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Colorectal cancer (CRC) patients with microsatellite-stable (MSS) tumors
are mostly treated with chemotherapy. Clinical benefits of targeted thera-
pies depend on mutational states and tumor location. Many tumors carry
mutations in KRAS proto-oncogene, GTPase (KRAS) or B-Raf proto-
oncogene, serine/threonine kinase (BRAF), rendering them more resistant
to therapies. We performed whole-exome sequencing and RNA-Sequencing
of 28 tumors of the Athens Comprehensive Cancer Center CRC cohort,
and molecularly characterized CRC patients based on their microsatellite
instability (MSI) status, single-nucleotide variations (SNVs)/copy number
alterations (CNAs), and pathway/transcription factor activities at the indi-
vidual patient level. Variants were classified using a computational score
for integrative cancer variant annotation and prioritization. Complement-
ing this with public multi-omics datasets, we identified activation of trans-
forming growth factor beta (TGFp) signaling to be more strongly activated
in MSS patients, whereas Janus kinase (JAK)-signal transducer and activa-
tor of transcription (STAT) and mitogen-activated protein kinase (MAPK)
molecular cascades were activated specifically in MSI tumors. We

ACCC, Athens Comprehensive Cancer Center, CMS, consensus molecular subtypes; CNAs, copy number alterations; COAD, colorectal
adenocarcinoma dataset of the TCGA; COSMIC, catalog of somatic mutations in cancer database; CPTAC, Clinical Proteomic Tumor

Analysis Consortium; CRC, colorectal cancer; DKFZ-ODCF, German Cancer Research Center-Omics IT and Data Management Core Facility;
EMT, epithelial-to-mesenchymal transition; HCPC, hierarchical clustering on principal components; InDels, insertions and deletions; IntOGen,
Integrative OncoGenomics database; MANE, matched annotation from NCBI and EMBL-EBI; MASTER, molecularly aided stratification for
tumor eradication research; MSI, microsatellite instable; MSS, microsatellite stable; NCT/DKTK, National Center for Tumor Diseases/German
Cancer Consortium; PROGENYy, pathway responsive genes R package; PTM-SEA, post-translational modification set enrichment analysis;
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unraveled mechanisms consistently perturbed in the transcriptional and
mutational circuits
(RUNX transcription factors) as putative biomarkers in CRC, given their
role in the regulation of pathways involved in tumor progression and
immune evasion. Assessing the immunogenicity of CRC tumors in the con-

and identified Runt-related transcription factors

text of RAS/RAF mutations and MSI/MSS status revealed a critical

(Received 26 June 2024, revised 11
November 2024, accepted 20 January 2025)

doi:10.1002/1878-0261.13814

impact that KRAS mutations have on immunogenicity, particularly in the
MSS patient subgroup, with implications for diagnosis and treatment.

1. Introduction

Colorectal cancer (CRC) is a highly heterogeneous dis-
ease associated with different molecular background
and clinical management. Improved screening strate-
gies, surgical techniques and advanced treatment pro-
tocols have led to better clinical outcomes of CRC
patients in the last decades [1,2]. The recent develop-
ment of covalent inhibitors specifically blocking the
KRAS GI12C variant have indicated significant pro-
gress in targeting even previously ‘undruggable’
onco-proteins [3]. Despite these advances, CRC has
remained the second and third leading cause of
cancer-related death in the US and worldwide, respec-
tively [4,5]. Furthermore, recent epidemiological data
has indicated a concerning trend of increased CRC
incidence particularly in younger individuals below the
age of 55, coupled with more advanced disease stages
[5]. The response to treatment is highly variable and
not durable in the majority of cases. This dismal clini-
cal perspective is impacted by various factors, includ-
ing tissue tropism effects that allele-specific RAS
mutants have in combination with other actionable
alterations [6], clonal heterogeneity [7], phenotypic
plasticity [8], location of tumor [9], and the tumor
microenvironment [10]. Collectively, these findings
highlight the need for novel therapies focused specifi-
cally toward the personalized treatment of CRC.
High-throughput  transcriptomic  profiling  and
large-scale genome sequencing have led to substantial
progress in molecular characterization of the disease.
In addition, alterations in a number of genes with crit-
ical roles in CRC have been identified, such as in
APC, BRAF, EGFR, NRAS, KRAS, and PIK3CA
[11,12]. The resulting aberrant activation of signaling
pathways is increasingly exploited in precision thera-
pies. Recent accomplishments include combinatorial
strategies targeting co-activated pathways in various
types of unresectable CRC such as BRAF V600E
mutated [2] and ERBB2-positive carcinomas [1].

The microsatellite instability (MSI) status is among
the most informative parameters determining treat-
ment decision toward personalized medicine in CRC
[13]. According to the MSI status, CRC is categorized
into three types: high microsatellite instable (MSI-H),
low microsatellite instable (MSI-L) and microsatellite
stable (MSS) [13]. MSI-L and MSS tumors are com-
monly grouped into one type [14]. Accordingly, we use
MSS for MSI-L/MSS and MSI for MSI-H tumors
throughout. MSI tumors account for ~ 15% of CRC
cases and are associated with sporadic or hereditary
disease etiologies. While the former is associated with
BRAF mutations [15] and MLHI promoter methyla-
tion [16], the latter has been associated with mutations
mostly in mismatch repair genes MLHI, MSH?2,
MSHG6 as well as PMS2 and is classified as Lynch syn-
drome [17]. MSI tumors have a high mutational bur-
den, resulting in the expression of neo-antigens that
may be recognized by the immune system. Differences
in the immune microenvironment thus distinguish MSI
and MSS CRCs, and have immediate therapeutic
impact: MSI CRC tumors mostly respond to immuno-
therapy, which has revolutionized clinical practice and
outcome of respective patients [18].

In contrast, MSS tumors, which account for the
majority of colorectal cancers, generally display chro-
mosomal rather than microsatellite instability. These
tumors are often characterized by mutations in key
tumor suppressor and oncogene genes such as APC as
well as TP53 and KRAS, respectively. These tumors
tend to have a lower tumor mutational burden (TMB)
and reduced immune infiltration compared to MSI
tumors. MSS CRC patients commonly do not benefit
from immunotherapies and have mostly limited tar-
geted treatment options, wherein the most informative
molecular distinction involves the RAS mutation
status [19]. Despite extensive research conducted on
the molecular differences between MSS and MSI
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colorectal tumors [20], the therapeutic management of
MSS, along with the heterogeneity often observed
within both MSS and MSI tumors [21], underscores
the urgent need for the integration of different molecu-
lar layers and a focus on personalized profiling.

In this study, we aimed to shed light on the
multi-layered differences in MSI/MSS tumors, their
downstream signaling effects, and their interrelation
with RAS/RAF mutations in regard to immunogenicity
and pathway activation [20]. Hence, by leveraging a
prospective patient cohort of the Athens Comprehen-
sive  Cancer Center (ACCC—https://www.accc.
gr/index.html; accessed: 2024/01/02) and two public
cancer genomics datasets, we aspired to elucidate the
molecular complexity of microsatellite (in)stability sta-
tus in CRC and to uncover biological mechanisms that
might be exploited to enhance therapeutic options,
particularly for patients with the MSS type.

2. Materials and methods

2.1. Patients and clinical specimens

Colorectal cancer patients operated in the surgical
department of Gennimatas General Hospital in Ath-
ens, which is part of the Athens Comprehensive Can-
cer Center (ACCC), participated in the study. The
study received approval from the Ethics Committee of
Gennimatas Hospital (protocol number 27659) and
was conducted in accordance with the principles out-
lined in the Declaration of Helsinki. Written informed
consent was obtained from all patients. Only patients
(n = 28) with histologically confirmed primary colorec-
tal adenocarcinoma and one case of rectal cancer who
had received radiotherapy before surgery were enrolled
in the study cohort (between August 2018 and October
2020). Specimens from each patient were obtained
from both the primary tumor and corresponding nor-
mal mucosa, which was taken from the histologically
negative margins (at least 5 cm away from the macro-
scopically defined cancerous area) to ensure the
absence of cancer cells. Upon surgery, resected samples
were placed in 5 mL of RNAl/ater (Ambion, Austin,
TX, USA) to preserve RNA integrity.

2.2. DNA and RNA extraction

DNA and RNA were isolated with the AllPrep
DNA/RNA Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Quantifi-
cation of nucleic acids was performed with a Qubit 2.0
Fluorometer (ThermoFisher Scientific, Waltham, MA,
USA) using the Qubit 1x dsDNA BR Assay
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(ThermoFisher Scientific) and RNA BR Assay kits
(ThermoFisher Scientific) for DNA and RNA, respec-
tively. In total, 28 paired tumor and normal DNA sam-
ples were isolated as well as 28 matching tumor RNA
samples.

2.3. Whole exome sequencing (WES) and variant
calling

DNA libraries were prepared from tumor and matched
normal tissues of ACCC patients using Low Input
Exome-Seq Human v6 (Agilent Technologies, Wald-
bronn, Germany) for exome capture and analyzed on
a NovaSeq 6000 (Paired-End 150 bp S2, Illumina, San
Diego, CA, USA) in the DKFZ High-Throughput
Sequencing Core Facility. The resulting raw sequenc-
ing reads (median: 123 million reads per sample;
spread: 80—148 million reads per sample) were prepro-
cessed based on the internal WES alignment workflow
(AlignmentAndQCWorkflows: 1.2.73-1), as part of the
DKFZ-ODCF OTP pipeline [22]. Briefly, after initial
quality control using FastQC, raw reads were aligned
to a hgl9 customized version of the 1000 genomes
reference  genome  (ftp://ftp.1000genomes.ebi.ac.uk/
voll/ftp/technical/reference/phase2_reference_assembly_
sequence/hs37d5.fa.gz) (1IKGRef PhiX), using Bwa-
MEM (version 0.7.15). PhiX-genome sequence was
added to the reference as an additional contig to
remove spike-in sequences used to identify potential
cross-contaminations and sample swaps. Marking of
duplicated reads was performed with saMBAMBA tools
(https://github.com/biod/sambamba/releases, version 0.6.5)
embedded in the pKkFz-obcF Roddy pipeline (https://
github.com/DKFZ-ODCF/AlignmentAndQCWorkflows).

High-confidence functional somatic single nucleotide
variants (SNVs) and InDels (Insertions & Deletions)
were identified using DKFz-obcF SNVCallingWorkflow
(https://github.com/DKFZ-ODCF/SNVCallingWorkflow;
version 1.2.166-1) and IndelCallingWorkflow (https://
github.com/DKFZ-ODCF/IndelCallingWorkflow; ver-
sion 1.2.177-0), respectively, based on the BAM files of
each tumor and its paired control sample. Various
quality control criteria were performed to exclude spu-
rious or/and low-quality calls (such as identification of
low-quality bases, variant allele fraction and presence
of strand bias artifacts), finally assigning a confidence
value to each variant. Sample ACCC_CRC_02 was
disregarded in further analysis as COSMIC SBS signa-
ture [23] analysis (v3.4-October 2023) flagged this as
having a potential PCR/sequencing artifact-based
strand bias (prevalence of C>A alterations indicated
presence of COSMIC SBS52; https://cancer.sanger.ac.
uk/signatures/sbs/sbs52/; accessed 2023/12/21). Finally,
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the ANNOVAR tool [24] (version February 2016) for var-
iant annotation was utilized for the derivation of all
functional mutations defined only by the exonic muta-
tions including missense, nonsense, splice-site, and
stop-loss alterations, by setting a confidence value of
at least 8 out of 10. High-confidence InDels were
selected using the pLATYPUS tool [25] implemented in a
custom workflow (https://github.com/DKFZ-ODCF/
IndelCallingWorkflow; version 0.8.1.1).

2.4. SVRACAS variant annotation and gene
prioritization

To efficiently prioritize the resulting high-confidence
somatic variants for each patient with the ultimate
goal to identify informative oncogenic alterations, the
SVRACAS custom variant scoring pipeline was
applied (https://doi.org/10.5281/zenodo0.5636747; ver-
sion v1.0.0). This integrative workflow consists of two
major steps: variant annotation and prioritization of
somatic functional alterations. Briefly, the SVRACAS
ranking module integrates 15 biological resources
using the open-source OpenCRAVAT/OakVar com-
prehensive workflow for cancer variant annotation and
exploitation [25]. The aggregated output has four evi-
dence categories: ‘Pathogenicity evidence’ (spanning
variant effect prediction tools), a ‘Cancer evidence’
layer (covering cancer variant interpretation knowledge
bases), a ‘Clinical support’ indication (nominating clin-
ically relevant alterations), and ‘Expression informa-
tion’ indicating whether an affected gene is expressed
(i.e., > 10 read counts in at least 5 samples). An inte-
grated scoring value was then assigned to each variant
as a total SVRACAS score (https://github.com/
Jasonmbg/Simple.-Variant-Ranking-Annotation-

CAncer-Score; accessed 2022/10/24). This holistic prioriti-
zation scheme ranges from 0 to 1, representing an average
approximation of the four different types of evidence,
based on single nucleotide changes and InDels that occur
in the protein-coding space. Here, a cutoff value > 0.5
was used to include only variants annotated in at least
two of the four evidence categories. Overall, the selection
of individual relative cutoffs and weighted importance of
different sources of evidence was based on proposed stan-
dard operating procedures that built on guidelines from
cancer consortia such as VICC [26] and ComPerMed [27].
Protein-coding genes were then mapped to the MANE
Select Set (version 0.9) of matched representative tran-
scripts [28]. Genes that did not map in MANE Select
were next assessed for predicted consequences respective
mutations have according to the Sequence Ontology [29].
The aberrant transcript having the highest predicted
impact was selected. The longest transcript was chosen

E.-l. Vlachavas et al.

when the same impact was annotated by Sequence Ontol-
ogy for several transcripts representing the same gene.
Genes in the ACCC CRC dataset with SVRACAS-
prioritized mutations were mapped to a curated list of
CRC cancer driver genes in the Integrative OncoGe-
nomics database (IntOGen) [30] (https://www.intogen.org,
Release 2020.02.01).

2.5. Identification and annotation of copy
number alterations

Copy Number Alterations (CNAs) were inferred from
the whole exome sequencing data using a customized
workflow. Copy Number Alterations (CNAs) were
inferred from Whole Exome Sequencing data using
cNVKIT (version 0.9.3; git repository hash: 9bdb083)
[31] with default parameter settings. Heterozygous Sin-
gle Nucleotide Polymorphisms (SNPs) were determined
as those positions with alternative allele fraction
between 0.3 and 0.7 in the respective normal sample.
Segments containing at least 20 heterozygous SNPs
were used to infer sample ploidy and tumor cell con-
tent along with allele-specific copy number estimates.
The segments were classified as balanced or imbal-
anced according to the distribution of the alternative
allele frequencies of SNPs in each segment. If this dis-
tribution had a global maximum between 0.45 and
0.55 a segment was classified as balanced while the
remaining segments were further separated into two
groups—ambiguous segments with one density peak
outside of the above-mentioned interval, and imbal-
anced segments with two peaks. Ambiguous segments
were neglected in the subsequent steps. For imbal-
anced segments, the mean B-allele frequency (BAF) of
all SNPs in the segment that were heterozygous in the
germline was estimated using the allele with the higher
read count as B-allele. Then the mean read count of
the B-allele was calculated as a product of total cover-
age and the BAF of the respective segment.

Tumor cell content (TCC) and ploidy were esti-
mated using a method adapted from ACEseq [32]. For
TCC estimation values in the range of 0.05-1.0 were
tested whereas a ploidy range between 1 and 6.5 was
allowed. For each possible combination of TCC and
ploidy, absolute copy numbers as well as allele-specific
copy numbers and the decrease in heterozygosity (DH)
[33] were estimated segment-wise. Allele-specific copy
numbers were calculated as the total copy number
divided by two for balanced segments and as a func-
tion of coverage and B-allele read counts for imbal-
anced segments. The weighted mean distance of all
segments to their nearest allowed integer copy number
state was calculated for both total and allele-specific
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copy numbers. Allowed means that balanced segments
were restricted to even total copy number states
whereas any integer copy number state was allowed
for imbalanced segments and allele-specific copy num-
bers. TCC/ploidy combinations requiring negative
copy number states or DH values larger than 1 for
any segment were excluded. Local minima in the
weighted mean distance were considered as possible
TCC/ploidy solutions for the sample and were visually
evaluated.

2.6. RNA-sequencing and analysis

RNAseq libraries were prepared using the TruSeq
Stranded library protocol (Illumina) and sequencing
was done with a NovaSeq 6000 (Paired-end 100 bp
S1) in the DKFZ High-Throughput Sequencing Core
Facility to collect a median of 75 million reads
per sample (spread: 65-99 million). Processing of
RNA-Seq data was performed using a customized
RNAseq Workflow as a part of the DKFZ—ODCF
Roddy pipeline (https://github.com/DKFZ-
ODCF/RNAseqWorkflow; version 1.3.0). After initial
QC, the RNAseq raw reads were aligned to a custom-
ized hgl9 version of the 1000 genomes reference
genome (1KGRef PhiX): (ftp://ftp.1000genomes.ebi.
ac.uk/voll/ftp/technical/reference/phase2_
reference_assembly_sequence/hs37d5.fa.gz), by a 2
pass alignment using STAR aligner [34] (version 2.5.3a)
and gencode 19 gene models. PhiX-genome sequence
was added to the reference as an additional contig to
remove spike-in sequences that had been included to
find potential cross-contaminations and sample swaps.
Additional QC after alignment was performed using
samtools flagstat command and the RNA-SeQC tool
[35] (version 1.1.8). The featureCounts function [36] as
part of the sUBREAD software package [37] (version
1.5.1) was used to determine the respective raw counts
per gene, using gencode 19 gene models. Downstream
RNASeq analysis was performed with R (R version
4.1.0)/BloconpucTOR  software. The R  package
EnsDb.Hsapiens.v75 was utilized to annotate gene
symbols. Non-specific intensity filtering was performed
to exclude genes with less than 10 read counts in less
than five samples. TMM normalization was conducted
using the EDGER R package [38] (version 3.36.0), fol-
lowed by incorporating sample weights and increasing
statistical power using the Voom function. Finally, the
R package immunedeconv [39] (version 2.1.0) was uti-
lized to estimate the composition and density of
immune and stromal infiltration, using the non-log-
transformed Transcripts Per Kilobase Million (TPM)
values as input.
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2.7. TCGA and CPTAC multi-OMICs data

Public data from two CRC cohorts were downloaded
from the cBioPortal multi-omics cancer portal
(https://www.cbioportal.org/) that is, the PanCancer
Atlas  TCGA  Colorectal adenocarcinoma [11]
(https://www.cbioportal.org/study/summary?
id=coadread_tcga_pan_can_atlas_2018) and the
CPTAC Prospective Colon (https://www.cbioportal.
org/study/summary?id=coad_cptac_2019) [40,41] data-
sets. Only samples were processed that had been pro-
filed for SNVs, CNAs, and gene expression
(RNAseq). Phosphoproteomic data were available
only from CPTAC. SNVs were retrieved, and data
analysis was performed using the R package maftools
[42] (version 2.10.0). The significance of differential
mutational frequencies between the MSS and MSI
tumors within TCGA and CPTAC cohorts was
assessed using Fisher’s exact test based on a 2 x 2
contingency table (adjusted P-value < 0.1, minimum
number of samples harboring mutated genes > 4),
exploiting the mafCompare function of maftools.

2.8. Inference of microsatellite instability status
in the CRC datasets

We utilized the MSI MANTIS [43] estimators of
microsatellite instability provided with the TCGA pan-
cancer dataset, using the following categorization: A
TCGA tumor was classified as MSI if the respective
value from MSI MANTIS was higher than 0.6, while
tumors with relative values lower than 0.4 were classi-
fied as MSS. Any tumors with relative values between
0.4 and 0.6 were denoted as ‘Undetermined’ and
excluded from further analysis. Information about
MSI-status of respective samples was available also for
the CPTAC dataset [40] and utilized as provided.
Then, the PREMSIm r package [44] (version 1.0) was
employed to infer the microsatellite status-based
RNA-sequencing data from all three datasets (TCGA,
CPTAC, ACCC), using non-log-transformed Tran-
scripts Per Kilobase Million values from RNA-
sequencing. MSI-L and MSS tumors were grouped
together in all datasets and the term MSS used for this
group to distinguish from MSI tumors.

2.9. Functional enrichment analysis

Functional enrichment analysis was performed using
the R packages CLUSTERPROFILER [45] (version 4.2.2),
and REACTOMEPA [46] (version 1.38.0) was used for
overrepresentation analysis based on REACTOME molec-
ular pathways [47]. ssGsea [48] (https://github.
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com/broadinstitute/ssGSEA2.0; accessed 2023/12/21)
was implemented based on the SSGSEA projection meth-
odology [49]. The hallmark signatures file (version
7.5.1) was used in gmt format from the respective
Molecular Signatures Database (MSigDB) [50] gene
sets (https://www.gsea-msigdb.org/gsea/msigdb/). The
script  ssgsea-cli.R  (https://github.com/broadinstitute/
ssGSEA2.0; accessed 2023/12/21) was run in a Win-
dows 10 x64 (build 19 044) environment using com-
mand line and the following arguments:

[—i ACCC.CRC.RNASeq.VoomCPM.TMM Filtered
-0 ACCC -n none -d. [ssGSEA2.0-master/db/
msigdb/h.all.v7.5.1.symbols.gmt -w 0.75 -c z.score -p
1000 -m 10]. Protein associations were retrieved and
visualized wusing STRING [51] (https://string-db.org;
accessed 2023/12/04), and K-means clustering was per-
formed to identify functional protein networks.

2.10. Pathway, TF, and kinase activity inference
analyses

The upper-quartile of processed and log2 transformed
RSEM estimated counts from CPTAC RNAseq data
were normalized using the function normalizeQuantiles
from the LimMA R package [52] (version 3.50.0). Then,
a non-specific intensity filtering procedure was imple-
mented to remove features that were not expressed at
least in the group with the lowest number of samples.
The same preprocessing approach was applied to the
TCGA dataset, with two additional steps: as the esti-
mated raw RSEM counts had been batch effect-
corrected, many features assigned by NA values were
removed. Then, the data were log2-transformed if the
maximum value was > 50. Differential expression anal-
ysis (MSI vs. MSS) was applied with the LiMMA R
package [52] for both datasets.

The PROGENy (Pathway RespOnsive GENes R
package) [53] (version 1.16.0) was implemented to
identify putative differentially activated molecular
pathways, based on the derived differential moderated
statistics extracted from the rLimmA pipeline (i.e., top
100 most responsive genes for each pathway). PROG-
ENy infers the activity of 14 major signaling pathways,
based on the exploitation of consensus gene signatures
and estimated from a large compendium of
perturbation experiments [53]. The DOROTHEA-
DECOUPLER pipeline [54] (version 1.6.0) was implemen-
ted to elucidate differentially activated regulatory net-
works. Relative activities were inferred for every
transcription factor (TF) from the deregulated expres-
sion of its respective target genes, using the normalized
weighted mean statistical metric from the DECOUPLER R
package [55] (version 2.1.6). Customized barplots were
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created using the R package GGpLoT2 [56] (version
3.3.5) for the visualization of differentially altered TFs
and pathways.

Phosphoproteomics data from the CPTAC cohort
were processed and analyzed to infer differentially acti-
vated signaling cascades between MSS and MSI colon
tumors. To this end, normalized phosphosite ratios
were used, representing scaled intensity values. Dupli-
cated entries were removed and any phosphosites were
excluded that had NA values across more than 85%
of all samples. Differential protein phosphorylation
analysis was performed using the LiMmMA R pipeline
(version 3.50.0). OMNIPATH-DECOUPLER [55] and Post-
translational Modification Set Enrichment Analysis
(PTM-SEA) [57] with the PTMSigDB signaling path-
ways’ collection (version 2.0.0) were implemented to
determine differentially activated kinases and signaling
pathways, respectively. The omNIPATH R package [5§]
(version 3.2.8) was utilized to retrieve prior knowledge
interactions composed by kinase-target relationships,
whereas the R package DECOUPLER [55] (version 2.1.6)
was used to estimate the relative biological activities
by application of statistical methods (normalized
weighted mean). Along these lines, four filtering steps
were applied to fetch and filter kinase-substrate inter-
actions from Omnipath: (a) Signed enzyme-substrate
interactions were fetched by querying the OMNIPATHR R
package. (b) As oMmNIPATH might contain putatively
‘wrong/biased’ records, such were removed that were
only present in ProtMapper and not confirmed by
other resources. If an interaction was from ProtMap-
per but also confirmed by another resource, it was
retained. This step was performed because ProtMapper
uses literature mining algorithms (REACH, Sparser),
which are likely to produce false positives in their out-
put [59]. (¢) Only post-translational modifications were
kept that involved dephosphorylation or phosphoryla-
tion events. (d) Duplicate interactions were removed
based on the unique feature-interaction IDs.

2.11. Patient clustering

Unsupervised hierarchical clustering on principal com-
ponents (HCPC) was implemented, based on the Rr
packages FACTOMINER [60] (version 2.8) and FACTOSHINY
(http://factominer.free.fr/graphs/factoshiny.html;  ver-
sion 2.4). The selected scaled pathway and TF activi-
ties per patient were used as input for the PCA
function. Then, hierarchical clustering on the first 8
components (accounting ~ 95% of retained informa-
tion) was performed using the HCPC (kk = Inf,
max = 10, nb.clust = —1, consol = TRUE) function.
Plots were created using the COMPLEXHEATMAP R
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package [61]. Patients were re-ordered within each
cluster according to their microsatellite instability sta-
tus and selected mutational groups, namely BRAF_-
mut, KRAS_mut, NRAS_mut, GNAS_mut,
RAS_RAF_GNAS mut, and RAS_RAF_GNAS_ wt.

2.12. ldentification of actionable alterations for
construction of personalized cancer patient maps

Aiming to identify actionable vulnerabilities at the
single patient resolution within the ACCC-CRC
cohort, the qualified somatic variants from the
SVRACAS scoring scheme were integrated with clini-
cal implications from the OncoKB precision oncology
database [62]. Variant oncogenic effect annotation
was applied to keep only variants characterized as
oncogenic or likely oncogenic. Therapeutically action-
able variants in any cancer type were assigned with
an  OncoKB Therapeutic Level of Evidence
(https://www.oncokb.org/therapeutic-levels;,  accessed
2022/12/21). Genes carrying actionable variants were
assigned to the treatment baskets of the National
Center for Tumor Diseases/German Cancer Consor-
tium (NCT/DKTK) MASTER (Molecularly Aided
Stratification for Tumor Eradication Research) pro-
gram, that are based on a set of 472 genes which
participate in biological processes and cellular path-
ways with established therapeutic recommendations
[63].

3. Results

3.1. The mutational landscapes of MSS and MSI
CRCs

To elucidate the landscape of somatic mutations in
CRC, whole exome sequencing (WES) as well as RNA
sequencing (RNAseq) was performed in cancerous as
well as in adjacent normal tissues from 28 patients of
a prospective patient cohort of the Athens Compre-
hensive Cancer Center (ACCC) (Table S1). Since
microsatellite instability is one of the major clinical
factors determining therapeutic management and prog-
nosis of CRC patients, we first wanted to infer the
microsatellite stability status of every patient using
RNAseq data. To this end, we used PreMSIm [44] to
predict MSI status in 434 patients of the TCGA Pan-
Can COAD/READ [11] as well as in 79 patients of
the CPTAC [64] cohorts. PreMSIm estimates were
highly concordant with MSI-MANTIS predictions
from TCGA (concordance rate: 0.988, Table S2), and
with the annotated MSI-status of patients in CPTAC
(concordance rate: 0.987, Table S3). We then

Profiling reveals vulnerabilities in CRC

characterized the ACCC CRC samples applying Pre-
MSIm and inferred five tumors as MSI and 23 as
MSS (Table S4).

The exomes of ACCC CRC samples were sequenced
at an average coverage of > 300x (range: 195-375). In
total, 25 913 unique protein-altering somatic variants
were identified in 11 492 genes, including 21 917 mis-
sense, 1495 stop_gained, 423 splice site, 1871 frame-
shift and 162 inframe InDel mutations (Table S5). The
number of somatic variants varied greatly among
ACCC patients as the tumor mutational burden
(TMB) ranged from 0.028 to 375.994 protein-altering
mutations per Megabase (Table S4). The median was
108 nonsynonymous SNVs in MSS tumors while that
in MSI tumors was 1257. Five patients carried hot-
spot mutations in the G12 codon of KRAS [GI2D
(n=3), GI2V (n=1), GI12S (n=1)], another five
patients carried hot-spot mutations in BRAF [V600E
(n=4), K601E (n = 1)], while concomitant mutations
in KRAS [A146V] and BRAF [D594N] were observed
in one ACCC-patient. Another patient carried an
HRAS [A146T] mutation co-occurring with two non-
hotspot mutations in BRAF [L505F and L577I]. The
HRAS [A146T] substitution has been found as a germ-
line variant in Costello’s syndrome [65] and as a
somatic mutation in a few cases of melanoma and
other skin cancers (https://www.cbioportal.org,
GENIE Cohort v14.1-public). BRAF [L505F] has been
shown to confer a RAS-independent constitutively
activated state in the kinase domain [66]. This and
BRAF [L505H] have been reported in a small number
of tumor entities including melanoma, prostate, and
pancreatic cancer in cbioportal. BRAF [L505H] was
shown to be activating mutation conferring resistance
to vemurafenib [67], and is characterized as oncogenic
in OncoKB [62]. The BRAF [L577I] mutation has
been reported in cutaneous melanoma and is charac-
terized as variant with ‘Unknown Oncogenic Effect’ in
OncoKB.

In order to prioritize somatic mutations according
to their putative oncogenicity, we next applied our
SVRACAS variant scoring pipeline (https://github.
com/Jasonmbg/Simple.-Variant-Ranking-Annotation-
CAncer-Score) to the 25913 variants, leaving 4307
prioritized variants (score > 0.5) in 2969 genes
(Table S5). Among these, 54 matched with 72 CRC
driver genes annotated in IntOgen [30] (Fig. 1). The
top frequently mutated genes in the ACCC tumors
were APC and TP53 (Fig. 1). Next, we revealed over-
laps and differences in the 54 mutated genes between
the MSI and MSS CRC tumors of the ACCC (Fig. 1)
cohort regarding somatic SNVs, InDels and copy
number alterations (CNAs). On the one hand, MSS
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Fig. 1. Mutational landscape in the tumors of the Athens Comprehensive Cancer Center Colorectal Cancer (ACCC-CRC) cohort. Oncoplot
presenting scored genes common with the IntoGen database for 27 ACCC-CRC patients, which were grouped into microsatellite instable
(MSI) and microsatellite stable (MSS) subtypes (i.e., MSI_Status). Each column represents a profiled patient and each row a gene of
interest. The alteration frequencies of 54 genes (single nucleotide variants (SNVs), small insertions/deletions (InDels) and copy number
variations (CNVs)) are shown for each patient and for each gene on the top and on the right barplots, respectively. Genes are sorted based
on their total mutation frequency (depicted on the left). Colored cells indicate respective types of alterations explained on the right, while
gray cells indicate lack of mutations in respective tumors. The mutational spectrum for each patient showing the relative contribution of
each of the six base substitution types is presented below the top bar plot as a stacked bar chart, using the Mutational Patterns r package

[116] (version 3.4.1).

tumors consistently exhibited a higher percentage of
CNAs: Deletions of SMAD3, SMAD4 and MAP2K4,
and gains in RNF6, BRCA2, NBEA as well as in
GNAS were only observed in MSS tumors. On the

other hand, frameshift and missense variants were
more frequent (RNF43, ACVR2A, TGFBR?2) or exclu-
sive (BCLY9L, PTPRC) in the MSI tumors. These find-
ings are in line with reports linking defective DNA
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mismatch repair, frameshift mutations, the MSI sub-
type, and the success of immunotherapies [68].

Mutational analysis implementing the COSMIC SBS
signatures [23] revealed distinct patterns between the
MSI and MSS tumors (Fig. S1). The majority of
the MSI tumors were characterized by SBS6, SBS26,
and SBS20 signatures, all related to defective mismatch
repair and, thus, microsatellite instability. One sample
(ACCC_CRC_15) was further characterized by signa-
tures 10a and 10b, which are related with mutations in
POLE. Mutations in POLE, as was also present in this
tumor, are associated with a very high TMB, which
was indeed observed in this patient (375.994 muta-
tions/Mb). On the contrary, MSS samples were mainly
enriched in the SBS1 and SBSS5 signatures, which are
related to age, stem-cell division and ‘clock-like’ pro-
cesses, and are in line with a generally low TMB in
MSS tumors. However, the DNA mismatch repair-
associated signatures SBS6 and SBS15 were evident
also in two MSS cases (ACCC_CRC 05 &
ACCC_CRC_06, respectively), possibly related to their
high TMB and mutations in several genes involved in
DNA mismatch repair (e.g., MLH3, MSH3, MSH0).
Patients ACCC_CRC_07 and ACCC_CRC_18 were
enriched with the unknown etiology signatures SBS93
and SBS94, which have been identified in gastric and
colorectal samples, respectively. Taken together, these
findings are in line with previous studies recapitulating
the mutational landscapes of CRC, where microsatel-
lite instability is associated with a low frequency of
CNAs and a high TMB [69,70].

3.2. Mapping mutational landscapes to
functional networks

To extend the analysis of mutational profiles in MSS
and MSI CRC tumors, we utilized the public datasets
of the TCGA PanCan COAD/READ [I1] and the
CPTAC [64] cohorts. Complete datasets were available
for 434 patients (392 MSS, 42 MSI) from TCGA
(Table S2), and 79 patients (65 MSS, 14 MSI) from
CPTAC (Table S3). Highly scoring variants
from SVRACAS annotation (score > 0.5) were identi-
fied in 7287 and 2588 genes in the TCGA and CPTAC
datasets, respectively (Tables S6 and S7). Of those,
only three genes had higher mutation frequencies in
MSS compared to MSI tumors: 4PC and KRAS genes
were found more frequently mutated in MSS in both
public datasets (Figs S2 and S3), whereas mutations in
TP53 were significantly enriched only in the TCGA
PanCancer dataset. In contrast, 564 (TCGA) and 80
(CPTAC) genes had significantly higher mutation fre-
quencies in MSI compared to MSS tumors, and 42
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genes were shared in all three datasets. To uncover
molecular networks possibly related to microsatellite
instability, we then performed functional enrichment
analysis by mapping the genes differentially mutated
(MSI vs. MSS) in TCGA and CPTAC to Reactome
[47]. Eleven pathways were significantly enriched in
MSI vs. MSS tumors in both TCGA and CPTAC.
These signaling pathways were related to chromatin
modification and organization, growth factor, second
messenger as well as Wnt signaling, and to RUNXI
transcriptional regulation (Fig. 2). No Reactome path-
way was enriched in MSS tumors, in line with only
three genes having higher mutational frequencies in
MSS vs. MSI.

Next, we mapped the 2969 mutated genes from the
ACCC CRC dataset to the 11 enriched Reactome
pathways. This identified 60 genes that were mutated
with a higher frequency in ACCC MSI tumors and in
at least one of the two other CRC datasets. Functional
and physical associations were investigated by map-
ping these genes to the STRING database [51], identi-
fying three protein interaction networks with 60 genes
and 154 edges (Fig. S4). The first network was com-
posed of genes in angiogenesis as well as ERBB2,
PI3K/AKT, and PDGFR signaling. Network 2 was
enriched in histone modifications, NOTCHI1, TCEF,
and Wnt/B-Catenin signaling, while network 3 was
characterized by RUNXI signaling, regulation of
nucleotide-excision repair, double-strand break repair,
and chromatin remodeling. The Reactome and
STRING network topologies not only mirrored prior
knowledge of MSI CRC, thus further validating the
ACCC CRC cohort and the classification of patients
into MSS and MSI subtypes [11] but they also
revealed significant functional networks that are differ-
entially disrupted between MSS and MSI CRC
tumors. These were driven by their distinct mutational
profiles and, using this approach, could be uncovered
independent of the size of the respective cohort.

3.3. Molecular pathway and transcription factor
activities are distinct in MSS vs. MSI mutated
CRCs

Aiming to estimate the activity of cancer-relevant sig-
naling pathways in MSS and MSI groups of the three
CRC datasets (TCGA PanCan COAD/READ [11],
CPTAC [64] and ACCC CRC), we next estimated the
activities of 14 signaling pathways based on transcrip-
tomic data using the PROGENy computational pipe-
line [53]. The activity only of the TGFf signaling
pathway was significantly higher in MSS than MSI
tumors in all three cohorts (Fig. 3A), which is in line
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Fig. 2. Lollipop plots of REACTOME pathways significantly enriched in microsatellite instable vs. microsatellite stable tumors of The Cancer
Genome Atlas Network (TCGA) and National Cancer Institute’'s Clinical Proteomic Tumor Analysis Consortium (CPTAC) cohorts. Functional
enrichment analysis was performed using CLUSTERPROFILER [45] (v.4.2.2), and cGpPLoT2 (v.3.4.3) was used for the visualization of enrichment
results. P-values were adjusted for multiple comparisons (P.adjust) [117]. Sizes of bullets represent the number of over-represented genes
(Count) in the corresponding pathway and adjusted P-values (P.adjust) are color-coded. The Rich Factor value (x-axis) describes the relative
ratio of the enriched genes in each pathway, divided by the total number of annotated genes in the respective set (i.e., over-representation
analysis) [117].
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Fig. 3. Significantly differentially activated pathways and transcription factors (TFs) between microsatellite instable (MSI) and microsatellite
stable (MSS) colorectal cancer (CRC) in three CRC cohorts; National Cancer Institute’s Clinical Proteomic Tumor Analysis Consortium
(CPTAC), The Cancer Genome Atlas Network (TCGA), and Athens Comprehensive Cancer Center Colorectal Cancer (ACCC). Pathway and
transcription factor (TF) relative activities were estimated using PRoGeny [63] and poroTHEA [54] R packages, respectively. Barplot visualizes
normalized Enrichment Scores (NES) with three different shades of red and blue color denoting significant pathway/TF activity levels of MSI
and MSS tumors in CPTAC, TCGA, and ACCC CRC datasets, respectively. Horizontal dotted lines at +2/—2 values indicate the lower cut-off
values for statistically significant activities of pathways (A) and TFs (B). Only pathways and TFs found significantly differentially activated in
all three datasets are illustrated. The total numbers of samples characterizing each CRC group (MSI or MSS) are denoted in parentheses.
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with reports suggesting that TGFf signaling in MSS
tumors stimulates cancer-associated fibroblasts and
establishment of an immune-excluded tumor microen-
vironment [71]. In contrast, six pathways were stronger
activated in MSI tumors of all three cohorts (Fig. 3A).
JAK-STAT signaling was the most activated pathway
in MSI and has been implicated with positive immuno-
therapy outcomes [72]. Then, kinase and pathway
activity analyses were performed using the phospho-
proteomics measurements from the CPTAC cohort.
This suggested the cAMP-dependent protein kinase
and TGFp signaling pathways as being more active in
MSS tumors compared to MSI (Fig. S5A,B), confirm-
ing the PROGENYy results for TGFp. Activation of
protein kinase A might be functionally related to gains
and correlated expression of GNAS (r = 0.45, P-
value < 0.05) found specifically in MSS tumors also in
the CPTAC cohort (Fig. S5C,D). This pathway has
been proposed as a targetable driver mechanism in
lung cancer [73]. In contrast, several MAP kinases and
PI3K signaling were significantly more activated in the
MSI tumors (Fig. S5A,B). The latter findings confirm
that MSI tumors exhibit a higher activation of stress
response, inflammation/immune modulation, and pro-
liferation. Yet, differential activation of these pathways
was not common in all MSI patients, suggesting alter-
native driver routes in respective tumors (Fig. 4, and
Figs S6 and S7).

Next, we performed transcription factor (TF) activity
analysis in MSS vs. MSI tumors and found 14 TFs that
had consistently different activity profiles in all three
datasets. Six transcription factors including RUNX2
(Runt-related transcription factor) were more strongly
activated in MSS CRCs compared to MSI in all datasets
(Fig. 3B). RUNX transcription factors are downstream
effectors of TGFp, thus matching the results from path-
way analysis. These TFs regulate basic cellular and
developmental processes, stem cell biology, and tumori-
genesis [74]. In colorectal cancer, RUNX2 influences
MAP kinase signaling via regulation of multiple RTKs,
and its absence, can lead to resistance against MEK
inhibitors along with its cofactor CBFB [75]. Further-
more, MSI CRCs presented significantly higher activi-
ties for the MYC, STAT2, HIF1A, TP53, SPI1, IRFI,
and IRF?2 transcription factors (Fig. 3B). Some of these
have previously been associated with CRC and poten-
tially impact immunogenicity, proliferation, DNA
repair mechanisms, and cellular stress responses [76].
Collectively, pathway and transcription factor
activation-profiling point at elevated inflammatory pro-
cesses in many MSI tumors while tumors of the MSS
type mostly appear to be associated with stem-cell fea-
tures as well as an immune-excluded microenvironment.

Profiling reveals vulnerabilities in CRC

3.4. Transcriptomic stratification and immune
deconvolution of ACCC-CRC samples

We then estimated altered pathway and TF activities
at the individual patient level to achieve a personal-
ized view on the ACCC patients. To this end, we
used the scaled gene expression values of every
patient as input and focused on the seven molecular
pathways and 14 TFs, which we had found signifi-
cantly altered in the three cohort-based comparisons
of MSS vs. MSI CRC tumors. The resulting esti-
mated pathway and TF activities grouped the CRC
patients into three patient clusters in each cohort
(Fig. 4A, and Figs S6 and S7). While we had
observed elevated TGFp-signaling specifically in the
MSS subtype, analysis of individual patients revealed
that this pathway clustered specifically with MSS
tumors that had reduced activation of JAK/STAT,
MAPK, and EGFR signaling (Fig. S6). Furthermore,
few MSI tumors showed strong activation of TGFp
signaling as well (Figs S3 and S4). To gain further
insights into the underlying mechanisms that charac-
terize the identified clusters, we performed single sam-
ple Gene Set Enrichment Analysis (ssGSEA) [48],
immune deconvolution [39], and inference of Consen-
sus Molecular Subtypes (CMS) [77].

The first patient cluster (Cluster ID 1, n=13
patients in the ACCC cohort) mostly included MSS
(n=12) and CMS2 and CMS3 cancers (Fig. 4A). In
line with MSS tumors in the TCGA and CPTAC
(Fig. 3A), the tumors in cluster 1 were characterized
by a low immunogenic behavior with sparse activation
of the JAK-STAT and NFkB inflammatory pathways,
no enrichment of immune-related hallmarks, and flat
immune infiltration scores (Fig. 4B). These findings are
in line with the poor response MSS patients mostly
have to immunotherapies. Patient ACCC_CRC_15,
the only MSI sample in this cluster, also showed an
overall trend of under-activation in the majority of
estimated pathway and TF activities, whereas the
EGFR signaling cascade and MYC TF were found
significantly over-activated in this POLE-mutant
tumor. This tumor had been diagnosed as serrated
mucinous adenocarcinoma, which might explain the
separate clustering from the other MSI tumors [78].
The second cluster (Cluster_ID 2, n = 7) contained
only MSS and mostly CMS4 samples (n = 6) which
were characterized by an overall significant activation
of the TGFp signaling pathway, expression of genes
associated with epithelial to mesenchymal transition
(EMT) and angiogenesis as well as activation for the
SPI1, RUNX2, and PRDM14. Almost all samples in
the second cluster exhibited low activity of E2F4 and
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Fig. 4. Clustering of Athens Comprehensive Cancer Center Colorectal Cancer (ACCC-CRC) patients based on transcriptomic analysis. (A)
Normalized enrichment scores (NES) of 7 pathway and 14 transcription factor (TF) activities (compare Fig. 3) were used for unsupervised
hierarchical clustering on principal components (HCPC) with r packages FactoMineR [60] (version 2.8) and rFacTosHINY (http://factominer.free.
fr/graphs/factoshiny.html; version 2.4), distributing ACCC patients into three patient clusters. Features were re-ordered within each Pathway
and TF row sub-clusters using hierarchical clustering (‘complete’ method, ‘euclidean’ distance), where samples were firstly grouped based
on their cluster ID and subsequently based on their MSI status and mutational information. Tumors with co-occurring alterations in either in
RAS and RAF or GNAS and RAF genes were assigned to the RAS_RAF_GNAS_mut group. Pathway and TF activities (NES) are indicated in
shades of red (high) vs. blue (low). Asterisks in individual cells denote a significant activation of the respective pathway/TF in a patient
(NES > 2 or NES < —2). (B) Heatmap visualization of the normalized enrichment scores of hallmarks from wmsicps [50] per patient using SSGSEA
[48]. Re-ordering of rows was performed as described in (A). Hallmark pathway activities as well as immune or stromal scores (ImmDec:
immune deconvolution), representing immune and stromal cell infiltration in respective tumors, are indicated in shades of red (high) vs. blue
(low). Plots were created using the comMPLEXHEATMAP R package [61].

MYC, accompanied with reduced cell cycle activity characterized by an overall anti-proliferative capacity
and unfolded protein response (Fig. 4A,B). This sug- and a more invasive phenotype, which could be related
gests that tumors in the second cluster are to the molecular and clinical characteristics of the
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mesenchymal subtype (CMS4) [79]. The third cluster
(Cluster_ID 3, n =8) comprised four MSI and four
MSS samples. It was mainly composed of CMSI and
CMS2 tumors with the exception of sample
ACCC_CRC_21 that was predicted as CMS3. Tumors
in cluster 3 were characterized by a relatively stronger
activation of inflammatory (JAK-STAT, NFkB) and
mitogenic (EGFR and MAPK) signaling pathways,
compared to patients in the other clusters. Moreover,
MYC and E2F4 seemed to be strongly activated. Con-
versely, a group of TFs, mainly associated with chro-
matin remodeling (PRDM14, ASCL1, RUNX2) and
developmental processes (HNF4A, TCF4) displayed a
reduced activity level compared to the other two clus-
ters. This was most evident in the MSI samples of the
third cluster, while MSS samples in this cluster showed
a more variable activation pattern. Collectively,
patients forming the third cluster reflected a more
immune-reactive and less aggressive molecular profile.

The MSS tumors showed an overall higher degree
of heterogeneity, which was associated with the preva-
lence of KRAS and BRAF mutations. KRAS-mutated
MSS samples showed a trend toward having lower
activation of immune response pathways, that is, hav-
ing significantly lower activities in JAK-STAT and
NFkB pathways relative to the RAS_RAF_GNAS_wt
MSS samples in the second patient cluster (Fig. 4A).
This was corroborated by ssGSEA findings and
immune deconvolution estimates (Fig. 4B), suggesting
that KRAS-mutant MSS tumors in the first patient
cluster were less immune reactive compared to the
MSS tumors in the other clusters. These findings are
in line with the observed low activity of IRF1 and
IRF2, regulators of the interferon response [80], in the
majority of the KRAS-mutant MSS samples of the first
cluster (Fig. 4A). This is consistent with previous stud-
ies, which identified a mutant KRAS-IRF2 molecular
cascade, promoting an immunosuppressive environ-
ment in CRC and fostering immunotherapy resistance
[81]. Conversely, the transcriptomic circuits of MSS
CRC tumors in the third patient cluster showed
greater similarity to the respective circuits in the MSI
tumors within that cluster, compared to the MSS sam-
ples in the other clusters. In summary, while the evalu-
ated transcriptomic programs primarily differentiated
MSS and MSI samples and corresponded with the
prevalence of identified CMS subtypes, they also
exposed differentially enriched patient-cluster and indi-
vidual patient-specific gene expression networks. Anal-
ysis of the tumors from the TCGA and CPTAC
cohorts revealed highly congruent findings (Figs S3
and S4).

Profiling reveals vulnerabilities in CRC

3.5. From oncogenic mutational landscapes and
transcriptomic features toward personalized
therapeutic strategies

Having seen higher functional heterogeneity in MSS
compared to MSI tumors and that only a few path-
ways seemed to be consistently stronger activated in
MSS tumors, we hypothesized that precision oncology
approaches might be particularly useful for MSS
CRC. Along these lines, we went out to unravel
actionable alterations for individual ACCC CRC
patients and interrelate them with their respective tran-
scriptomic profiles. This should provide more holistic
views on potential vulnerabilities and frame them as
comprehensive personalized cancer maps, placing our
special emphasis on MSS cases. For this purpose, the
SVRACAS prioritized somatic variants in each patient
were annotated with clinical actionability information
from the OncoKB precision oncology database [62].
This analysis prioritized 34 actionable variants in 20
genes, reflecting these variants as predictive biomarkers
of drug sensitivity or resistance to particular targeted
therapies (Fig. 5A).

Next, we assigned the ACCC CRC patients to seven
MASTER interventional baskets [63], based on the
mutational profiles the respective tumors presented
with. The MSI status and TMB were regarded for
assignments to the immune evasion (IE) basket. Seven-
teen patients of the ACCC cohort (~ 63%) were strati-
fied into at least one interventional basket (Fig. 5B).
Tumors in patient cluster 1 were mainly characterized
by overrepresentation of the RAS-MEK-ERK (RME,
eight out of nine patients), the PI3K-AKT-mTOR
(PAM, three out of nine patients), and the immune
evasion (IE, three out of nine patients) baskets. An
interventional basket (i.e., RME) could be assigned to
just one (ACCC_CRC_16) out of seven MSS patients
forming cluster 2, in line with the rather low TMB in
the tumors forming this cluster. Cluster 3 was mostly
represented by RME (five out of seven patients) and
PAM as well as IE (four out of seven patients each)
baskets.

The five MSI- and two MSS-patients could qualify
for treatment with immune checkpoint inhibitors (e.g.,
pembrolizumab), the MSS-patients in the light of the
high TMB in the tumors (Fig. 5B). Two MSI and
another two MSS tumors carried BRAF V600E muta-
tions and might benefit from treatment with encorafe-
nib and cetuximab [82]. Seven patients carried KRAS
or NRAS mutations, rendering those patients incom-
patible with EGFR-antibody therapy [83]. Inhibitors
specific for the most common KRAS variant G12D,
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Fig. 5. SVRACAS prioritized somatic mutations, pathway/transcription factor (TF) activities, and immune profiles stratify Athens
Comprehensive Cancer Center (ACCC) Colorectal Cancer (CRC) patients to MASTER baskets and personalized therapeutic interventions. (A)
Oncoplot with actionable variants (SVRACAS score > 0.5) and annotated in the context of sensitivity (OncoKB_Sens 1-4) or resistance
(OncoKB_Res R1-2) to a targeted therapy (https://www.oncokb.org/levels) in any tumor entity. Columns correspond to patients (B) and rows
denote genes and protein-level types of alterations. Types of alterations are indicated in color, while wild type condition is indicated in gray.
Rows were sorted by the percentage of occurring alterations, whereas columns/samples were firstly grouped based on patient cluster ID,
then by microsatellite instability status, and subsequently by selected driver genomic alterations (i.e., KRAS/BRAF/RAS_RAF_WT). TMB:
Tumor mutational burden. Tumors with co-occurring alterations in either in RAS and RAF or GNAS and RAF genes were assigned to the
RAS_RAF_GNAS_mut group. (B) Mapping of indicated patients to MASTER interventional baskets (MB_assignment in blue) based on
mutated genes that are associated with respective baskets [115] (RME: RAF-MEK-ERK; PAM: PI3K-AKT-mTOR; DDR: DNA damage repair;
TK: tyrosine kinases; OTH: other; DEV: developmental regulation; CC: cell cycle). Mapping to the immune evasion (IE) basket was based on
the presence of MSI and/or high TMB. MB_Assignment in white: not assigned. (C) Molecular rationale for suggested personalized therapeu-
tic interventions for two ACCC_CRC patients. The first series of boxes (aberrations) illustrates actionable variants (in orange) and TMB as
well as microsatellite instability (MSI) related COSMIC single base substitution (SBS) signatures [23]. The second series (activities) presents
perturbed molecular pathways, TF-MYC, and stromal and immune signatures, with boxes framed in shades of red or blue to indicate either
high or low activity levels and high or low scores, respectively. The final series (Baskets & drugs) shows interventional baskets [118], with
suggested drugs, based on a comprehensive analysis of actionable genomic variants, molecular pathway/TF activities, and immune profiles.

which was present in three cases, are currently in pre-
clinical and clinical development (e.g., MRTX1133,
NCT05737706). Tumors carrying druggable KRAS
G12C mutations [3] were not present in our cohort.
No specific treatments were clinically available for the
patients carrying other RAS mutations, that is,
ACCC_CRC_13 (G12V) and ACCC_CRC_27 (G12S).
However, also non-specific Pan-KRAS inhibitors are
in development [84], which might be applied once hav-
ing proven efficacious. Hence, molecular profiling iden-
tified potential treatment options for the majority of
the patients in the ACCC cohort and more than one
interventional basket was mapped to eight patients,
suggesting a combination of targetable driver mecha-
nisms in the respective patients.

We finally went ahead with two patients of the MSS
type to prove the utility of our approach toward sug-
gesting potential vulnerabilities for tailored therapeutic
interventions. Patients ACCC_CRC 05 and ACCC _-
CRC_06 had presented with adenocarcinomas of the
CMS3 subtype and had a right-sided location. Patient
ACCC_CRC_05 (Fig. 5C) was characterized by an
ERBB2 p.R678Q mutation, which has a modest bio-
logical rationale for treatment with trastuzumab-
deruxtecan [85] (NCT evidence level m4). Further-
more, this patient carried an ATM p.F61Lfs*15 muta-
tion, which has been found in few, mostly colorectal
tumors (CosmicID: COSV53735143). While preclinical
evidence supports PARP inhibition [86] (NCT evidence
level m3) this was recently shown (NCT02693535) to
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be ineffective in ATM-mutated CRC [87] thus not giv-
ing it high priority. In patient ACCC_CRC_05, we
identified PTEN p.T319* and TSC2 p.R1451Afs.25
mutations, both of which have biological justification
and preclinical evidence [88] suggesting treatment with
mTOR inhibitors (NCT evidence level m3-m4). Tumor
gene expression analysis for this patient demonstrated
an over-activation of PI3K/AKT/mTOR signaling.
The data further suggested an under-activation in the
EGFR and JAK-STAT signaling pathways, which
might indicate a predominantly PI3K/mTOR-driven
cancer phenotype for this patient, further supporting
the rationale for mTOR inhibition.

MSS patient ACCC_CRC_06 carried several poten-
tially druggable alterations (Fig. 5C). The BRAF
V600E mutation in this tumor could be targeted
with Encorafenib and Cetuximab as an approved com-
bination for second-line targeted therapy after chemo-
therapy [2]. BRCAl p.K654Sfs*47 and BRCA2
p-T3085Qfs*19 mutations in this patient suggested
PARP inhibition as a potential option. Tumor tran-
scriptomic analysis revealed an over-activation of the
PI3K/AKT/mTOR and under-activation of the DNA
repair and JAK-STAT molecular circuits. A frame-
shift mutation in 7SC2 (p.N1017Tfs*13) would sug-
gest mTOR inhibition as a therapeutic strategy [89].
However, in contrast to patient ACCC_CRC_05, we
noticed a trend toward activation of the MAPK sig-
naling pathway in patient ACCC_CRC_06, which
might be associated with the presence of the BRAF
V600E mutation. Thus, the value of targeting mTOR
in the context of an activating BRAF mutation seems
questionable [90].

Patients ACCC_CRC_05 & _06 both presented with
high TMB (Fig. 5), which has been observed in MSS
tumors before [91] and also in five patients (i.e.,
TCGA-AG-A002, TCGA-AZ-4315, TCGA-AA-3984,
TCGA-EI-6917, TCGA-AA-3977) of the TCGA data-
set (Table S2). The tumor DNA showed mutational
signatures associated with DNA mismatch repair
(SBS6 and SBSI5 in patients ACCC_CRC_05 and
ACCC_CRC_06, respectively). The two ACCC with
high TMB carried mutations in a number of genes
having roles in DDR and MMR pathways (ATM,
BRCAI, BRCA2, MSH3, MSH6, POLG, RADS0),
which were mutated also in some or all of the
five TCGA MSS tumors. In addition, a number of epi-
genetic writers were mutated (KDM4C, KDMS5A,
KMT2A, KMT2C, KMT2D, SETDBI), again in sev-
eral of the two ACCC and the five TCGA patients.
The high TMB, which might be causally associated
with defective damage response pathways, could indi-
cate the application of immunotherapies as an at least
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hypothetical treatment option for the two ACCC
patients [92]. Yet, our analysis pointed also at other
rational treatment options for these two as well as for
most other patients in the ACCC CRC cohort. Collec-
tively, our study underlines the significant value of
incorporating various molecular and functional layers
to support therapeutic decision-making.

4. Discussion

Here, we set out to characterize the molecular and
activity landscapes of MSS and MSI colorectal can-
cer. By implementing an integrative computational
workflow, we analyzed tumors from 28 patients of a
prospective CRC patient cohort of the Athens Com-
prehensive Cancer Center (ACCC), in combination
with two large public multi-omics datasets. There, we
explored the molecular profiles of MSS vs. MSI
CRGCs, their relation to KRAS/BRAF mutations, and
pathway as well as transcription factor activities in
the context of personalized medicine. First, we
observed novel associations between particular genes
and their increased mutational frequencies specifically
in MSI tumors. Increased tumor mutational burden
(TMB) as well as elevated numbers of frameshift
mutations are frequent in MSI and have been associ-
ated with defective DNA mismatch repair in this sub-
type as well as with response to immunotherapy
[18,93]. Yet, we observed high TMB also in some
MSS tumors, which has been reported before [91].
Mutations were enriched in genes that are involved in
molecular pathways mainly related to transcriptional
regulation cascades by RUNXI1, chromatin modifica-
tion mechanisms, and in signaling cascades that are
related to Reactome ‘fusion mutants/proteins’ (i.e.,
FGFRI1/FLT3). These findings resonate with research
indicating the central role of RUNXI in the malig-
nant transformation process and metastasis of CRC
through mechanisms, like the Wnt/B-catenin signaling
pathway and EMT [94,95]. Fusion events involving
FGFR have been considered as therapeutic targets in
various solid tumors [96]. In contrast, MSS tumors
mostly demonstrated a pronounced enrichment in
CNAs. Deletions were recurrently found in SMAD3,
SMAD4, and MAP2K4, which are pivotal in the
TGFB and JNK signaling pathways [97,98], respec-
tively. Gains were observed in chromosomes 13q12-13
and 20q13.32, which have been associated with early
events in the development of colorectal cancer [99],
also affecting GNAS. These CNAs are exclusively
presented in MSS, suggesting a unique MSS genomic
signature with implications in MSS disease etiology
and therapeutic targeting [100].
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Second, our comprehensive multi-omics analysis
indicated differentially regulated circuits at the tran-
scriptional level. Immune-related biological mecha-
nisms, such as JAK-STAT and NFKB signaling
pathways, were found upregulated in MSI tumors,
consistent with the higher ‘immunogenicity’ in the con-
text of microsatellite instability [101]. Conversely, the
TGFB pathway showed greater activation in MSS
tumors and has been associated with epithelial-to-
mesenchymal transition (EMT), metastasis, and ther-
apy resistance [102,103]. We further observed that the
synchronous presence of KRAS mutations with micro-
satellite instability had a stronger effect on the immune
profile of CRC tumors than mutations in BRAF.
Hence, we identified context-specific functional associ-
ations that are likely related to the higher functional
heterogeneity within MSS CRC tumors. Previous stud-
ies have emphasized the intricate role KRAS mutations
play in shaping the tumor microenvironment of colo-
rectal cancer. These mutations seem to foster an
immunosuppressive environment, which is marked by
a diminished anti-tumor immune response [104].

Next, we identified transcription factors with differ-
ential activity between MSS and MSI CRC tumors.
MSI CRC tumors showed higher activities of MYC,
STAT?2, HIF1A, TP53, SPI1, IRFI1, and IRF2. These
factors are instrumental in various cellular processes,
such as cell growth, response to stress, oxygen homeo-
stasis, and immune modulation [76]. Hence, therapeu-
tic regulation of TFs might be a promising strategy for
CRC therapy owing to their underlying role as key
effectors of various signal transduction and tumor-
associated immune responses [105]. Distinct transcrip-
tional profiles were observed in MSS CRCs, indicating
the heightened activity of RUNX2 upstream of TGFf
signaling [106]. Yan et al. [107] revealed that RUNX2
is critical for the maintenance of the stem cell-like
properties of CRC cells as well as for the promotion
of CD44-induced EMT in CRC. Collectively, from our
integrative analysis, we noticed the significant deregu-
lation of specific members of the RUNX TF family at
DNA (RUNXI) or mRNA (RUNX2) levels, support-
ing their emerging role as prognostic biomarkers in
CRC [108].

Our comprehensive molecular tumor analysis thus
corroborated prior findings related to the phenotypic
characteristics of CMS subtypes; however, also sug-
gests that the microsatellite status is not the only bio-
marker that could predict molecular and functional
tumor characteristics. In our clustering analysis, one
cluster grouped MSI with MSS patients together. This
could be explained, in part, with epigenetic reprogram-
ming in tumor progression, playing a major role in the
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clonal evolution and tumorigenesis of CRC [109].
Indeed, this aligns with a recent study proposing a
novel molecular classification of CRC tumors based
on single-cell sequencing data [110]. This study identi-
fied a subgroup of MSS samples (iICMS3_MSS), which
exhibited more similarity with the transcriptional and
genomic levels of MSI CRC tumors (iCMS3_MSI),
forming a novel epithelial subtype [110]. This may
indicate that the MSI status, even though clearly dis-
tinct at the genomic level, may be viewed as a contin-
uum through different states and sub-conditions at the
transcriptomic layer [111]. The potential therapeutic
consequences of this, however, remain to be
uncovered.

Finally, we sought to provide a personalization of
molecular findings, as the identification of targetable
alterations is a primary focus of current clinical
research, to facilitate personalized treatment strategies.
Effective therapeutic options exist for MSI CRCs
employing immune checkpoint inhibitors. In contrast,
the management of MSS cancers still predominantly
relies upon conventional chemotherapies, as the most
frequently encountered mutations in MSS CRC affect
yet non-druggable tumor suppressor genes, such as
APC and TP53. Indeed, the prevalence of well-
established targetable mutations with clinical evidence
supporting therapeutic interventions is exceedingly low
in CRC. These primarily encompass BRAF V600E
mutations, which we observed also in our cohort and
have proven more difficult to target in CRC com-
pared, for example, to melanoma [82]. Clinical treat-
ment options are often limited even when mutations in
potentially druggable drivers have been identified
[112]. Hence, the integration of expression data might
prove beneficial in clarifying therapeutic decisions for
patients with uncertain mutation-driven treatment
options, which we illustrated with patients
ACCC_CRC_05 and ACCC_CRC_06. Our integrated
analysis suggested treatment options for these patients
that were unknown at the time when the patients were
in clinical treatment. Pathway and transcription factor
network analysis suggested these two patients to be of
the MSS subtype, even though the tumors had a very
high TMB. We then identified five patients with simi-
lar characteristics in the TCGA cohort, all having very
high TMB and carrying mutations in several genes
involved in DNA damage response and DNA mis-
match repair as well as in epigenetic writers. Further-
more, a particular frameshift mutation in RPL22 has
been causally related to missplicing of MDM4 tran-
scripts and loss of p53 signaling in colorectal cancer
[113]. While this mutation was associated particularly
with the MSI subtype, the p53 pathway is mostly
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abrogated in the MSS subtype (compare Fig. 1, and
Figs S2 and S3). Both ACCC tumors ACCC_CRC_05
and ACCC_CRC_06 contained this specific
p-Lysl15ArgfsTer5 mutation in the RPL22 gene which,
however, was not present in any of the five TCGA
MSS patients. Thus, the two ACCC tumors as well as
the five TCGA MSS tumors with high TMB showed
characteristics of the MSS subtype, while other fea-
tures suggested them belonging to the MSI subgroup.
These tumors thus likely represent neither typical MSS
nor MSI CRC.

The added value of integrating molecular modalities
to foster precision medicine was initially introduced with
the WINTHER clinical study [114] (NCT01856296).
WINTHER was the first trial to describe the combina-
tion of matched genomic and transcriptomic informa-
tion in metastatic tumors, showcased the significance of
integrated molecular profiling into improved therapeu-
tic recommendations, and expanded the portfolio of
putative therapeutic interventions [114]. Likewise, the
more recent MASTER/NCT clinical study has illus-
trated that the integration of WES/WGS with RNA
sequencing can result in a clinical benefit and boost
patient treatment stratification in patients with
advanced cancer of rare cancer entities [63]. Our find-
ings support these concepts, while we propose to
enhance these concepts by integrating mutation rank-
ing with immune deconvolution and pathway as well as
transcription factor activity analysis, to suggest person-
alized treatment strategies as we did here for colorectal
cancer. In the future, this will likely be complemented
with proteomic information [115] and holds the prom-
ise for enhancing the biological rationale behind indi-
vidualized therapeutic interventions even if it does not
constitute a therapeutic protocol per se. Yet, it serves
as a paradigm that supports and augments the concept
of tailored medicine in oncology.

5. Conclusions

In this study, we elucidated the divergent genomic and
transcriptomic landscapes of microsatellite stable
(MSS) and microsatellite instable (MSI) colorectal can-
cers (CRCs) in a cohort from the Athens Comprehen-
sive Cancer Center (ACCC) (https://www.accc.gr), by
implementing an integrative bioinformatics workflow
to compare sequence data from Athens, with large
public multi-omics CRC datasets. Whole exome
sequencing (WES) and RNA sequencing (RNAseq) of
28 CRC patients combined with integrated analysis
of the two large CRC datasets of the TCGA and
CPTAC cohorts revealed significant differences in
mutational burden, variant types, and TF/pathway
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activity levels between MSS and MSI subtypes. Our
analysis not only corroborates previous findings, but
also extends the biology of MSI-MSS CRC tumors
and identifies potential vulnerabilities in individual
tumors, advocating for the adoption of precision
oncology approaches to improve clinical outcomes for
CRC patients.
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Fig. S3. Oncoplot of 54 cancer driver genes across 79
colorectal adenocarcinoma samples from the National
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Fig. S4. K-means clustering of STRING protein—
protein interaction network of high mutational fre-
quency genes in microsatellite instable (MSI) vs.
microsatellite stable (MSS) colorectal cancer.

Fig. S5. Kinase and Pathway activities, and GNAS
alterations in microsatellite stable (MSS) and microsat-
ellite instable (MSI) colorectal cancer (CRC) tumors
of the National Cancer Institute’s Clinical Proteomic
Tumor Analysis Consortium (CPTAC) cohort.

Fig. S6. Clustering of the colorectal cancer (CRC)
patients of The Cancer Genome Atlas Network
(TCGA) based on transcriptomic analysis.

Fig. S7. Clustering of the National Cancer Institute’s
Clinical Proteomic Tumor Analysis Consortium Colon
Adenocarcinoma (CPTAC-COAD) dataset based on
transcriptomic profiling.
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values as provided in The Cancer Genome Atlas Net-
work (TCGA) dataset, and PreMSIm [44] predictions
for 434 patients of the TCGA PanCancer Atlas
COAD/READ cohort [11].

Table S3. Microsatellite instability (MSI)-status and
Tumor Mutational Burden (TMB) values as provided
in the National Cancer Institute’s Clinical Proteomic
Tumor Analysis Consortium (CPTAC) dataset, and
PreMSIm [44] predictions for 79 patients of the
CPTAC colorectal cancer (CRC) cohort [64].

Table S4. Tumor mutational burden, total numbers of
somatic mutations, numbers of SVRACAS scored
mutations, microsatellite instability (MSI)-status pre-
diction and probability for 28 patients of the Athens
Comprehensive Cancer Center Colorectal Cancer
(ACCC-CRC) cohort.
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Table S5. List of somatic mutations in the Athens
Comprehensive Cancer Center Colorectal Cancer
(ACCC-CRC) patients, with variant annotation infor-
mation from OpenCRAVAT/OakVar, along with the
SVRACAS scoring estimates.

Table S6. List of somatic mutations in The Cancer
Genome Atlas Network (TCGA) colorectal cancer
(CRC) patients, with variant annotation information
from OpenCRAVAT/OakVar, along with the SVRA-
CAS scoring estimates.

Table S7. List of somatic mutations in the National
Cancer Institute’s Clinical Proteomic Tumor Analysis
Consortium (CPTAC) colorectal cancer (CRC)
patients, with variant annotation information from
OpenCRAVAT/OakVar, along with the SVRACAS
scoring estimates.
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