and improves survivability. Congruently,
the absence of RAGE increases the incidence of replication
fork stalling and leads to the accumulation of extracellu-
lar matrix ECM components and the premature loss of cili-
ated cells in the kidney in stress situations. Thus, the nuclear
RAGE-Mcm axis is essential for maintaining the synchrony
of high cell turnover organs by participating in replication
stress response.
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MATERIALS AND METHODS
Cell culture and transfection

HEK293T, HelLa, U20S, murine lung fibroblasts and
U20S-LacO cells were grown in the DMEM medium (Life
Technologies) described earlier (13,14). The isolation of
primary murine lung fibroblasts from wild-type (WT) and
RAGE~/~ murine lungs was performed as described earlier
(12). The generation and culture conditions for the U20S-
LacO cell line containing lac operator (LacO) were de-
scribed elsewhere (16). Detailed information about the Hela
RAGE/~cells generated by the CRISPR-Cas9 method is
described earlier (14,17). The plasmid DNA transfection in
HeLa, U20S, U20S-LacO, HEK293T cells, or murine lung
fibroblasts was performed using the TurboFect™ Trans-
fection Reagent (Thermo Scientific). siRNAs were trans-
fected into cells using Lipofectamine RNAi MAX (Invit-
rogen). Transfected cells were analyzed after 24-48 h of
transfection.

Primary fibroblast culture

The isolation of primary murine lung fibroblasts from Wild
type (WT) and RAGE~/~ murine lungs was performed as
described earlier (12).

Cell lysis, immunoprecipitation, and immunoblotting

Total cell extracts were obtained by resuspending them
in ice-cold lysis buffer (20 mM Tris—Cl pH 7.5, 40 mM
NaCl, 2 mM MgCl,, 0.5% NP40, 50 U/ml Benzonase), with
protease and phosphatase inhibitors, followed by adjust-
ment of NaCl concentration to 150/450 mM. For immuno-
precipitation of the various complexes, lysates were pre-
pared from HEK293T cells that were transfected as in-
dicated. Immunoprecipitation was then performed using
the RFP-Trap Magnetic Agarose (ChromoTek) following
the manufacturer’s instructions. The clarified lysate or the
immunoprecipitated complexes were resolved by 4-20%
sodium dodecyl sulphate (SDS)-PAGE, transferred onto
nitrocellulose and probed using the indicated antibodies
(Table 4).

Antibodies, plasmids and serum details

Details of antibodies used in this study are described in
Table 4. The sequences for the RAGE of murine or hu-
man origin represents the following accession numbers
NP_031451.2, and NP_001193865.1 respectively on the
NCBI database. The details of the oligos used for muta-
genesis are described in Table 5. The fetal calf serum was
purchased from Sigma (Cat# Sigma-Aldrich: F4135; Batch
number 20H250).

Silver staining

Silver staining of the polyacrylamide gel was performed per
the method described elsewhere (18).
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Cellular immunofluorescence (IF)

Cells growing on poly L-lysine coated coverslips were
stained as earlier described (14); if stated, cells were pre-
extracted with CSK buffer for 1-2 min at room tempera-
ture. Samples were blocked in 5% bovine serum albumin
and immune-stained using the indicated primary and sec-
ondary antibodies. Stained coverslips were mounted using
Vectashield (Vector Laboratories) and observed on a Nikon
AI1R confocal microscope using a 60x objective. Images
were further processed using ImageJ (Fiji). The analysis of
micronuclei was performed by using the indicated speci-
mens stained with alone DAPI, and the quantification of
micronucleated cells was performed as described elsewhere
(19).

In situ proximity ligation assay

Proximity ligation assay (PLA) was performed using the
Duolink PLA kit (Sigma-Aldrich) following the manufac-
turer’s instructions. Finally, coverslips were mounted using
ProLong Gold antifade mounting medium. Images were
acquired with an Olympus FV1200 confocal microscope
(63x/1.40 oil immersion) and analyzed using Imagel.

Immunofluorescence of tissue sections

Immunofluorescence staining of tissue sections was per-
formed using the earlier reported method (12,20). Anti-
gen retrieval was performed in retrieval buffer-A (10 mM
Tris—Cl pH-9.0, 1 mM EDTA.0.05% Tween 20) for 20 min
at 24°C. Fluorochrome conjugated and species adsorbed
respected secondary antibodies were then used to detect
the signal. The imaging of these sections was performed
similarly to the method of cellular immunofluorescence
staining.

Laser micro-irradiation

Laser irradiation of the indicated cells was performed
using the method described earlier (12,15). In brief,
cells were plated on glass-bottom dishes, pre-sensitized
with 10 pM S-bromo-2’-deoxyuridine (BrdU, Sigma-
Aldrich, Taufkirchen, Germany) in phenol red-free medium
(Gibco/Thermo GmbH, Darmstadt, Germany) for 24 h
at 37°C. Micro-irradiation was performed with a Flu-
oView1200 confocal microscope following the setting de-
scribed previously (12,15).

Human control or SCLC biopsies

The control and SCLC array were purchased from
Pantomics inc. USA (LC10010d, https://www.biomax.us/
tissue-arrays/Lung/LC10010d) and stained as described in
the respective section.

DNA fibre spreading assay

DNA fiber spreading assay was performed by the method
described earlier (21). In brief, cells were labelled with 30
wM 5-chloro-2-deoxyuridine (CIdU) for 30 min, washed
three times with 1x PBS, and then labelled with 250 uM

5-iodo-2-deoxyuridine (IdU) for 30 min. For replication
restart assay, cells were labelled with 30 wM 5-chloro-2-
deoxyuridine (CIdU) for 30 min, washed three times with
1x PBS, treated with 2 mM HU fork 2 h, washed three
times with 1x PBS, and then labelled with 250 pM 5-
Todo-2-deoxyuridine (IdU) for 30 min. After labelling, cells
were harvested by trypsinization and resuspended in PBS
(2.5 x 103 cells/ml). About 2.5 wl of this cell suspension
was mixed with 7.5 pl of lysis buffer [200 mM Tris—HCl
(pH 7.5), 50 mM EDTA, 0.5% (w/v) SDS] on a glass slide
by gently stirring with a pipette tip. After 9-min incubation
at RT, the slides were tilted at 30-40°, the surface tension
of the drops was disrupted by a tip, and the drops were al-
lowed to glide down the slides slowly. The DNA spreads
were air-dried and fixed in methanol/acetic acid (3:1) at 4°C
overnight. DNA fibres were denatured with 2.5 M HCI for
1 h at RT, washed four times with 1x PBS and blocked
with 2% BSA in 1x PBS for 40 min. After blocking, slides
were incubated for 2 h in the dark at RT with rat mon-
oclonal anti-BrdU antibody (ab6326, Abcam; 1:500 dilu-
tion) to detect CldU and mouse monoclonal anti-BrdU An-
tibody (347580, BD Biosciences; 1:100 dilution) to detect
IdU. Slides were then washed four times with 1x PBST
(PBS supplemented with 0.2% Tween-20) and incubated
with secondary antibodies, donkey anti-rat Cy3 (712-166-
153, Jackson Immunoresearch; 1:150 dilution) and goat
anti-mouse Alexa 488 (A110334, Thermo Fisher Scientific;
1:300 dilution), for 1 hour in the dark at RT. After washing
four times with 1x PBST, the slides were air-dried in the
dark for 40 min at RT and mounted with ProLong Gold
antifade mounting medium (25 ml/coverslip 24 x 50 mm).
Images were acquired with a Leica DM6B upright fluores-
cent microscope (63 x/1.40 oil immersion). CldU and IdU
tract lengths (wm) were measured by using the segmented
line tool of Imagel.

Colony formation assay

HeLa WT and RAGE~/~ cells were either left untreated
or stimulated with hydroxyurea (HU) or glyoxal for 4 h.
About 500 cells per well in six-well plates were seeded and
incubated for colony formation. After 10 days, colonies
were stained with 0.5% Crystal Violet (Sigma) for 20 min.
The colonies were counted with OpenCFU (colony count-
ing software). The percentage survival was calculated by
normalizing the data with untreated (100%) (RAGE*/* or
RAGE /") cells.

Expression and purification of recombinant proteins

The pET28a-RAGE and GST-Mcm?2 constructs were
transformed into Escherichia coli BL21 (DE3) codon plus
(Novagen) competent cells. The bacteria were cultured in
LB or TB medium with vigorous shaking (200 rpm) at 37°C
to a density of ODgyy = 0.8 and then transferred to 25°C and
induced with IPTG (0.4mM in water). Cultures were further
incubated at the same conditions for 8 h. After induction,
the cell culture was centrifuged at 6000 rpm for 15 min at
4°C. The cell pellet was frozen at —80°C for later use. The
purification of the recombinant proteins was done using Ni-
NTA and GST beads using QIA-expressionist method, and
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the eluted protein was analyzed on SDS PAGE. The pure
fractions collected were dialyzed in 1x PBS or indicated re-
action buffer at 4°C overnight.

GST pulldown assay

GST pulldown assay was performed by using the method
described elsewhere (22). In brief, 2 pg of the (His)s-tagged
RAGE, mixed with either 2 pg of GST-Mcm?2 or GST alone
in the pulldown buffer (2 x buffer: 20 mM Tris—HCI, pH 7.9,
20% Glycerol, 10 mM MgCl,, 300 mM KCl, 0.2% NP40, 30
mM imidazole, | mM PMSF and phosphatase inhibitors)
along with glutathione agarose resin (Sigma). After 3 h of
incubation, the beads were extensively washed in the pull-
down buffer. The proteins were then extracted from the
beads into the SDS sample buffer and probed with appro-
priate antibodies.

Cycloheximide based protein stability assay

The cycloheximide-based protein stability assay was per-
formed using the method described elsewhere (23). In brief,
cells were transfected with the indicated constructs. After
36 h of transfection, cells were simultaneously treated with
replication stress agent hydroxyurea (HU; 2 mM for 4 h)
and cycloheximide (in water; 0.25 mM). After 4 h of repli-
cation stress, the medium was replaced with a fresh medium
containing only cycloheximide (CHX). A fraction of the
cells was collected at the 0-h time point, and the subsequent
time points were collected at the indicated time intervals.
These samples were then analyzed by immunoblotting us-
ing indicated antibodies.

Preparation of peripheral blood mononuclear cells and cy-
tospin

Peripheral blood mononuclear cells (PBMCs) were sepa-
rated from the whole blood using the method described
elsewhere (24,25). Prepared PBMCs were suspended in PBS
and gently cytospun on the glass slides. The sample smear
was fixed (4% PFA 10 min at RT) and stained as described
in H&E staining section.

H&E staining

The processed sections were stained with hematoxylin for
about 10 min (30 °C), water rinsed for 15 min and then dif-
ferentiated in acid solution by incubating them for 5-30 s
until the slice got red, then rinsed with water. These sections
were then placed into 75%, 95% and 100% ethanol solution
for 5 min each and then eosin dye staining was performed
for about 2 min. The cosin-stained sections were sequen-
tially dehydrated for 5 min each and then placed into the
xylene-I and xylene-II solution each for 5 min. The slides
were mounted in the mounting medium and dried overnight
before analyzing them under a microscope. The evaluation
and the analysis of tubular karyomegaly were performed as
described elsewhere (26).

Trichrome masson staining

Staining was performed on renal sections by following the
method described earlier (12,13).
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Mouse models

All the experimental procedures were carried out in two dif-
ferent mouse strains: The wild type (WT) and RAGE~/~
generated in C57BL6 and SV129 background (27). The an-
imal care and use committees approved the experiments’
procedure at the Regierungssprasidium Tiibingen and Karl-
sruhe, Germany (G-90 and G-182). The STZ mice were
considered diabetic if blood glucose levels were above 300
mg/dl 16 days after the last STZ injection, as described ear-
lier (13). Blood and tissue samples were obtained after the
indicated periods described in the result section.

Ethics statement on patient samples

All experiments were conducted following the Declaration
of Helsinki and the International Ethical Guidelines for
Biomedical Research Involving Human Subjects. The lo-
cal ethics committee approved the study (ethics board ap-
proval S-206/2005, S270/2018 and S-284/2018). Formalin-
fixed and paraffin-embedded tissue samples were cut into 3
pm thick sections and put on glass slides.

Graph plotting and statistical analysis

Prism (version 8.0.1, GraphPad) was used to perform the
statistical analysis. Significance was expressed as P values
(ns, P > 0.5; *P < 0.05, **P < 0.01, ***P < 0.001 and
**E*P < (0.0001). For the comparison of the two groups,
unpaired two-tailed ¢-test was used. When more than two
groups were analyzed, one-way ANOVA was performed,
followed by Tukey’s test. To determine the statistical dif-
ferences between genotypes at different time points or dif-
ferent concentrations, two-way ANOVA with Sidak’s test
was performed. At least three independent biological repli-
cates were used. Mann-Whitney nonparametric test was
used to compare replication tract lengths and asymmetry
from DNA fiber assay. Colocalization analyses were carried
out using JACoP plugin (28). Manders’ colocalization co-
efficient (29), and Pearson’s correlation coefficient (30) were
used to quantify colocalization.

RESULTS

Identification of DNA replication licensing factor Mcm2 as
an interacting partner of nuclear RAGE

RAGE constitutively localizes in the nucleus of mam-
malian cells. Recently we have elucidated that nuclear
RAGE (nRAGE) participates in DNA DSBs repair; how-
ever, irrespective of the DSBs, its constitutive localization
in the nucleus indicates other functions (12-15). RAGE~/~
cells show proliferation defects and an increased frequency
of micronuclei, a phenotype compatible with replication
defects. Therefore potential RAGE interacting partners
were studied under basal and hydroxyurea-induced repli-
cation stress. A coupled strategy involving hydroxyurea
(HU) treatment, followed by immunoprecipitation and LC-
MS/MS-based identification, was used (Figure 1A). From
nuclear extracts of HU-treated HEK293T cells, RAGE re-
trieved a wide range of interacting proteins. Among these,
135, 80, 40, 34 and 20 kDa bands were more prominent than
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Figure 1. Nuclear RAGE interacts with the DNA replication helicase complex subunits Mcm2/7. (A) Schematic representation of the steps used for
identifying the interacting partners of RAGE in the nucleus from HEK293T cells left untreated (UT) or treated with the replication stress agent hydroxyurea
(HU; 2 mM for 4 h). (B) Silver-stained gel showing the proteins retrieved from the mCherry trap beads by using the lysate of untreated (-) or hydroxyurea
treated (+; HU 2 mM for 4 h) HEK293T cells ectopically expressing either mCherry-RAGE or mCherry alone. Mcm2 and Mcm?7 were identified by LC-
MS/MS, marked by a red and black arrow, respectively. The label M indicates a protein marker. (C) Co-immunoprecipitation blots showing the interaction
of RAGE with the replication helicase complex (as represented by Mcm2/Mcm?7). Co-immunoprecipitation was performed from the lysate of control
(-) or HU (+ represents 200nM, ++ represents 2 mM; for 4 h) treated HEK293T cells over-expressing either mCherry-hRAGE or mCherry alone. (D)
Representative immunoblots showing the replication stress-induced RAGE-Mcm?2 interaction. Co-immunoprecipitation was performed using mCherry
trap beads from the lysate of control (-) or HU (+) (2 mM; 4 h) treated HEK293T cells over-expressing either mCherry-hRAGE and EGFP-Mcm?2, or
mCherry-hRAGE and alone GFP. (E) Co-immunoprecipitation immunoblots showing the RAGE-Mcm?2 interaction from the lysate of control (-) or HU
(+) (2 mM; 4 h) treated HEK293T cells ectopically expressing mCherry-hRAGE with anti-Mcm?2 or IgG control. pPCHK1 S345 served as the control to
verify the activation of replication stress signaling. (F) HEK293T cells ectopically expressing either mCherry vector (lane 1), full-length mCherry-RAGE
(lane 2) or mCherry-RAGE deletion constructs (lanes 3, 4 and 5) were treated with HU (2 mM, 4 h). Here FL represents full-length, ANTD/ACTD
represents the deletion of the N- or C-terminal domain of RAGE, and MNBR represents the Mcm2 non-binding mutant of RAGE.

others (Figure 1B). Mass spectrometry analysis showed that plex subunits 2 and 7. This interaction was enhanced upon

RAGE interacts with the miniature chromosome mainte- HU treatment (Figure 1C; lane 4 versus lane 5 or 6).

nance complex subunits (Mcm) 2 and 7 (Table 1). More In contrast, the interaction with core histones remained
importantly, this RAGE/Mcm interaction was markedly unchanged under these situations (Figure 1C, lane 4 ver-
enhanced in cells treated with replication stress-inducing sus lane 5 or 6). Further, mCherry alone showed no interac-

agent HU (Figure 1B). The LC-MS/MS data were veri- tion with either the Mcm2 or the Mcm?7 subunit of replica-
fied using the HEK293T cells expressing mCherry-RAGE tion helicase under these conditions (Figure 1C, lanes 1-3).

or mCherry alone. These cells were either left untreated or In proliferating cells, Mcm subunits can exist in two forms;
treated with either a low (200 wM; 4 h) or a high (2 mM; 4 h) in one, it exists as a free factor, whereas in another, it as-
concentration of HU, known to activate checkpoint signal- sembles into an active replication helicase complex. How-
ing (Supplementary Figure 1A). Co-immunoprecipitation ever, considering that two different subunits of the replica-

data show that nuclear RAGE interacts with the Mcm com- tion helicase, i.e. Mcm2 and Mcm7, were detected in RAGE



Table 1. A list of RAGE associated protein under untreated (—) or Hy-
droxyurea (HU; +) treated condition

Treatment - +
Protein| No. of peptides in RAGE IP

Mcem?2 23 73
Mcm7 11 46
RPA2 23 47
H2AX 8 22
RANGAP1 1 5
RBBP4 3 9
PCNA 2 13

immunoprecipitation, it suggests that RAGE interacts with
assembled Mcm complex.

To further confirm these co-immunoprecipitation data,
a reciprocal immunoprecipitation was performed by using
the HEK293T cells expressing GFP-Mcm2 and mCherry-
RAGE. Immunoprecipitation of GFP-tagged Mcm2 also
co-immunoprecipitated RAGE, and this interaction was
markedly enhanced in HU-treated cells (Figure 1D lane 3
vs lane 4). In contrast, GFP alone showed no interaction
with RAGE or Mcm complex in basal or replication stress
situations (Figure 1D, lane 1 versus lane 2). Similar to the
GFP-tagged Mcm?2, immunoprecipitation of endogenous
Mcm?2 from the cells either left untreated (-) or were treated
with HU (+) also co-immunoprecipitated RAGE in a man-
ner that depends on the HU stimulation (Figure 1E, lane
1 versus lane 2, as marked by the Chkl phosphorylation;
pCHK 153%). These data show that nuclear RAGE inter-
acts with Mcm?2, and this interaction is modulated by HU
treatment.

Since RAGE and Mcm2/7 are chromatin-interacting
proteins, the observed interaction might be mediated
through DNA. To clarify this, two independent approaches
were used. First, we used ethidium bromide (EtBr) to dis-
rupt any DNA-protein interactions in the lysate used for
immunoprecipitation. A more direct protein pulldown as-
say was utilized in the second approach. EtBr-treatment of
the lysate neither affected nor disrupted the RAGE/Mcm?2
interaction (Supplementary Figure 1B, lane 2 versus lane
3), indicating that the RAGE-Mcm?2 interaction is likely
mediated via direct protein-protein interaction but not
via DNA. To confirm this further, a GST pulldown as-
say was performed using the purified GST-tagged Mcm2
(bait) and the (His)s-tagged RAGE (prey) (Supplemen-
tary Figure 1C). The pulldown assay showed that GST-
tagged Mcm?2 could capture the (His)g-tagged RAGE (Sup-
plementary Figure 1D, lane 4). In contrast, GST alone
showed no such interaction with RAGE under similar
conditions, indicating this assay’s specificity (Supplemen-
tary Figure 1D, lane 5). Cumulatively, this indicates that
RAGE interacts with Mcm?2 through direct protein-protein
interaction.

The N-terminus of RAGE contains an SAP domain with
an AT-hook, whereas the C-terminus of RAGE harbours
the signaling and DNA binding modules. To understand
the importance of these modules in the RAGE/Mcm?2 in-
teraction, extensive in silico structure modelling tools were
utilized. These data predicted that RAGE encircles the
Mcm?2 complex using the conserved amino acid residues
from the far N-terminus and the C-terminus signaling mod-
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ule. More importantly, our prediction also showed that
this RAGE/Mcm?2 interaction interface is distinct from the
RAGE/MREI1 interface. To test this prediction, we gen-
erated a mutant with a lysine mutation (K173A) closer to
the AT-hook motif located at the N-terminus and a dele-
tion of a stretch of 13 amino acids (residues from 309-322
of human RAGE). This RAGE construct was labeled as an
Mcm2 Non-Binding mutant of RAGE (MNBR) (Supple-
mentary Figure 2A). From the in silico analysis, it was pre-
dicted that these mutations abolished the RAGE/Mcm?2 in-
teraction needed in response to replication stress. MNBR
and the other RAGE deletions were studied in comparison
with full-length RAGE in the co-immunoprecipitation as-
say (Supplementary Figure 2A). mCherry alone served as a
negative control of the immunoprecipitation. Upon replica-
tion stress, full-length RAGE, N-terminus deleted domain
(ANTD), and the C-terminus deleted domain (ACTD) of
RAGE interacted with Mcm?2 (Figure 1F, lanes 2-4).

Interestingly, the ANTD mutant of RAGE enhanced the
RAGE/Mcm? interaction, indicating that the deleted re-
gion might negatively regulate the RAGE/Mcm?2 interac-
tion. Contrary to the full-length and other RAGE deletions,
neither the MNBR mutant nor the mCherry alone could
bind to the Mcm?2 in a replication stress situation (Figure
1F, lanes 2, 3 and 4 versus 1 or 5), supporting the result
of the in silico analysis. This indicates that both the N-
terminus and C-terminus region of the nuclear RAGE play
a vital role in RAGE/Mcm?2 interaction, and MNBR mu-
tation blocks this interaction completely.

Further, to test if amino acid changes in MNBR indeed
makes this RAGE mutant specifically deficient for its inter-
action with Mcm2, but not other nuclear function of RAGE
such as MRE11 binding dependent DNA DSBs repair in
the nucleus (12,15), laser-induced DNA DSBs recruitment
studies were performed by using either the mCherry-tagged
full-length or the MNBR-RAGE in conjunction with GFP-
Nbsl. Like full-length RAGE, MNBR can also recruit to
the site of DNA damage (Supplementary Figure 2B; left
versus right panels). This shows that the MNBR muta-
tion does not affect the DNA DSBs repair function of
the nuclear RAGE but specifically abolishes the functional
RAGE/Mcm?2 axis.

In the above IP experiments, we have used HEK293T
cells with the RAGE and Mcm2 of human origin. To rule
out any cell type or species dependency of this interaction,
the immunoprecipitation was repeated in Hela and U20S
cells. Like the HEK293T cells, immunoprecipitation from
Hela (Supplementary Figure 2C) or U20S (Supplementary
Figure 2D) cells also showed that RAGE interacts with
Mcm?2. As expected, this interaction was enhanced by HU
treatment. Further, to exclude the species dependency in
RAGE/Mcm?2 interaction, either full-length RAGE or the
cytoplasmic domain of murine RAGE (not capable of enter-
ing the nucleus (12) was studied. Immunoprecipitation with
murine RAGE also showed that full-length RAGE, but not
the cytoplasmic RAGE or the GFP alone, interact with the
Mcm?2 (Supplementary Figure 2E, lane 2 versus lane 1 or
3). Collectively, these data show that irrespective of the cell-
type or species of RAGE origin used, RAGE interacts with
Mcm?2 and this interaction is markedly enhanced by repli-
cation stress.
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Replication stress modulates the timely association of RAGE
with the Mcm2 complex

To gain insight into how the RAGE-Mcm2/7 axis might
contribute to genomic stability, the replication stress re-
sponse was studied in U20S cells. To induce the replica-
tion stress, two independent agents were used. Hydroxyurea
(HU) induces a deoxynucleotide imbalance and activates
the replication stress response (31). Also, glyoxal, an alter-
native replication stress-inducing agent which affects repli-
some progression and thus induces replication stress (32)
in metabolic disease and cancer, was used. After HU treat-
ment, RAGE colocalizes with the replication helicase com-
plex subunits Mcm?2 (Figure 2A; left panel and Supple-
mentary Figure 3A; upper panels; P < 0.01; n = 2) and
Mcm?7 (Figure 2A; right panel and Supplementary Figure
3A; lower panels; P < 0.001; n = 2).

RAGE in the nucleus exists in two forms, a chromatin-
bound form that performs the chromatin-associated func-
tions (12,33) and another nucleoplasmic form which is
freely available for chromatin-dependent or independent
functions of RAGE in the nucleus (33). Thus, to prevent
colocalization interferences from the nucleoplasmic form,
the Proximity Ligation Assay (PLA) and the lacO system
(16) were utilized in parallel. At first, U20S cells ectopi-
cally expressing FLAG tagged-R AGE were studied in PLA.
PLA signal confirmed that upon HU treatment, RAGE and
Mcm?2 were in very close vicinity to activate the proximity
ligation system; in contrast, neither Mcm?2 nor the FLAG
antibody alone showed any signal, thus validating the speci-
ficity of this assay (Figure 2B, Supplementary Figure 3B). In
the second approach, U20S-lacO cells ectopically express-
ing EGFP-tagged-Mcm?2 in conjunction with either Lacl-
mCherry or Lac/-mCherry-RAGE were used (Figure 2C).
HU treatment also promotes the enrichment of Mcm?2 onto
the immobilized RAGE, as observed by the native fluores-
cence of each fluorescent tag (Figure 2D and E), whereas,
Lac/-mCherry itself showed a very weak or no binding (Fig-
ure 2D and E).

To further validate the importance of the RAGE-Mcm
interaction in replication stress, immunoprecipitation, colo-
calization and PLA studies were repeated in the presence
of glyoxal. Immunoprecipitation studies from HEK293T
cells ectopically expressing mCherry-RAGE showed that
glyoxal treatment (0.5 mM for 4 h) promotes the RAGE-
Mcm?2 interaction (Supplementary Figure 4A, lanes 1 and
2). In contrast, mCherry alone showed no interaction in ei-
ther glyoxal-treated or untreated cells (Supplementary Fig-
ure 4A, lanes 3 and 4). Co-localization (Supplementary Fig-
ure 4B, C; P < 0.01; n = 2) and PLA (Figure 2F) also con-
firmed immunoprecipitation data that glyoxal promotes the
RAGE-Mcm interaction in a manner comparable to HU.
Thus, these data prove that both replication stress-inducing
agents enable the association of nuclear RAGE with Mcm
complex.

DNA damage and replication stress induce phase sep-
aration of the nuclear factors to form repair foci (34,35).
RAGE forms visible repair foci at DSBs, which colocalize
with the DNA end-resection complex (MRN) (12). There-
fore, to test if replication stress promotes the accumula-
tion of RAGE in visible foci, HU-mediated replication

stress was performed in U20S cells, expressing mCherry-
tagged RAGE. After the indicated HU time intervals, these
cells were detergent extracted (CSK; (14)), fixed, and the
native mCherry fluorescence was then used for determin-
ing the pattern of RAGE. Upon HU treatment, RAGE
forms visible foci, which became apparent after 20-30
min and were stable for a longer time (Supplementary
Figure 5A).

RAGE is known to express in various organ systems (14).
Since glyoxal, a replication stress-inducing agent, regulates
the RAGE/Mcm?2 or 7 interaction, the RAGE colocaliza-
tion with Mcm?2 was studied in tissue sections from murine
diabetic lungs and human small cell lung carcinoma (SCLC)
biopsies. After staining the tissue with RAGE and Mcm?2
antibodies, the colocalization coefficient (Pearson’s correla-
tion) (R) was calculated (29,36). The data show that RAGE
colocalizes with Mcm2 with an R-value of 0.862 in murine
diabetic lungs (Supplementary Figure 5 B, C) and 0.924 for
the human SCLC biopsies (Supplementary Figure 6). Alto-
gether, these data demonstrate that RAGE colocalizes with
Mcm?2 in a murine model of diabetes and human cancer, fur-
ther supporting the hypothesis, that this interaction might
be of relevance.

RAGE protects cells from replication stress

Perturbed replication fork progression is associated with in-
creased DNA damage and is the main culprit inducing repli-
cation stress. Previously we have shown that the absence of
RAGE affects the proliferative potential of primary lung fi-
broblasts and that these cells accumulate endogenous DNA
damage (12). To understand the importance of the RAGE-
Mcm axis in replication stress response, Hela%T and Hela
RAGE~/~ (RAGE~/7) cells were exposed to various con-
centrations of HU or glyoxal and their post-replication
stress recovery was determined in a colony-forming assay.
To rule out non-specific genome editing of these cells, two
independent Hela RAGE~/~ clones (clone 1 and clone 2;
14) were studied in parallel to the Hela RAGE*/* cells. It
was observed that RAGE™/~ cells were more sensitive to
replication stress at the various concentrations tested (Fig-
ure 3A, B; P < 0.001 to 0.0001; n = 6, and Supplementary
Figure 7A; P < 0.05 to 0.0001; n = 6).

Further, to rule out the influence of cell type-specific ef-
fects, the post-replication stress survival potential of murine
lung fibroblasts harvested from WT and RAGE~/~ mice
were also studied (27). Similar to the phenotype observed
with Hela RAGE~/~ cells, RAGE~/~ lung fibroblasts were
sensitive to HU (Supplementary Figure 7B, C; P < 0.0001;
n = 6) or the glyoxal (Supplementary Figure 7D; P < 0.01; n
= 6) concentrations tested, indicating an inherent function
of RAGE in a replication stress situation.

To investigate the underlying mechanism, a single-
molecule DNA fiber spreading analysis of replication fork
progression was performed in WT and RAGE~/~ cells.
Cells were pulsed with chlorodeoxyuridine (CldU) for 30
min and then with iododeoxyuridine (IdU) for another 30
min. The double labeling with CIdU and IdU allows the
deep analysis of fork progression speed and the new origin
firing. The replication fork progression speed was mildly de-
creased under basal conditions (Supplementary Figure 8A,
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Figure 2. Replication stress promotes the recruitment of RAGE into the miniature-chromosome complex. (A) The quantitative analysis showing the Man-
der’s colocalization coefficient for the RAGE/Mcm2 or RAGE/Mcm7 colocalization of the data presented in Supplementary Figure 3A. Data represents
mean + SEM, **P < 0.01; ***P < 0.001, n = 2; >30 cells were analyzed for each condition. (B) Representative images showing the proximity ligation
assay (PLA) signal in U20S cells. These cells were ectopically expressing Flag-RAGE. Replication stress was induced by incubation with hydroxyurea
(HU; 2 mM, 4 h), showing the replication stress-induced association of Mcm2 with RAGE, as marked by the PLA signal. The zoom window represents
3x magnification highlighted in dotted white boxes (scale 20 wm). (C) Schematic representation of the fluorescence-two-hybrid (F2H) system used for
validating the stress-induced RAGE-Mcm?2 interaction in U20S cells (stably integrated with LacO array) by using Lac/-mCherry-alone or Lac/-mCherry-
RAGE (bait) and EGFP-Mcm?2 (prey). (D) Representative images of U20S-LacO cells expressing the F2H system show that immobilization of RAGE
onto the chromatin (bait) enriches Mcm2 (prey) onto the chromatin. The zoom window represents 2x magnification of the indicated areas, highlighted
in dotted white boxes (scale 10 wm). (E) The quantitative analysis of the F2H data is shown in (D). Data represents mean & SEM, **P < 0.01; >50 cells
were analyzed for each condition. (F) Representative images showing the proximity ligation assay (PLA) signal in U20S cells. These cells were ectopically
expressing Flag-RAGE. Stress was induced by incubating them with glyoxal (0.5 mM, 4 h), showing the association of Mcm2 with RAGE, marked by the
PLA signal. The zoom window represents 3x magnification of the indicated areas, highlighted in dotted white boxes (scale 20 pwm).

B and C, P < 0.05; n = 3) in the RAGE~/~ cells. Typically,
the replication forks move synchronically in a bi-directional
manner unless the replication-cum-repair machinery of a
cell has problems in faithful progression or restart of repli-
cation forks (21). Thus, measurement of the lengths of repli-
cation tracts of sister forks can be used to analyze the inci-
dence of fork stalling. The progression of sister forks em-
anating from a common origin was studied by measuring
the lengths of the halogenated DNA tracts (IdU) for each
pair of the sister forks. The ratio of shorter to longer tract
was calculated (sister fork ratio) and plotted for WT or
RAGE~/~ cells. In this assay, RAGE~/~ cells had an in-
creased frequency of asymmetric sister replication tracts
(sister fork ratio much lower than 1), indicative of an in-

herent loss of fork stability or faithful progression ability
(Figure 3C, D and Supplementary Figure 8D; P < 0.0001;
n = 3). This data suggests that the absence of nuclear RAGE
affects the normal progression of replication under replica-
tion stress situations.

The presence of RAGE might keep the fork replication
proficient under basal conditions or after the replication
stress or blockage has removed. To test this, a modified
DNA fibre assay was performed by inducing the replica-
tion stress between the CldU and IdU pulses (Figure 3E)’. It
was observed that in the absence of RAGE, the frequency
of stalled replication forks is significantly enhanced under
basal as well as after replication stress induction (Figure 3F,
G; P < 0.05 (basal) or <0.01 (HU); n = 4).
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Figure 3. Absence of RAGE sensitizes the faithful progression of the replication fork under stress situation. (A) Representative images of the colonies from
WT or RAGE~/~ Hela cells either left untreated (UT) or treated with HU (indicated concentrations for 4 h), showing the percentage survival potential of
these cells to recover from the HU-mediated replication stress. Colonies were stained after 10 days of recovery. (B) Quantitative analysis of the percentage
survival potential of the indicated cells as described in (A). Two different Hela RAGE~/~ clones were simultaneously studied. Data represented mean
survival, ***P < 0.001, and ****P < 0.0001; n = 6. (C) Schematic preview and the representative images showing the pattern of symmetric and asymmetric
sister forks observed in DNA fiber assay in WT or RAGE~/~ Hela cells under basal conditions; scale bar, 10 wM. (D) Quantitative fiber spreading assay
data showing the ratio of sister forks (shorter/longer) >50 tracts were scored for each data set, ****P < 0.0001; n = 3). The red bar indicates the median.
Mann-Whitney nonparametric test was used to compare replication tract lengths and asymmetry from DNA fiber assay. (E) Schematic representation
showing the plan of a modified DNA fiber assay. Here, the replication stress was induced between the pulses of CldU or IdU. (F) Representative images
showing the pattern of stalled and restarted replication tracts observed in DNA fiber assay in WT or RAGE~/~ Hela cells under HU treatment, scale bar,
10 uM. (G) Quantitative analysis of the fiber spreading data showing the percentage of stalled (CldU only) forks for the indicated conditions. >200 tracts
were scored for each data set; *P < 0.05; **P < 0.01; n = 4.

RAGE supports the timely repair of replication progression ity (Figure 4A, B and Supplementary Figure 9A; P < 0.05—
defects 0.0001; n = 2), whereas control cells timely recover from
this stress (Figure 4A, B). This was further validated by
Chk1 (Chk1%**) phosphorylation (Supplementary Figure
9B). Like HU-mediated replication stress, glyoxal-induced
replication stress showed a markedly elevated frequency of
53BP1 expression in OPT-domains (Supplementary Figure
10A, B), further supporting the notion that the absence of
RAGE during replication stress inhibits the timely resolu-

To examine the early or delayed post-replication stress de-
fects induced by replication stress, WT and RAGE~/~ cells
were studied immediately after the indicated replication
stress or after their re-entry into the next cell cycle (16 h)
because cells cumulatively express all the unrepaired repli-
cation defects in the next cell cycle (37). Among these, the
most important is the 53BP1 marked OPT domain in the ) .. .
. . . ) tion of replication perturbations.

Gl-phase and the presence of micronuclei. In a compara- Micronuclei are considered a well-defined marker for
tive analysis of these two markers at early or later points in L . .

WT and RAGE~/~ cells, it was observed that the absence of rephcathn defects a cell might have encountered durmg
RAGE, particularly after replication stress, leads to a sig- :lﬁe 5p3r§\1/>110 1(115 tCGIL cygle glhase (19). Thgrefortca, tor ver.lfy
nificant increase of single large OPT domains (pointed with N ata showing the compromised post-replication

g o stress recovery of RAGE~/~ cells, micronuclei frequency
yellow arrow), as marked by the absence of cyclin-A positiv in WT and RAGE—/~ cells was determined after 16 h of
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Figure 4. Under replication stress situations, RAGE prevents the expression of 53BP1 in OPT domain and the appearance of micronuclei. (A) Represen-
tative immunofluorescence images showing a comparative analysis of HU stress repair potential, as evidenced by single large 53BP1 foci, as marked by
yellow arrowheads, in WT or RAGE~/~ Hela cells at the indicated time points (4 hours:4 h, or 16 hours:16 h). The zoom window (in dotted white boxes)
represents the respective zoomed areas (scale 25 wm). (B) Quantitative analysis of the post-replication stress repair potential of the WT or RAGE~/~ cells
described in (A). Data represented mean + SD, *P < 0.05; ****P < 0.0001; n = 2; >500 cells were counted for each case. (C) Representative immunofluo-
rescence images showing the micronuclei frequency in WT or RAGE~/~ Hela cells after 24 h post-replication stress (HU, 2 mM for 4 h) chase. The white
arrowhead points to micronuclei (scale 25 pm). (D) Quantitative analysis of the post-replication stress repair potential of WT or RAGE~/~ cells shown in
(C). Data represented as mean & SD, ****P < (0.0001; n = 3; >250 cells were analyzed for each condition.

HU-mediated replication stress. The absence of RAGE sig-
nificantly increases the frequency of micronuclei formation
in untreated cells or 24 h after replication stress (Figure 4C,
D; P < 0.0001; n = 3).

Further, to verify that this large clustering of 53BP1
in OPT domains is indeed associated with the absence
of RAGE but not a Hela cell-specific observation, WT
or RAGE~/~ lung fibroblasts were studied in parallel to
Hela cells. Similar to Hela cells, the absence of RAGE
from lung fibroblasts markedly enhanced the clustering
of 53BP1 in OPT domains (Supplementary Figure 11A,
B; P < 0.05-0.0001; n = 2) and also increased the fre-
quency of micronuclei in these cells (Supplementary Fig-
ure 12A, B; P < 0.01-0.0001; » = 2), indicating that
absence of RAGE from Hela or lung fibroblasts ex-
press similar defects in the post-replication stress recov-
ery phase. These data indicate that RAGE participates
in maintaining the stability of the replication fork un-
der stress situations since the absence of RAGE sensi-
tizes the cells to endogenous or exogenous replication
defects.

RAGE stabilizes the levels of Mcm2 in replication stress sit-
uations

Increased Mcm protein levels protect cells from replication
stress-associated catastrophes (38). Further, the absence of
nuclear RAGE makes the cells adversely sensitive to the
two different replication stress agents tested. Therefore, we
hypothesized that RAGE might stabilize Mcm?2 and other
components of the replication helicase complex, particu-
larly under replication stress situations. To test this hypoth-
esis, Hela RAGE ™/~ cells were either complemented with
mCherry-RAGE or just mCherry expressing vector alone.
After 36 h of transfection, these cells were co-treated with
HU (2 mM for 4 h) and Cycloheximide (CHX; 0.25 mM),
as shown in the scheme (Figure 5A). After 4 h of HU treat-
ment, post-replication stress time points were collected un-
der the constant pulse of CHX (Figure 5A). The collected
samples were then analyzed for the stability of Mcm?2 in
cells expressing either mCherry alone or mCherry-RAGE.
Under replication stress, Mcm2 levels in cells expressing
mCherry alone decreased over time, indicating degradation
of Mcm?2. The presence of mCherry has no stabilizing ef-



2308 Nucleic Acids Research, 2023, Vol. 51, No. 5

A =

@ 6 36 hours @
Hela-/- 7

%o
%

Transfect with
mCherry-RAGE
or mCherry alone

B
mCherry-Vector + + + + + - - - - .
mCherry-RAGE - - - - - + + + + +
CHX - + + + + - + + + +
HU - + + + + - + + + +

Time(hrs) - 0 1 3 6 - 0 1 3 6

uTt

= G/
N S inous =
= =
== =

MCM2 | S e e e s iy g e oy O

a i

- aemw

L —

mCherry

e

Actin

— e —— ——

12 3 45 6 7 8 9 10

Harvest as 0 hour
time point

Collected timepoints

&= 1 hour
@ 3 hours

Continue

CHX treatment @
6 hours
C
mCherry-Vector + + + + + - - - - -
mCherry-RAGE - - - - - + + + + +
GFP-Mcm2 + + + + + + + + + +
CHX - + + 4+ + - + + + +
HU - + + + + - + + + +

Time(hrs) - 0 1 3 6 - 0 1 3 6
Fr— - mmmew
— Lk

GFP

mCherry

PaYol {1 [ £ pppp——

12 3 45 6 7 8 9 10

Figure 5. RAGE stabilizes the levels of Mcm2 under replication stress. (A) Schematic presentation of the steps involved in Cycloheximidine (CHX) pulse-
chase experiment in Hela RAGE ™/~ cells transfected with a plasmid expressing mCherry alone or the mCherry-RAGE. The samples were collected at 0, 1,
3 and 6 h. (B) Representative immunoblots showing the levels of endogenous Mcm2 in Hela RAGE~/~ cells expressing mCherry alone or mCherry-RAGE
treated with CHX (0.25 mM) and HU (2 mM for 4 h). The samples were collected at the indicated time points. (C) Representative immunoblots showing
the levels of Mcm2 in HeLa RAGE~/~ cells expressing GFP-Mcm?2 in combination with mCherry alone or the mCherry-RAGE treated with CHX (0.25
mM) and HU (2 mM for 4 h) and the samples were collected at the indicated time points.

fects on Mcm?2 (Figure 5B; lanes 2-5). However, when the
cells were expressing mCherry-RAGE, a persistent stable
level of Mcm?2 (Figure 5B) was observed. More importantly,
this was evident from the shortest time point (1 h) to the lat-
est timepoint (6 h) (Figure 5B; lanes 7-10). These data show
that the RAGE/Mcm?2 interaction stabilizes Mcm?2.

To further confirm that the observed phenotype was
not associated with poor expression of the endogenous
Mcm?2 and was indeed associated with the Mcm?2 stabil-
ity imparted by the presence of RAGE, GFP-tagged Mcm?2
was expressed in conjunction with mCherry alone or with
mCherry-tagged RAGE in Hela RAGE~/~ cells. Like the
observation made with endogenous Mcm?2, nuclear RAGE
promotes stability to Mcm2 under replication stress, as
marked by the sustained levels of GFP-tagged Mcm?2 dur-
ing all time points studied (Figure 5C; lanes 8-10). How-
ever, in the cells expressing mCherry alone, Mcm?2 was de-
graded over time (Figure 5C; lanes 3-5). Altogether, these
data confirm that the RAGE stabilizes the Mcm?2 levels in
replication stress situations.

RAGE maintains the integrity of the nucleus

Replication stress prominently affects the organs showing a
high turnover, such as the ciliated zones of the kidney, gut
and endothelium (39). Therefore, RAGE™/~ mice kidneys
were studied along with age-matched background controls.
Histological analysis of the RAGE~/~ kidneys showed an
elevated frequency of enlarged nuclei with an apparent dis-
organization of the nuclear morphology, known as kary-
omegaly (Supplementary Figure 13A, B; P < 0.0001; n
= 5). In addition, renal cells from RAGE~/~ mice had a
higher frequency of micronuclei than the age-matched con-
trols (Supplementary Figure 13C), as also observed in the
cell lines tested. Both karyomegaly and micronuclei are as-
sociated with premature aging (40,41) and an abnormally
high proliferation rate (42). Further, histological analysis
of RAGE~/~ kidneys showed a higher frequency of Ki67-
positive cells than controls (Supplementary Figure 13D;
P < 0.0001; n=5).

In diabetes, a metabolic perturbation leads to the accu-
mulation of dicarbonyls such as formaldehyde, glyoxal and



Table 2. Basic parameters of the patient cohort

Parameters Controls Diabetes P-value
Number n=>5 n=>5

Age (years) 66.0 + 3.1 73.2+8.7 n.s.
Gender (f/m) 0/5 1/4

BMI (kg/m?) 27.6 +2.9 324 +£10.1 n.s
Diabetes duration (years) —- 184 £12.7 <0.05
CVD (yes, n [%]) 1[20] 2 [40] n.s.
Neuropathy (yes, n [%]) 0[-] 3[60] <0.05
Retinopathy (yes, n [%]) 0[] 2 [40] n.s.
Nephropathy (yes, 7 [%]) 0[] 5[100]

Fasting glucose (mg/dl) 99.4+£9.1 205.6 + 86.5 <0.05
HbAlc (%) 57+03 88+ 1.8 <0.01
Triglyceride (mg/dl) 87.8 £37.2 164.2 £ 50.3 <0.05
Cholesterol (mg/dl) 195.0 £ 54.2 164.8 £59.9 n.s
eGFR (ml/min*1.73m?) 95.6 £4.0 37.2 £ 139 <0.0001
urinary ACR (mg/g)* 11.2£85 880.8 £959.9 <0.05
Kreatinine 0.8 £0.1 1.9+£09 <0.05

methylglyoxal (20,43-47). These reactive dicarbonyls re-
act with nuclear proteins rich in basic amino acids (48).
This might be involved in developing diabetic complications
(49,50). When the frequency of micronuclei in non-smoking
age-matched mononuclear cells isolated from controls or
type-2 diabetic patients was studied, micronuclei formation
was more prevalent in diabetic patients than controls (Sup-
plementary Figure 14A, B; P < 0.0001; n = 5). Patients
with type 2 diabetes and increased frequency of micronuclei
were characterized by albuminuria and other organ compli-
cations (Table 2).

However, the increased frequency of micronuclei in
pathological samples might be linked to multiple nu-
clear disturbances. To understand the contribution of the
RAGE/Mcm?2 axis in this increased frequency of micronu-
clei in diabetic PBMCs, RAGE/Mcm?2 colocalization was
studied in these cells. In PBMCs of patients with type 2 dia-
betes and nephropathy presenting with micronuclei, ~58%
showed a loss of RAGE/Mcm?2 co-localization in the nu-
cleus (Supplementary Figure 14C; P < 0.0001; n = 5). In
contrast, this was not observed in the non-micronucleated
PBMC from the same patients. Loss of RAGE/Mcm?2 co-
localization is consistent with the in vitro data, showing that
the RAGE-Mcm interaction is essential for resolving repli-
cation stress. Thus, the RAGE/Mcm?2 axis is important in
replication stress that emerges from metabolic disease and
might play an undiscovered role in developing diabetic com-
plications.

If the RAGE/Mcm axis was essential, then the combina-
tion of metabolic stress, such as diabetes, with a RAGE~/~
should result in increased toxicity. When age-matched con-
trol or RAGE~/~ mice were injected with streptozotocin
(STZ) to induce hyperglycemia, a very high mortality rate
was observed in RAGE~/~ mice (~85-90% within 8 weeks
of diabetes; Table 3). Thus, studies looking at the time
course of renal complications were not possible in STZ-
treated RAGE~/~ mice. Therefore, background controls
were studied after 3 months and RAGE~/~ kidneys were
studied only 7 weeks after diabetes induction. At 3 months,
WT control kidneys showed prominent zones of ciliated
acetylated-tubulin-positive cells in the glomerulus, which
were not markedly reduced by STZ-induced hyperglycemia
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Table 3. The number of mice surviving at the indicated treatment and
duration
Background WT RAGE~/~
Animal numbers (|) Control STZ Control STZ
C57BL6
at the beginning 10 10 10 20
at the end of 4 weeks 10 10 10 16
at the end of 8 weeks 10 10 9 9
at the end of 12 weeks 10 9 9 2
SVi29
at the beginning 10 10 10 30
at the end of 4 weeks 10 10 10 24
at the end of 8 weeks 10 10 9 16
at the end of 12 weeks 10 10 8 5

(Figure 6A, B). However, when hyperglycemia was in-
duced in RAGE~/~ mice, a substantial reduction of the
acetylated-tubulin positivity was observed compared to the
WT controls (Figure 6A, B; P < 0.01t0 0.001; n=5). This is
compatible with ciliopathy as a marker of replication stress.

A consequence of impaired DNA repair in diabetes
is an increased accumulation of ECM, finally leading to
loss of organ function (13). In RAGE~/~ mice, Masson’s
Trichrome positivity, indicative of interstitial renal fibrosis,
was evident in the kidneys of non-diabetic RAGE~/~ mice,
which was severely aggravated after STZ treatment (Figure
6C, D; P < 0.0001; n=5). In addition to fibrosis, RAGE~/~
kidneys also showed an increased number of cells with kary-
omegaly (Figure 6C, zoomed area). Thus, the absence of
timely resolution of the endogenous replication stress and
compromised repair in the STZ-treated RAGE~/~ model
system is associated with the onset and progression of in-
terstitial fibrosis. Taken together, these data validate the im-
portance of RAGE, whose absence results in a more severe
STZ-induced phenotype, including lethality.

Furthermore, in addition to diabetes, metabolic ab-
normalities in cancer cells are known to be linked with
glycolytic flux; therefore, cancer cells are also exposed
to a situation similar to the metabolic disorder in dia-
betic PBMC (Garaycoechea, Crossan et al. 2018). There-
fore, the presence of micronuclei was determined in
SCLC. Human SCLC biopsies also show an increased
frequency of micronuclei (Supplementary Figure 15), in-
dicating that metabolic perturbations affecting the ex-
pression of micronuclei, are cumulatively operative in
SCLC.

Replication stress is common in highly proliferating can-
cer cells and the ciliated zones of the diabetic kidney. In both
of these situations, we observed an elevated frequency of mi-
cronuclei. Further, an increased expression of RAGE and
Mcm?2 was earlier reported in relapsed SCLC cases (14,51);
therefore, immunolocalization of RAGE and Mcm2 was
studied. Immunofluorescence analysis of RAGE and Mcm?2
in the human SCLC tissue showed that micronucleated cells
have a disturbed RAGE and Mcm2 localization, similar to
the observation in PBMC from patients with type 2 dia-
betes and diabetic nephropathy. In contrast, the neighbour-
ing cells did not lead to any visible micronuclei and had
a prominent nuclear RAGE-Mcm2 localization (Supple-
mentary Figure 16A). In micronucleated SCLC cells, four
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different patterns of RAGE-Mcm?2 staining were observed:
(1) lack of RAGE and Mcm?2 in the nucleus; [pointed with
yellow arrow], (ii) absence of RAGE [pointed with blue
arrow], (iii) lack of formation of foci containing RAGE
and Mcm2 [pointed with orange arrow], (iv) aggregated
RAGE [pointed with magenta arrow], (Supplementary Fig-
ure 16A). These findings were only present in micronu-
cleated cells but not the normal neighbouring cells with-
out any visible micronuclei. In these cells free of micronu-
clei, a prominent colocalization of RAGE-Mcm?2 in the
nucleus was evident (as shown in Supplementary figure
6). The RAGE/Mcm?2 localization was studied in the to-
tal micronucleated cells of the SCLC biopsies. It was ob-
served that about 61% of the micronucleated cells from
SCLC showed an aberrant localization pattern for RAGE
or Mcm?2 (Supplementary Figure 16B; P < 0.01-0.0001; n =
5). These correlative observations are consistent with the in

vitro data, thus suggesting a critical function of the RAGE-
Mcm?2 axis during replication stress.

Similar to PBMC or SCLC samples, a disturbed pat-
tern for the RAGE-Mcm?2 axis was also evident in murine
(Supplementary Figure 17; n = 3) and human kidney sec-
tions derived from STZ-induced experimental diabetes or
the type-2 diabetic patients diagnosed with interstitial fibro-
sis (Supplementary Figure 18; n = 3), respectively. About
72% of the micronucleated cells in STZ kidneys showed a
disturbed localization pattern for RAGE or Mcm2 (Supple-
mentary Figure 19A; P < 0.0001; n = 3), whereas about 57%
of the micronucleated cells in human kidneys with intersti-
tial fibrosis showed this feature (Supplementary Figure 19B;
n = 3). This shows that the nuclear disturbances marked
by micronuclei in the cells derived from these pathologi-
cal situations showed a comparable perturbed localization
pattern.



Nucleic Acids Research, 2023, Vol. 51, No. 5 2311

A KKk Hokk K C £ ;\? s T D
§ 400 3 540 2g15
§ 300 25 85
3 83% 5510
3 g £8
£ 100 £ 210 g E
z Y o=
WT+ - - - =S = L"’W'|'+- & * @ = = WT+ - - - + - - -
WTsiMcm2 - + - - = = = RAGE-- - + - -+ - - RAGE-- - + - - -+ - -
RAGE* - - * - -t siMcm2 - - + - - -+ - siMcm2 - - *+ - - -+ -
RAGE"- siMcm2 - - - * - - - * RAGE’ siMcm2 - - + - - - + RAGE™siMcm2 - - - + - - -+
uT HU
B 53BP1 Zoom 53BP1/DAPI Zoom 53BP1 Zoom 53BP1/DAPI Zoom

WT

Figure 7. RAGE and Mcm?2 participate in the same pathway to counter the replication stress. (A) Quantitative analysis showing the percentage survival
potential of untreated (UT; black bars) and hydroxyurea treated (HU; 2 mM, 4 h; grey bars), Mcm2 depleted WT or RAGE~/~ HeLa cells as described in
Supplementary Figure 20B. Data represent mean + SD, ****P < (0.0001; n = 6. (B) Representative images showing the pattern of 53BP1 (in red) stained
after 16 h of post-recovery of HU (2 mM, 4 h) treated and Mcm?2 depleted WT or RAGE~/~ Hela cells. DAPI (in blue) represents the nucleus, and the
zoom window (in dotted white boxes) represents the respective 3x zoomed areas (scale 25 wm). (C) Quantitative analysis showing the mean percentage
of 53BP1 marked OPT domains from the cells described in (B). Data represent mean £+ SD, *P < 0.05, ****P < (0.0001, ns represents non-significant;
n = 3. In this figure, ns represents the comparison between single depletion/deletion, whereas ‘ns’ indicates double depletion/deletion. (D) The quantitative
analysis showing the frequency of micronuclei from HU-treated cells. Data represent mean & SD, *P < 0.05, **P < 0.01; ***P < 0.001; ****P < 0.0001;
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RAGE and Mcm?2 participate in the same pathway to counter
replication stress

Timely resolution of the replication defects involves multi-
ple pathways involving various nucleases and helicases. We
next studied whether RAGE and Mcm?2 respond to repli-
cation stress by using the same routes. Therefore markers
of post-replication stress, such as S3BP1 and the frequency
of micronuclei, were studied in RAGE~/~ cells that were
either mock-transfected or depleted of their endogenous
Mcm?2 (siMcm?2) (Supplementary Figure 20A). Both the ab-
sence of RAGE or depletion of Mcm?2 resulted in a signif-
icant decrease in survival potential compared to untreated
counterparts of these cells under replication stress situation
(Figure 7A, Supplementary Figure 20B; P < 0.0001; n =
6). The depletion of Mcm2 from RAGE~/~ did not alter
their HU sensitivity. Furthermore, neither the absence of
RAGE nor the depletion of Mcm?2 could enhance the fre-

quency of 53BP1 marked OPT domains in these cells (Fig-
ure 7B and C; P < 0.05-0.0001; n = 3), consistent with the
data on survival potential. Further evaluation of the effect
of Mcm?2 depletion on the frequency of micronuclei in WT
and RAGE~/~cells revealed that the single or combined de-
ficiency of Mcm2 and RAGE did not add-on the effects of
an already missing factor (Figure 7D, Supplementary Fig-
ure 20C; P < 0.05-0.0001; n = 3). Furthermore, induction
of replication stress by glyoxal also showed a similar phe-
notype in the colony-forming assay (Supplementary Figure
21A, B; P < 0.0001; n = 6), micronuclei frequency (Sup-
plementary Figure 21C, D; P < 0.05-0.01; n = 6), and the
53BP1 expression in OPT domain (Supplementary Figure
22A, B; P < 0.05-0.0001; n = 6).

These data are consistent with the hypothesis that RAGE
and Mcm?2 respond to replication stress via the same path-
way. Removal of one or another player of this correspond-
ing pathway compromises this response; that might explain
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Figure 8. Reconstitution of RAGE promotes the remission of replication stress-associated defects. (A) The graphical presentation of the total number
of colonies formed from the assay is shown in Supplementary Figure 24 A. Data represent mean + SD, ****P < (0.0001; n = 6. Panel EV represents
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why an additional removal or depletion does not sensitize
these cells further to the replication stress-inducing agents.

Reconstitution of RAGE resolves replication stress and im-
proves survival in RAGE~/~ cells

Replication stress and its associated signaling perturb the
normal cellular homeostasis of RAGE™/~ cells. RAGE™/~
cells were reconstituted with full-length, MNBR, N- or C-
terminal deletion mutants of RAGE (see Supplementary
Figure 2A). The cells reconstituted with full-length nuclear
RAGE showed better survival potential when compared to
empty vector or MNBR-complemented cells (Figure 8A,
Supplementary Figures 23, 24A). The C-terminal deleted
RAGE construct did not improve the survival potential of
cells, while the N-terminal deleted RAGE, missing amino
acids 1-140, was as effective as full-length RAGE (Figure
8A, and Supplementary Figure 24A; P < 0.001; n =6). Con-
sistent with the functional effect, the N-terminal deleted

RAGE maintains maximal binding to Mcm?2 (see Figure
1F) when immunoprecipitation was performed from HU-
treated cells. This might be because the N-terminus deletion
potentially unmasks the regulatory DNA binding region of
RAGE and thus might generate a better affinity for DNA
binding.

To validate the importance of full-length, MNBR or
ANTD RAGE reconstitution under basal and replication
stress situations, glyoxal was used. Similar to the obser-
vations made with HU, full-length, but not MNBR or
EV, could functionally complement Hela RAGE~/~ cells
against glyoxal-induced replication stress (Supplementary
Figure 24B, C; P < 0.0001; n = 6). Furthermore, the full-
length and the N-terminal deleted RAGE construct did
normalize the cell survival under HU-induced replication
stress and prevented the formation of single large 53BP1
foci in OPT domain (Figure 8B, C; P < 0.0001; n = 3) and
micronuclei formation (Figure 8D, and Supplementary Fig-
ure 25; P < 0.0001; n = 3). In contrast, as expected, MNBR
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Figure 9. Restoration of RAGE levels promotes the increased tolerance to replication stress. (A) Schematic preview and the quantitative data showing
the length of tracts observed in DNA fiber assay in Hela RAGE~/~ cells complemented with full-length, MNBR or the EV. The Hela (Hela RAGE™/*)
cells served as an internal control. The red bar indicates median. Mann-Whitney non-parametric test was used to compare the differences. For quantifi-
cation >200 tracts were scored for each data set; ***P < 0.001; ****P < 0.0001; n = 3. (B) Schematic preview and quantitative fiber spreading data,
showing the ratio of sister forks. Hela RAGE~/~ cells complemented with either full-length, MNBR or the EV. The Hela (Hela RAGE*/*) cells served as
an internal control. The red bar indicates median. Mann-Whitney non-parametric test was used to compare the differences. For quantification >40 tracts
were scored for each data set; **** P < 0.0001; n = 3. (C) Quantitative fiber spreading data showing the percentage of stalled (CldU only) forks from HeLa
RAGE ™/~ cells complemented with full-length, MNBR or the EV. The Hela (Hela RAGE™/*) cells served as an internal control. For quantification >200

tracts were scored for each data set; *P < 0.05; n = 4.

or EV imparted no benefits to the RAGE~/~ cells (Figure
8D, and Supplementary Figure 25). When glyoxal was used
as a replication stress-inducing agent, similar results 53BP1
(Supplementary Figure 26A, B; P < 0.0001; n» = 6) and mi-
cronuclei frequency were obtained (Supplementary Figure
27A, B; P < 0.0001; n = 6).

To reverify if the absence of RAGE-associated replica-
tion stress defects could be reverted in another model sys-
tem, RAGE~/~ lung fibroblasts were complemented with
either full-length nuclear RAGE, the empty vector alone
(EV) or the MNBR, which served as a negative control.
Similar to the observations made with Hela cells, the com-
plementation of RAGE~/~ lung fibroblasts with full-length
RAGE, but not with MNBR or EV normalized the timely
recovery from the replication stress as marked by the 53BP1
large foci (Supplementary Figure 28A, B; P < 0.0001; n =
6), micronuclei frequency (Supplementary Figure 29A, B;
P < 0.0001; n = 6), and survival potential (Supplementary
Figure 30; P < 0.0001; n = 6) after HU-induced replication
stress. Like HU, glyoxal-induced replication also confirmed
these observations (Supplementary Figure 31A, B and C;
P < 0.0001; n = 6). Collectively, these molecular reconsti-
tution experiments clarified the defects associated with the
absence of RAGE, or impaired RAGE-Mcm?2 axis, partic-
ularly under replication stress.

To verify if the increased survival, decreased micronu-
clei and 53BPI nuclear bodies in Hela RAGE™/~ cells

complemented with full-length RAGE, but not MNBR or
EV, indeed associated with decreased replication defects,
DNA fibre assay was performed with these complemented
groups of Hela RAGE~/~ cells. Hela RAGE™/* served as
a positive control of the experiment. It was observed that
complementation of Hela RAGE™/~ cells with full-length
RAGE, but not with MNBR or mCherry alone could res-
cue the replication fork slowing and sister fork asymme-
try phenotypes of these cells (Figure 9A, B; P < 0.001 to
0.0001; n = 3). The expression of these complementation
constructs was verified using a fluorescence intensity score
(Supplementary Figure 32). In addition, the replication fork
stalling following HU treatment was dramatically reduced
in Hela RAGE~/~ cells complemented with full-length nu-
clear RAGE (Figure 9C; P < 0.05; n = 4). However, nei-
ther mCherry alone nor the MNBR could suppress the
fork-stalling phenotype of the Hela RAGE~/~ cells (Fig-
ure 9C). These data suggest that the improved survival, de-
creased 53BP1 foci, and the micronuclei frequency in Hela
RAGE~/~ cells complemented with full-length RAGE were
indeed associated with the improved potential of these cells
against replication stress.

Most of the high proliferating cells, including Hela, are
known to harbour chemo- and mechanosensory cilia on
their cell surface (52). Our data show that the compro-
mised replication stress response is indeed associated with
ciliopathy, as marked by the loss of ciliated zones around
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the tubular cells. To validate that the pathological implica-
tions observed in the RAGE~/~ kidney were linked to the
RAGE/Mcm?2 axis, RAGE complementation in RAGE~/~
Hela was further explored. The RAGE~/~ cells were com-
plemented with either full-length RAGE, MNBR or the
vector expressing mCherry alone and were either left un-
treated or treated with the replication stress agent HU (2
mM for 4 h). After 5 days of the replication stress, the sta-
tus of cilia-associated acetylated tubulin was determined.
It was observed that full-length nuclear RAGE in basal or
replication stress increased the level of acetylated tubulin
(Supplementary Figure 33, lane 3 or 7). In contrast, neither
the Mcm?2 non-binding RAGE (MNBR) nor the empty vec-
tor (EV) promoted ciliogenesis in basal or replication stress
(Supplementary Figure 33). This supports the notion of an
important role of the RAGE/Mcm?2 axis in the coordinated
synchrony of proliferating cells.

DISCUSSION

This study provides a partial answer to the open question of
how the Mcm complex is recruited during replication stress
and its sustained activity. We find that both, Mcm2 and 7
bind RAGE via the far N- and the C-terminal region of
RAGE, while the N-terminal region of RAGE binds DNA
at the site of damage. Depleting these 2 components results
in enhanced sensitivity to replications stress. The nuclear
RAGE/Mcm axis plays a vital role in the faithful progres-
sion of the replication fork under stress situations, partic-
ularly by ensuring synchrony of bidirectional fork progres-
sion to maintain a normal sister fork ratio, thus prevent-
ing fork stalling (Figure 10). Our data indicate that lack of
RAGE affects the timely resolution of the replication de-
fects in vitro and in vivo models.

RAGE /= cells show a very high frequency of mi-
cronuclei, the expression of 53BP1 in OPT (Octl-PTF-
Transcription) domains in the nucleus is associated with re-
duced survival of these cells under replication stress situa-
tion (37). A similar observation was previously reported for
cells depleted of Mcm2, 53BP1 or Mus81, known to partic-

ipate in the maintenance of the replication fork (37,38,53—
57). Moreover, at the level of DNA replication, RAGE™/~
cells showed not only an increased frequency of stalled repli-
cation forks but also a slowed rate of DNA synthesis, in-
dicating a perturbed DNA replication process, despite the
presence of and intact CHK 1 S345 signaling in HU-treated
RAGE~/~ and WT (RAGE*/*) Hela cells. Depletion of ei-
ther RAGE or Mcm2 and reconstitution of the pathways
indicated that both act together in the same pathway.

From the differences in the staining patterns of RAGE
and Mcm?2 in cancer and non-malignant renal tissue under
replications stress, one might speculate that (i) different sig-
nals are responsible for the different morphological features
indicating a non-functional RAGE/Mcm axis, (ii) that cells
respond in a cell or organ-specific manner, or (iii) that the
different staining patterns are the result of different stages
of replication stress. Furthermore, the signals leading to the
apparent loss of the RAGE/Mcm?2 axis in cells expressing
micronuclei remain unknown.

Furthermore, it remains to be shown how the
RAGE/Mcm axis protects the cell from replications
stress. Several models might explain how the RAGE/Mcm
axis provides an optimal template for handling replication
stress. One is that RAGE supports Mcm binding to the site
of DNA damage due to the ability of RAGE to bind DNA
with the N-terminal region and Mcm with the C-terminal
region. A second option is that Mcm2 bound to RAGE
is protected from non-enzymatic protein modification or
inactivation by ROS, as previous data have shown that
RAGE is relatively resistant to modification by oxidative
stress (unpublished results). In addition, it remains un-
known whether any of the kinases initiating the repair
cascade are involved in the posttranslational modifications
of RAGE (12,13). Future studies have to resolve these
issues, while the ATM/ATR and checkpoint signaling
cascade activate RAGE by phosphorylating its Serine(s)
to initiate and execute the repair process (58), the data
presented show that RAGE does not directly contribute
to the initial replication stress signaling (Figure 4A, B;
and Supplementary Figure 9B). Thus the RAGE/Mcm



axis is operative further downstream in ensuring the
faithful progression of the replication fork under stress
situations.

The progression of replication forks (44,45,59-62) is im-
paired in many diseases, including cancer, metabolic dis-
eases, diseases resulting in the formation of fibrosis and oth-
ers. However, it is beyond the scope of this manuscript to
extend the observations made in this study to all these dif-
ferent pathologic states associated with replications stress,
formation of micronuclei, karyomegaly, and fibrosis. How-
ever, in support of such a broad relevance of the model
presented and previous data showing that nuclear RAGE
is present in all cells after irradiation (12) and that ther-
apeutic application of a phosphomimetic RAGE mutant
can initiate the resolution of renal and pulmonary fibrosis
in 2 models of experimental diabetes (12,13,46,47). In ad-
dition, fibrosis is observed in several pathologic states as-
sociated with a sterile form of inflammation. Previously,
we have shown that nuclear RAGE can reverse not only
this metabolic stress-induced fibrosis (13) but also attenu-
ates the inflammatory cascade initiated by DNA damage,
senescence and the senescence-associated secretory pheno-
type (SASP) (12,13,63). For understanding the fibrosis cas-
cade, which in cancer and diabetes is at the early stages
focal, it might be important that the micronuclear DNA
can be either incorporated into the genome vie DNA re-
pair initiated in the next cell cycle (64,65) or undergoes
non-specific lethal rearrangement or pulverization (19,66).
It remains unknown whether, in the absence of a functional
RAGE/Mcm?2 axis, micronuclei execute a sterile inflamma-
tory cascade (67), participating in addition to the DNA
damage response to inflammation and fibrosis. In micronu-
cleated cells, some, but not all, show an impaired nuclear
localization of RAGE (12,33) and a lack of nuclear Mcm.
It remains unknown whether the nuclear translocation of
RAGE and Mcm is impaired in replication stress or whether
nuclear RAGE and Mcm are exported or degraded, poten-
tially due to an enzymatic or non-enzymatic modification
under stress conditions.

The Mcm complex comprises seven subunits that timely
assemble on the replication origin to form the pre-
replication complex in a Dbf4-dependent kinase Cdc7
(DDK) manner (53). In our study, we have observed that
upon replication stress, RAGE interacts with Mcm?2 and
Mcm?7. However, the functional role of other subunits of the
Mcm complex and the DDK remains to be explored. The
Mcm subunit binding RAGE might differ in different states
of replication stress and between the different cell types
involved.

As a pattern recognition factor belonging to the im-
munoglobulin family, RAGE can be expressed in the mem-
brane, the mitochondria and the nucleus and bind vari-
ous proteins. These include proteins playing a direct role in
DNA repair and replication fork integrity, such as MREI11,
HMGBI, members of the S100 family and others (68-72).
Future studies are needed on how these proteins affect the
RAGE/Mcm axis. Therefore, it is plausible that MRE11
or Mcm2 might be competing for binding to RAGE. At
the cell surface, RAGE is also known to induce a sustained
pro-inflammatory cellular response (71,73-78). This raises

Nucleic Acids Research, 2023, Vol. 51, No. 5 2315

Table 4. Details of primary and secondary antibodies

Antibody Brand/source Catalog

Mcm?2 Cell Signaling Technology Cat#4007S
Mcm7 Cell Signaling Technology Cat#3735S
mCherry ChromoTek Cat#5£8-100
GFP ChromoTek Cat#PABG1-100
CHK1 Cell Signaling Technology Cat#2360S
pCHK1-S345 Cell Signaling Technology Cat#2348S
RAGE R&D Systems Cat#MAB1179
RAGE R&D Systems Cat#MABI11451
RAGE Helmholtz Zentrum Munich Cat#9B6-1-1
Cyclin-A Santa Cruz Biotechnology Cat#sc-271682
53BP1 Novus Biologicals Cat#NB100-304
53BP1 Bethyl Laboratories Cat#A700-011
Histone H2A Cell Signaling Technology Cat#12349

GST Tag Thermo Fisher Scientific Cat#MA4-004
6x-His Tag Thermo Fisher Scientific Cat#MA1-21315
Actin Cell Signaling Technology Cat#8457S
PCNA Cell Signaling Technology Cat#13110S
RPA2 ABGENT Cat#AP9115a
Tubulin Thermo Fisher Scientific Cat#14-4510-80
Acetylated-Tubulin Sigma-Aldrich Cat#T8203
Ki67 Thermo Fisher Scientific Cat#14-5698-82
anti-BrdU antibody =~ Abcam Cat#ab6326
anti-BrdU antibody =~ BD Biosciences Cat#347580
Anti-rabbit Cell Signaling Technology Cat#7074
IgG-HRP

Anti-mouse Cell Signaling Technology Cat#7076
IgG-HRP

Anti-rat I[gG-HRP Cell Signaling Technology Cat#7077
Anti-rabbit-Alexa- Abcam Cat#Ab150074
555

Anti-rat-Alexa-647 Abcam Cat#Ab150155

Anti-rabbit DyLight
488

Anti-rat Cy3
Anti-mouse Alexa
488

Novus Biologicals

Jackson Immuno Research
Thermo Fisher Scientific

Cat#NBP1-75285

Cat#712-166-153
Cat#A110334

the question of how other RAGE ligands, binding extra-
cellular membrane-localized RAGE domains (74,77,78) or
nuclear factors such as Mus81, Fenl, FANCD?2, Par3 and
Ku70/80 heterodimers, involved in maintaining genomic
stability (79,80) (81), interact with the RAGE/Mcm cas-
cade described here.

At the physiological level, replication stress prominently
affects the organs showing higher cellular turnover, such
as bone marrow, kidney tubules, gut and endothelium (5).
More importantly, ATR~/~ mice showed multiple organ
failure, increased organ fibrosis, carcinoma formation, and
premature embryonic death (82,83). In addition, the loss of
Mus81 nuclease, which is involved in processing the entan-
gled chromosomes, also showed karyomegaly and intersti-
tial nephritis (84). Similarly, CEP290 loss is associated with
persistent DNA damage signaling and a broad range of cil-
iopathies (85). More importantly, the accumulation of en-
dogenous DNA damage in RAGE~/~ cells is attributed to
compromised DNA repair and disturbed replication forks.
It is important to note that depletion of NEKS8, CEP290
showed similar sensitivity to replication stress, decreased
fork velocity, abnormal fork symmetry and increased fork
stalling (7,85), as observed in the RAGE~/~ model system.

Previous studies in the kidney have shown that kary-
omegalic nephritis and ciliopathies are associated with
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Table 5. Information on cloning oligos

Silencer pre-designed siMcm?2

Sense: CCAUCUAUCAGAACUACCALtt Antisense:

UGGUAGUUCUGAUAGAUGGtc

RAGE ACTD

RAGE ANTD

RAGE MNBR C-del
RAGE MNBR K173A
RAGE lacl

CCCTGCAGGGTAGTCGACCTCTGACACACATGT
CTAATGAGAAGGGAAGATCTGTGAAGGAACAGACCAGG
GTCACATGTGTTGGGGGCTATCTTCTGCTTCC
AAGGGAGTATCTGTGGCTGAACAGACCAGGAGACAC
GTATAGGTACCATGCAAAACATCACAFCCCGGATTGGCGA and

TATACCGCGGCTGCCCGCTTTCCAGTCGGGAAA

RAGE (murine and human)
Mcm?2 (human)

(13,14) and (12)
ATAGAATTCTATGGCGGAATCATCGGAATCCTTCACCATGGCAT and

ATATGGTACCGAACTGCTGCAGGATCATTTTCCTTTTCAGGTC

replication fork stalling, unscheduled origin firing and
fork collapse (26,41). Similarly, the RAGE~/~ kidney
showed enlarged nuclei in the kidney tubules and decreased
acetylated-tubulin signal in tubular and glomerulus zones
across the RAGE~/~ kidney. This situation was severely ag-
gravated in diabetic RAGE~/~ kidneys compared to age-
matched non-diabetic and diabetic WT (RAGE*/*) con-
trol kidneys. Further, the cyclin-dependent kinase inhibitors
were shown to promote the regeneration of ciliated zones in
the CEP290~/~ model system (7,85). Likewise, the effect of
these inhibitors in this inflammatory kidney complication
in the RAGE~/~ model system needs to be investigated.

In conclusion, our study establishes that the RAGE-
Mcm?2 axis is critical for a timely response against repli-
cation stress to prevent the replication forks from stalling.
Further, metabolic or cellular interference of the RAGE—
Mcm?2 functional axis might contribute to the onset or the
progression of replication stress-dependent diseases, such as
diabetes and its complications and cancer.
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