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Abstract
Colon adenocarcinoma (COAD) has a limited range of diversi�ed, personalized therapeutic opportunities,
besides DNA hypermutating cases; thus both new targets or broadening existing strategies for
personalized intervention are of interest. Routinely processed material from 246 untreated COADs with
clinical follow-up was probed for evidence of DNA damage response (DDR) by multiplex
immuno�uorescence and immunohistochemical staining for DDR complex proteins (ℽH2AX, pCHK2,
pNBS1) and for type I interferon response, T-lymphocyte in�ltration (TILs), mutation mismatch repair
defects (MMRd). FISH analysis for chromosome 20q copy number variations was obtained. 33.7% of
COAD display a coordinated DDR on quiescent, non-senescent, non-apoptotic glands, irrespective of
TP53, chromosome 20q abnormalities, type I IFN response. Clinicopathological parameters did not
differentiate DDR + cases from the other cases. TILs were equally present in DDR and non-DDR cases.
DDR + MMRd cases were preferentially retaining wild-type MLH1. The outcome after 5FU-based
chemotherapy was not different in the two groups. DDR + COAD represents a subgroup not aligned with
known diagnostic, prognostic or therapeutic categories, with potential new targeted treatment
opportunities.

Introduction
Cancer is in essence a genetic disease 1 and DNA replication and maintenance is central to its origin and
sustainment. During cancer development and life history, DNA damage may occur subsequent to a
multitude of events, endogenous (oxidative damage, replication stress, mitotic dysfunction, etc.) or
exogenous (gamma X rays, genotoxic drugs) 2–4.

A response to DNA damage (DDR), which leads to DNA repair, is essential for mammalian cells to
maintain genome integrity, cell cycle pro�ciency and to guarantee tissue homeostasis and function 4.
Repair of the DNA damage is a complex, highly coordinated task which involves the sequential
recruitment of sensors, mediators, repair complex organizers and new DNA generation at the break site 4.

Phosphorylation of histone H2AX (ℽH2AX) by ATM (Ataxia telangiectasia, mutated) at the DNA double
strand break sites (DbSB) is the �rst and reproducibly detectable phenotype of the response, followed by
activation of CHK2 (pCHK2), which in turn participate to the cascade, leading to the repair complex
assembly, cell cycle pausing etc. A TP53-binding protein, 53BP1, is required for the repair complex
formation and for the aggregation of all the actors at the break site, forming discrete foci, containing the
molecules mentioned above and other DDR-associated proteins such as Rad51 and NBS1 5.

Besides known DNA damaging drugs, the induction of replication arrest by hydroxyurea or UV irradiation
6, the growth factor-dependent stimulation of tissue hyperplasia 7 or the controlled induction of
transcription from an HIV promoter 8 causes the focal accumulation of a DNA damage response complex
identi�able by ℽH2AX, pCHK2, 53BP1 etc. The formation of DDR foci requires and intact ATM response 9.
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In the presence of a conserved DDR, the cell cycle is paused and, depending on the extent of DNA
damage and the level of TP53 induction 10, resolution of the stalling, senescence 9, 11 or apoptosis may
ensue. Cancer cells overcome a senescence-dependent permanent replication arrest by silencing this
barrier via mutation of several members of the response and continuing proliferation 9, 11.

COAD contains a variety of genetic lesions of the DNA damage repair (DDR) genes: 44% bear lesion of at
least one Direct Repair (DR) gene, 21% and 22% of Homologous Recombination (HR) and Mismatch
Repair (MMR) genes respectively, 17% of Damage Sensor (DS) genes 12. These are potential targets for
personalized therapy 3, 13–15 However, at the present time, there is no established therapy and no
recognized COAD subset which can be targeted via DDR abnormalities.

While the dynamic interplay of the DDR machinery has been demonstrated in great detail in arti�cial in
vitro experiments, relatively scanty data are available for established tumors, mostly limited to single or
double tissue stainings or by extractive methods; the single cell landscape of the many molecular actors
is still obscure, thus we wanted to analyze the DDR in untreated colon cancer. What we found is at
variance of the established narrative and we show in a third of untreated colon adenocarcinomas (COAD)
foci of DDR in quiescent cells, marked by ℽH2AX, pCHK2 and pNBS1, unrelated to TP53, p21/CDKN1A or
p16/CDKN2A expression.

Materials And Methods

Human specimens
Untreated colon cancer biopsies and associated clinicopathologic data for 246 patients were extracted
from the laboratory information systems of both Hospitals by the Authors with clinical privileges and
anonymized. Para�n blocks and the area to be analyzed were selected by a Pathologist after a review of
the Hematoxylin and Eosin (H&E) stain. All fresh surgical pathology specimens (COAD and leftovers such
as pediatric tonsils) were �xed overnight at RT in buffered 4% formaldehyde (Bio-Optica Milano Spa,
Milano, Italy), processed through a graded ethanol gradient, then in xylene and embedded in molten
para�n for sectioning.

A pilot study involved matched cryosections from isopentane-frozen tissue at -80° C and sections from
routinely processed tissue (formalin-�xed, para�n embedded; FFPE) from a small number of consecutive
anonymous cases, with the scope of validating the staining conditions for both as reported previously 16.

The study has been approved by the Institutional Review Board Comitato Etico Brianza, N. 3204, “High-
dimensional single cell classi�cation of pathology (HDSSCP)”, October 2019. Patients consent was
obtained or waived according to article 89 of the EU general data protection regulation 2016/679 (GDPR)
and decree N. 515, 12/19/2018 of the Italian Privacy Authority.

Tissue microarrays
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Tissue microarrays (TMA) were prepared as previously published on a Tissue Microarrayer Galileo model
TMA CK4600 (Integrated System Engineering srl, Milan, Italy). Three cores of 1 mm per patient were used,
from non necrotic, random tumor areas.

Antigen retrieval
Antigen retrieval (AR) was performed placing the dewaxed, rehydrated sections 17 in a 800 ml glass
container �lled with the retrieval solutions (EDTA pH 8; 1 mM EDTA in 10 mM Tris-buffer pH 8, Merck Life
Science S.r.l.,Milano, Italy; cat. T9285) ), irradiated in a household microwave oven at full speed for 8 min,
followed by intermittent electromagnetic radiation to maintain constant boiling for 30 min, and cooling
the sections to about 50° C before use.

Immunohistochemistry and immuno�uorescence
For immunohistochemistry (IHC), optimally diluted, validated primary antibodies (Supplemental Table S1)
were applied overnight, washed in 50mM Tris-HCl buffer (pH 7.5) containing 0.01% Tween-20 (Merck)
and 100 mM sucrose (TBS-Ts) 18, counterstained with a horseradish peroxidase–conjugated polymer
(Vector Laboratories, Burlingame, CA, USA), washed, developed in DAB (Dako, Glostrup, DK), lightly
counterstained and mounted.

Multiple immuno�uorescent (IF) labeling and cyclic staining and stripping was previously described in
detail 17.

Brie�y, the sections were incubated overnight with optimally diluted primary antibodies in combination of
up to four, washed and counterstained with speci�c distinct �uorochrome-tagged secondary antibodies
(Supplemental Table S1) 17. The slides, counterstained with DAPI and mounted, were scanned on an S60
Hamamatsu scanner (Nikon, Italia) at 20x magni�cation. The �lter setup for seven color acquisition
(DAPI, BV480, FITC, TRITC, Cy5, PerCp, auto�uorescence/AF) was as published 19. After a successful
image acquisition, the sections were stripped according to the MILAN method 18 and stained with another
round.

Preparation of immuno�uorescent images for single cell analysis.

After the stainings were acquired, digital slide images (.ndpi) were imported as .tiff and registered with
the AMICO software 20, based on ImageJ (RRID:SCR_003070). All DAPI images from different staining
rounds were registered together and their coordinates of rotation and translation were used to align the
individual marker images of each round. Once all images were aligned, auto�uorescence was subtracted
from FITC, TRITC and PerCp channels.

Nuclear segmentation was performed on DAPI using CellPose 21 and subsequently by eroding 2 pixel
from each nuclear contour identi�ed (ImageJ plugin (LabelsToRois) 22 (Supplementary Fig.S1).
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Median value of each marker inside every single nucleus segmented (with related spatial coordinates)
was extracted, recorded in a .csv �le and scaled. Then .csv �les were uploaded to the R Studio software
(version 1.4) for a more detailed analysis.

Only Keratin + nuclei were considered for the analysis (See Supplementary Methods)

IHC scoring criteria
Sections were scored by two independent observers (SM and GC), which were unaware of the
clinicopathologic data of the patients scored. Exclusive nuclear staining was considered for ℽH2AX,
pNBS1 and pCHK2. Positive foci were assigned whenever there was a focal increase in nuclear staining
above the background value of the other tumor cell nuclei and the stroma. The three-tiered intensity
staining score was 0, + (1), ++ (2) for each marker. A case would be de�ned as DDR + if the sum of the
scores of ℽH2AX, pNBS1 and pCHK2 was ≥ 4 or ≥ 3 if pNBS1 was at least ++. The number of positive
cells was not recorded.

MSI was scored in the epithelial component as suggested by the antibody provider (Agilent) in the
presence of nuclear-positive in�ammatory and stromal cells. TP53 staining intensity was scored as
suggested by Cole et al. 23 (Supplementary Fig.S2C). MX1 staining was scored in the epithelial
compartment semiquantitatively (neg, focal/weak, strong) (Supplementary Fig.S2B).

Tumor in�ltrating lymphocytes (TILs) quanti�cation
The TMAs were immunostained for CD3 (rabbit polyclonal, Cat. GA503, Agilent, Santa Clara, CA) with an
OMNIS autostainer (Agilent). Whole slide images, acquired with the S60 scanner at 20x (see above) were
color deconvoluted 24 with a Fiji plugin 25, the DAB staining thresholded with the MaxEntropy algorithm,
the watershed function was applied and particles ranging from 70 to 1,000 square pixels in size, 0.00–
1.00 circular were counted. Results are expressed as the number of CD3 per mm2 (Supplementary
Fig.S2A).

In-situ hybridization for Chr20q
Two COAD microarrays were hybridized for chromosome 20 Fluorescent in-situ Hybridization (FISH)
probes, long arm and centromeric (SPEC BCL2L1/CEN 20 Dual Color Probe, ZytoLight, ZytoVision GmbH,
Bremerhaven, D) as recommended by the manufacturer. Three areas were selected from each case,
containing 2 DDR + and 1 DDR- or three random DDR- areas, unbeknown to the geneticist who scored the
samples.

Hybridization signals for D20Z1 (green) and BCL2L1(orange) probes were counted in preselected areas
and in non overlapping nuclei. A variable number of nuclei (from a minimum of 20 to a maximum of 80)
was counted for each sample area, depending on hybridization e�ciency and presence of tumor cells.
The cohybridization of BCL2L1 probe with the chromosome 20 centromeric probe allowed to distinguish
polysomy from ampli�cation (Supplementary Figure S3). Normal disomic nuclei showed two green and
two red signals. Polysomic nuclei had a number of red and green signals per nucleus ≥ 3 and a ratio
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BCL2L1/ D20Z1 of about 1. Ampli�cation was de�ned when BCL2L1 signals were more represented than
the centromeric ones and the ratio BCL2L1/D20Z1 was ≥ 2.

Disease-free survival analysis.

Event Free Survival was de�ned as the time from the date of diagnosis to the �rst cancer-related adverse
event (progressive disease or relapse at any site), or last follow-up (censored observation), whichever
occurred �rst. Follow-up was updated as of 2021. Survival curves were estimated with the Kaplan-Meier
method, whereas the log-rank test was applied to compare the survival of different groups (i.e. DDR vs
notDDR). The analysis was carried out using the open-source R software v.3.6.0 (R Foundation for
Statistical Computing, Vienna, Austria).

Results
A pilot study on colon adenocarcinomas (COADs) employing frozen tissue sections, was run with a
limited multiplex combinationations directed at DDR molecules, with antibodies compatible with frozen
material 16 (Supplemental Table S1). It showed two distinct staining patterns: on one side tumors with
rare, mostly isolated ℽH2AX + nuclei and absence of pNBS1 and pCHK2; on the other side, neoplastic
glands containing ℽH2AX, pNBS1 and pCHK2, non proliferating (Supplemental �gure S4).

In order to detail the complete phenotype and clinical correlation of the DDR in COAD, we collected 246
additional untreated cases as FFPE material and performed IHC and multiplex high-dimensional analysis
via the MILAN method.

Focal areas comprising single neoplastic glands displaying a coordinated staining of ℽH2AX, pNBS1 and
pCHK2 on serial sections were identi�ed in 83/246 (33.7%) COADs (Table 1); these cases were de�ned
DDR+. DDR + cells were cleaved Caspase 3 (clCasp3) negative and cleaved PARP (clPARP) negative
(Fig. 1 and Supplementary Fig. S5). One single case in the cohort displayed scattered clCasp3 + 
malignant cells, which were densely ℽH2AX+, pCHK2+, pNBS1-, RAD51-, indicative of apoptosis (Fig. 1
and Supplementary Fig. S5); this case was not considered DDR+.

Variegation of the ℽH2AX staining was observed: about half of the DDR + cases, 37/84 (15% of the total)
showed reduced ℽH2AX staining (DDRℽH2AXLo), compared to the robust punctuated nuclear staining seen
in the other half (DDRℽH2AXHi) (Fig. 1 and Supplementary Fig. S5).

Staining for RAD51 was negative in all cases.

Immunostaining for mutated B-RAF V600E and molecular analysis for mutated KRAS was performed in
36 cases, not enough for an analysis of signi�cance (not shown).

Single cell phenotype by IF multiplexing
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By multiplex immuno�uorescence 17, the complete phenotype of individual cells and neoplastic glands
was investigated. Coexpression at the single cell level of ℽH2AX, pCHK2, pNBS1 was noticed in all cases
with a DDR + phenotype (Fig. 2 and Supplementary Fig. S6, S7), but not in the DDRnot ones. However, a
signi�cant variegation of each marker relative to the others was noticed, with pCHK2 being the most
extensively present, pNBS1 the least. DDR + foci showed absence or signi�cantly reduced proliferation
(Ki-67) compared to the adjacent epithelium or neighboring glands (Fig. 2 and Supplementary Fig. S6,
S7). No p16/INK4A/CDKN2A or p21/CDK21A immuno�uorescent staining was noticed in correspondence
to the DDR + cells, however p21/CDK21A was focally visually appreciated in well differentiated glands
(Fig. 3), in the absence of the DDR complex, in quiescent cells. In DDR + foci, TP53 was wild type or
mutated (overexpressed or absent) (Fig. 2 and Supplementary Fig. S6, S7). When wild type, a decrease in
intensity was noticed in the DDR + foci (Fig. 2 and Supplementary Fig. S4). No association with nuclear
𝛃Catenin and DDR + foci was appreciated (not shown). Apoptosis by cleaved PARP staining was not
present in the DDR + foci (not shown).

To verify if the observed phenotype was common to all cases as a continuum or discrete (either DDR + or
DDRnot), we analyzed whole tissue sections from six cases, which were judged as negative on the three
1mm TMA cores: no clusters or isolated ℽH2AX nuclei were observed.

Next, we pro�led single tumor cells from each case to con�rm in a global fashion the results gleaned
from the multiplex IF images. Pairwise comparison of �uorescence intensity for each marker showed
ℽH2AX being negatively correlated with p21/CDK21A, p27/CDKN1B, TP53 or Ki-67 (Supplementary
Figure S8), while is correlated with pCHK2 and pNBS1 (in DDR + cases). p21/CDK21A and p27/CDKN1B
co-regulate, as expected, and p27 is expressed at low levels on Ki-67 + tumor cells (Supplementary Figure
S8).

Correlations with biological variables
The DDR can be activated as a consequence of mitotic dysfunction 3 or during progress through the cell
cycle 26, although in this latter instance, no other molecule besides ℽH2AX has been identi�ed.

In order to evaluate if an ongoing chromosomal instability would justify the DDR phenotype observed,
leading to copy number variation limited to the DDR positive areas, we did FISH for the most frequent
CNV abnormality in COAD, chromosome 20q ampli�cation 27.

FISH was performed on 26 COAD samples (Table 2 and Supplementary Figure S3), of which 16 (62%)
were disomic for chr20q and 8 (31%) showed polysomy (Table 2). Ampli�cation was present in just one
case (UPN45) in a fraction of the nuclei (Table 2) and monosomy was demonstrated in two cases
(Table 2).

Abnormalities of chromosome 20q were equally distributed among DDR + and DDRnot cases.

No spatial heterogeneity of the karyotype was noted, limited to the probes used, including cases with
subclonal alterations.



Page 9/21

DDR may result in an immune activated phenotype via multiple mechanisms leading to a type I
interferon-driven response 28, 29. To assess such response within the epithelial malignant cells we stained
30 cases for MX1/MxA, a cytoplasmic protein induced by IFN𝜶 or IFN𝜷 30. Three out of 14 DDR + and 8
out of 16 DDRnot cases expressed substantial cytoplasmic MX1 in tumor epithelium (chi square = 0.11),
thus MX1 expression was unrelated to the DDR status of the tumor (Supplementary �g. S2B). An attempt
to detect immunostimulatory cytoplasmic single-strand DNA 29 by antibody staining (Supplemental
Table 1) on frozen and FFPE material was unsuccessful (not shown).

In�ltration by CD3 + T lymphocytes was equally represented in DDR+ (mean 370.4 ± 214.6 per sqmm) and
DDRnot cases (mean 345.1 ± 233.1 per sqmm), after removing MMR de�cient cases. The difference is
statistically not signi�cant (Wilcoxon rank test p = 0.61) (Supplementary �g. S2A).

Clinical correlations
None of the histopathological or clinicopathologic features was differentially distributed in a statistically
signi�cant fashion among DDR + and DDRnot cases (Table 1), except the frequency of MMR de�ciency
due to MSH2/6, which was overrepresented in the DDR + cases and signi�cantly in DDRℽH2AXLo cases
(Fig. 4). The differential distribution of all the MMRd cases among the three groups (DDRℽH2AXHi,
DDRℽH2AXLo, and DDRnot) was highly signi�cant (chi square p < 0.001)

The majority of patients were treated with post-surgery adjuvant chemotherapy, which included the DNA-
damaging agent 5-Fluorouracyl (5FU) (154 patients) or combinations containing 5FU (leucovorin, 5FU
and oxaliplatin; FOLFOX) (25 patients). Cancer recurrence occurred in 49 of these patients. The event-free
survival probability of treated DDR + and DDRnot patients was statistically not different (p-value = 0.11)
(Fig.Supplementary �g. S2F). Survival of untreated patients was not analyzed.

Discussion
A third of untreated colorectal cancers (COAD) at �rst diagnosis show focal evidence of activation of the
DNA damage machinery, as shown by colocalization of multiple independent members of the repair
complex. This phenotype represents an all-or-nothing feature and not a continuum among all cases.
There are no distinct histopathologic, immunologic or clinicopathologic characteristics associated with
this phenotype. The outcome after the post-surgery adjuvant chemotherapy treatment of these patients
with DNA-damaging drugs (5FU etc.) was not different from the rest of the patients.

This phenotype was previously reported.

Oka et al. 31 reported a gradual increase in phosphorylation of ATM, H2AX and CKH2 from normal tissue,
to adenoma and to COAD in 55 patients. Oxidative, replicative and mechanical stress was the suggested
cause for DDR activation in non-apoptotic cells during cancer progression. Takabayashi et al. 32 found
variable co-localization of ℽH2AX and 53BP1 in foci in 33.9% of 56 COAD, but did not elaborated about
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the cause for this phenotype. Neither manuscript provided additional phenotypic or clinicopathologic
data.

DDR is a restraining checkpoint on the road to cancer, as shown in four seminal papers dating 2005 and
2006 7, 9, 11, 33. Since an intact ATM response is required to assembly the DDR foci 9, we assume that in
the DDR + group of COAD this arm of the response must be preserved, at least in an hemizygous state, as
shown by the co-assembly of several of its members (ℽH2AX, pATM, pCHK2, 53BP11, pNBS1) (31, 32 and
this report). Indeed, ATM inactivating mutations have been found in only 7% of non-hypermutated, TP53
wild-type COADs 34.

Immunostaining on serial sections suggested a coexpression of proliferation and DDR markers 7, 33 and a
dissociation in cancer between response scores and senescence 9.

Our high-plex IF data show a different scenario, made of a majority of COADs which are non-informative
because of lack of DDR phenotype, apoptosis or senescence, and a substantial minority which displays a
DDR phenotype which is at variance to the expectation.

These latter COAD cases contain DDR + glands which are non-proliferating, negative for senescence
markers (p16, p21) and in which TP53 expression is irrelevant or diminished, compared to the
surrounding tissue.

To this point, a more nuanced picture has emerged over the years, adding up to the �ndings published in
2005 and 2006.

Individual lesions of members of the DDR (ATM, ATR, CHK1, CHK2), in the presence of replication stress
response, cause an incomplete escape from quiescence or apoptosis, allowing the cells to resume growth
35. While ℽH2AX and pCHK2 remain active, p21/CDKN1A is post-transcriptionally downregulated via
MDM2 in a MEK/ERK dependent, TP53 independent fashion 35.

This phenotype, which we describe for the �rst time in vivo, may allow the progression to cancer and may
be retained in a third of full-blown COAD, while is being changed to a DDRnot phenotype in the others.
Worth noting that cancers stem cells from continuously growing cell lines seems to show this behavior
35.

What is the cause of the phenotype? DNA replication stress 2 seems the unifying motif for the many
aspects which may lead to ℽH2AX phosphorylation (the broadest and least speci�c hallmark of a
constellation of mechanisms) and the loading of DDR molecules into the nucleus. DNA replication stress
may lead to multiple abnormalities which include replication forks stalling, DNA breaks, chromosome
missegregation, immune activation and cell cycle arrest. This latter aspect which we observed in our
COAD cases may derive by multiple actors such as availability of metabolic constituent of the DNA
replication 29, 36 or out-titration of essential cofactors 2. Furthermore, asynchrony of the causes and
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effects of the replication stress have been observed and may cause the microheterogeneity of the
phenotype we have described.

We did not look for genetic lesions underlying the DDR phenotype; worth noting that no single genetic
abnormality alone may identify a third of COADs. It is however conceivable that multiple separate lesions
may contribute to cause DNA replication stress 2, 12.

Consistent with published data, 12% of our COAD cohort had a MSI-H phenotype and in the majority of
the cases (87%) MLH1 was absent. The MSI-H phenotype was equally represented in the DDR + and
DDRnot groups, however none of the MSI-H DDRℽH2AXHi was MLH1 protein negative. The presence of
alternative MSI gene abnormalities was over-represented in the DDRℽH2AXLo phenotype.

MSH6, but not MLH1 neither PMS2, is part of the DDR complex loaded on the replication stress sites 8.
Besides this, there is little evidence for a role of the MLH1 in the DDR complex, thus the suggestion of the
requirement of an intact MLH1 to express the full DDR phenotype remains unexplained.

We reasoned that the DDR + tumor areas might be the site of punctuated karyotipic evolution 37 in COAD
with ongoing copy number variation. To prove that, we used a FISH probe for the most represented
chromosome alteration in COAD, chr20qAmp 27 and we targeted the analysis to the DDR + phenotype-
containing areas (and controls).

For the �rst time, ch20qAmp has been assessed by multi-region FISH analysis, which provides spatial
dimension to the chromosome status, as well as a distinction between subchromosomal ampli�cation
and polysomy. In only one case of the tested, 20qAmp was con�rmed in a subclone, the remaining being
polysomic.

Different high-throughput technologies (ArrayCGH, SNP Microarray, NGS) have been used to study
chromosomal copy number aberrations in colorectal cancer and chromosome 20q gain/ampli�cation is
the recurrent anomaly in microsatellite stable subtype. FISH, a low- throughput molecular cytogenetic test
developed in the 1980s, remains the only test capable of discriminating between ampli�cation and
polysomy.

Unexpectedly, we found uniformity in chr20q asset across all areas of all tumors, without any evidence of
variegation or clonal evolution, at least with the probes we used. These data are con�rmed by Bollen et al.
37, where the chr20qAmp seeding core for a progeny of organoids did not modify the chr20q status over
multiple rounds of divisions and punctuated karyotypic evolution of other segments. It is possible that
clonal aneuploidies, such as chr20q, represent the �xed outcome of a selection process 38 which is not
subject to further evolution. Private subclonal copy number variations or rearrangements in a fully
established tumor may require single cell in-situ genomics 39 in order to investigate the occurrence of
punctuated evolution at DDR + sites.
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Worth considering that both in the senescence model 40 and in the experiments showing a mitosis-
associated ℽH2AX increase 26, no other DDR proteins are colocalized.

Evidence of a type I interferon response or accumulation of intratumoral lymphocytes remained elusive,
as well as linking a DDR phenotype with response to DNA damaging therapy. Regarding this latter aspect,
personalized therapy and basket innovative trials have produced remarkable therapeutic advances in
subsets of cancers otherwise chemotherapy-resistant 41, thus the evidence of a substantial number of
potentially treatable COAD cases 3, 14, 15 should prompt additional translational work.

Our work shows a robust assay for this subpopulation of cancers, which can be determined on routinely
processed material.

This study has limitations. An IHC assay on routinely processed material or acquisition of bidimensional
IF images at relatively low numerical objective aperture (NA 0.75) do not reach the resolution required to
resolve the subcellular aggregates of DDR members, because of the combination of optical constraints,
antigen availability and image quality (e.g. zeta stacks, confocal images). The analytical balance of this
work is tilted toward a robust assay, which can be applied in routine diagnostics, at expense of greater
analytical sensitivity and a detailed, more complex set of data.

Another limitation is the inability to reproduce data obtained with the same or equivalent reagents,
however this falls in the problematic of science reproducibility, particularly evident with antibody based
assays 42.

Lastly, assessing the DDR within a complete multi-omics picture would require not only single cell
genomics and epigenomics but single cell proteomics, to address post-translational changes of labile
regulatory proteins such as the ones involved in DNA damage response.

The identi�cation of a novel COAD subgroup, based on a post-transcriptional DDR + phenotype,
detectable by routine diagnostics methods, is of biological interest and may be susceptible of therapeutic
targeting if the molecular mechanism is further explored in detail.
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Tables
TABLE 1 Clinicopathological data.

 All cases DDRnot any DDR+ gH2AXHi gH2AXLo

 246 (100%) 162 (65.9%) 83 (33.7%) 48 (19.5%) 37 (15%)

Age (mean) 72.6 72.5 72.6 72.7 72.6

Sex (M) 130 (52.8%) 85 (52.5%) 44 (53%) 27 (56.3%) 18 (48.6%)

≤50 yrs 12 (4.9%) 8 (4.9%) 4 (4.8%) 2 (4.2%) 2 (5.4%)

Right colon 73 (29.7%) 50 (30.9%) 22 (26.5%) 12 (25%) 10 (27%)

T (≥4) 45 (18.4%) 34 (21%) 10 (12%) 7 (14.6%) 3 (8.1%)

 N (=0) 129 (52.4%) 83 (51.2%) 45 (54.2%) 25 (52.1%) 21 (56.8%)

High grade (G3) 17 (6.9%) 11 (6.8%) 5 (6%) 3 (6.3%) 2 (5.4%)

Mucinous histology 45 (18.3%) 28 (17.3%) 17 (20.5%) 7 (14.6%) 11 (29.7%)

MMRd 30 (12.2%) 21 (13%) 8 (9.6%) 2 (4.2%) 6 (16.2%)

MLH1 def.* 26 (86.7%) 20 (95.2%) 5 (62.5%) 0 (0%) 5 (83.3%)

TP53 wt 147 (59.8%) 101 (62.3%) 46 (55.4%) 24 (50%) 22 (59.5%)

 *chisquare p = 0.022

Table 2 Chromosome 20q status



Page 17/21

UPN Chr20q Ratio
20q/cen

Mean 20q
copies

MMRstatus DDR+

UPN36 Normal CN 1.1 1.7 pro�cient DDRnot

UPN37 Normal CN 1.1 1.8 pro�cient DDR+

UPN38 Normal CN 1.0 1.8 pro�cient DDRnot

UPN39 Normal CN 1.1 1.9 pro�cient DDR+

UPN40 Normal CN 1.0 1.8 pro�cient DDR+

UPN41 Normal CN (Monosomy 20%) 1.0 1.8 pro�cient DDRnot

UPN42 Monosomy (34%) 1.2 1.6 pro�cient DDR+

UPN43 Polysomy [3-5 copies] (75%) 1.0 3.3 pro�cient DDRnot

UPN44 Normal CN 1.0 1.7 de�cient DDRnot

UPN45 Polysomy [3-7 copies] (35%);
amp (51%)

1.8 4.3 pro�cient DDRnot

UPN46 Polysomy [4-7 copies] (100%) 1.0 5.4 pro�cient DDR+

UPN48 Normal CN 1.0 2.2 pro�cient DDR+

UPN49 Polysomy [3-6 copies] (57%) 1.1 3.0 pro�cient DDRnot

UPN50 Polysomy [3-6 copies] (79%) 1.1 3.4 pro�cient DDR+

UPN52 Normal CN 1.1 1.9 pro�cient DDR+

UPN53 Normal CN 1.1 1.7 de�cient DDRnot

UPN54 Polysomy [3-6 copies] (77%) 1.1 3.8 pro�cient DDR+

UPN55 Polysomy [3-6 copies] (74%) 1.1 3.7 pro�cient DDR+

UPN56 Normal CN 1.0 2.0 pro�cient DDRnot

UPN57 Normal CN 1.0 2.0 pro�cient DDR+

UPN58 Normal CN 1.0 2.4 pro�cient DDRnot

UPN59 Normal CN 1.1 2.2 pro�cient DDR+

UPN60 Polysomy [3-4 copies] (39%) 1.1 2.5 pro�cient DDRnot

UPN61 Polysomy [3-5 copies] (37%) 1.1 2.5 pro�cient DDRnot

UPN62 Normal CN 1.0 1.9 pro�cient DDRnot

UPN63 Normal CN 1.0 2.3 pro�cient DDRnot
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 The chromosome 20q status by FISH is shown. UPN = unique patient number; Normal CN = normal copy
number; cen = centromeric probe; MMR = mismatch mutation repair; DDR = DNA damage Repair.

Figures

Figure 1

Expression of the DDR phenotype in six representative COAD cases.
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Serial sections from six cases stained in IHC for �ve markers (bottom) are shown at high power, each
representing one of the DDR phenotypes encountered. The star identi�es a normal gland. ℽH2AX+
adenomatous gland is arrowed. Scale bar = 500µm. UPN = unique patient number.

Figure 2

Multiplex phenotype of DDRℽH2AXHi COAD.

Six selected markers are shown as four color composites (top) and inverted grayscale single images
(bottom). Color-coded or plain markers are shown next to each image. Note in the 𝛃Catenin+ tumor gland
in the upper left part of the composite, the variegated coexpression of ℽH2AX, pCHK2 and pNBS1 in the
absence of proliferation (KI-67) and diminished wild type TP53. Scale bar = 500µm. UPN 47.
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Figure 3

P21/CDKN1A expression in DDRnot COAD.

A single tumor gland expresses P21/CDKN1A in quiescent cells (Ki-67 neg) in the absence of ℽH2AX or
pCHK2. Scale bar = 100µm. UPN 35.
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Figure 4

Distribution of MMR de�cient cases among the DDR phenotypes.

The pie chart show the percentage distribution of MMR de�cient cases, MLH1/PMS2 or MSH2/MSH6,
among DDRnot , DDR+ (DDRℽH2AXHi) or DDRalt (DDRℽH2AXHLo) cases. Note the absence of cases with the
MLH1d, DDR+ (DDRℽH2AXHi) phenotype (0%).
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