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Abstract

Colorectal cancer (CRC) remains a major global health challenge, with limited treatment options for advanced-stage
patients. While genomic and transcriptomic analyses aid in target identification, proteomic alterations offer a more direct
link to tumor biology and therapeutic opportunities. In this study, we analyzed mass spectrometry-based proteomics data
from 102 primary CRC patients, including tumor and matched normal tissues, to systematically identify overexpressed,
druggable therapeutic targets, with a particular focus on the patient kinome. Using the OPPTI approach, we discovered
31 kinases with notable overexpression, including 16 currently targetable by existing drugs, such as FGR, EPHA2, and
PBK. Furthermore, we revealed 884 overexpressed non-kinase proteins, 253 of which are druggable, including ERAP2,
FLG, and MT1H. Differential expression analysis identified 165 dysregulated kinases and 3,903 non-kinase proteins,
with MET and STK3 emerging as potential candidates due to their substantial upregulation. Integrating differential
expression and overexpression analyses, we highlighted a cohort of druggable targets, including EPHA2 and MET, whose
inhibition has shown promising preclinical efficacy. This comprehensive proteomic study provides a resource for novel
therapeutic target discovery in CRC, offering a framework for more personalized interventions through the identification
of clinically actionable protein-level alterations.
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Kolorektal Kanserin Proteomik Profili: Kisisellestirilmis Tedavi i¢in
flaclanabilir Biyobelirteclerin Kesfi

Oz

Kolorektal kanser (CRC), ileri evre hastalar i¢in siurli tedavi segenekleri nedeniyle kiiresel dlgekte 6nemli bir saglik
sorunu olmaya devam etmektedir. Genomik ve transkriptomik analizler hedef belirlemede degerli bir rol oynasa da,
proteomik diizeydeki degisimler tiimor biyolojisini daha dogrudan yansitmakta ve terapotik agidan daha uygulanabilir
firsatlar sunmaktadir. Bu c¢alismada, 102 birincil CRC hastasina ait, tiimor ve eslenmis normal dokular1 igeren kiitle
spektrometresi proteomik verilerini analiz ederek, hasta kinomu tizerine odaklanarak sistematik bir sekilde asir1 ifade
(eksprese) edilen, ilaglanabilir terapotik hedefleri tanimladik. OPPTI metodunu kullanarak, mevcut ilaglarla
hedeflenebilir olan FGR, EPHA2 ve PBK gibi 16 kinazi i¢eren, toplamda 31 kinazin belirgin sekilde asir1 ifade edildigini
tespit ettik. Ayrica, ERAP2, FLG ve MT1H gibi 253’1 ilaglanabilir olan 884 kinaz dis1 proteinin asiri ifade edildigini
ortaya koyduk. Diferansiyel ifade analizi, 165 diizensiz kinaz ve 3,903 kinaz dis1 proteini belirlerken, MET ve STKS,
onemli derecede artis gosteren potansiyel adaylar olarak one ¢ikti. Diferansiyel ifade ve asiri ifade analizlerini
birlestirerek, EPHA2 ve MET gibi ilaglanabilir hedeflerden olusan bir grup belirledik; bu hedeflerin inhibisyonu, umut
verici preklinik etkinlik gostermistir. Bu kapsamli proteomik ¢alisma, CRC’de yeni terapdtik hedeflerin kesfi i¢in bir
kaynak sunmakta ve klinik olarak uygulanabilir protein diizeyindeki degisikliklerin tanimlanmasi yoluyla daha
kisisellestirilmis miidahalelere yonelik bir ¢cergeve saglamaktadir.
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1. Introduction

Colorectal cancer (CRC) remains one of the leading causes of cancer-related morbidity and
mortality worldwide (Siegel et al., 2023; Morgan et al., 2023). While early-stage CRC can be
effectively treated through surgical resection and standard chemotherapy, advanced and metastatic
CRC continues to pose a substantial clinical challenge due to limited treatment options and
therapeutic resistance (Van Cutsem et al., 2016). A critical gap in improving CRC outcomes lies in
the identification of reliable and actionable molecular targets that can drive the development of more
effective, personalized therapeutic strategies (Rustgi, 2007; De Roock et al., 2010).

Over the past two decades, genomic and transcriptomic analyses have revolutionized cancer
research, enabling the discovery of genetic alterations and aberrant transcriptional programs
associated with CRC progression (Nunes et al., 2024). Large-scale initiatives such as The Cancer
Genome Atlas (TCGA) have unveiled recurrent mutations in key oncogenes and tumor suppressors,
including APC, KRAS, SMAD4, and TP53, as well as dysregulated signaling pathways such as
WNT/B-catenin, PI3K/AKT, and MAPK (Muzny et al., 2012). However, these DNA- and RNA-level
findings do not always translate into protein-level changes that are functionally relevant to tumor
biology or therapeutically targetable (Huang et al., 2017). Proteins, as the ultimate effectors of cellular
processes, provide a more direct representation of tumor phenotypes and actionable vulnerabilities
(Mertins et al., 2014; Ruggles et al., 2017). Therefore, comprehensive proteomic profiling is essential
to bridge the gap between genomic alterations and clinical application by identifying overexpressed,
druggable proteins that drive CRC progression.

Kinases represent a particularly promising class of therapeutic targets due to their central roles
in oncogenic signaling, proliferation, and survival (Zhang et al., 2009). Despite their success, the
identification and clinical implementation of kinase targets in CRC remain limited, highlighting the
need for systematic, proteome-wide assessments of dysregulated kinases in CRC tumors (Bhullar et
al., 2018). Beyond kinases, non-kinase proteins may also contribute to CRC pathogenesis and
therapeutic resistance, representing an underexplored reservoir of potential drug targets.

This work presents a comprehensive proteomic analysis of 95 primary CRC tumors and
matched normal tissues (Vasaikar et al., 2019). Our goal was to systematically identify overexpressed,
druggable proteins, with a particular emphasis on the CRC tumor kinome and actionable non-kinase
proteins. Using a combination of the OPPTI algorithm for overexpression analysis and paired
differential expression (DE) analysis, we identified a cohort of proteins that are significantly
upregulated in CRC tumors and linked to existing or potential therapeutic strategies. This proteomic

study provides an extensive resource for understanding CRC biology at the protein level, by offering
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a framework for identifying clinically actionable targets in CRC tumors that can advance personalized

therapeutic interventions.

2. Materials and Methods

2.1. Data Acquisition, Normalization, and Standardization

The proteomic datasets for the colorectal cancer (CRC) cohort were sourced from the Clinical
Proteomic Tumor Analysis Consortium (CPTAC) under the National Cancer Institute (Vasaikar et
al., 2019). This dataset included 95 tumor samples and 94 paired normal controls, with a total of 7,412
unique proteins quantified, among which 333 were kinases. For robustness, the Median Absolute
Deviation (MAD) was used to normalize each sample, aligning all datasets to a unit MAD for
consistency. Additionally, protein markers with more than 20% missing values were excluded to

maintain data quality and robustness.

2.2. ldentification of Overexpressed Proteins

We utilized the OPPTI algorithm (Elmas et al., 2021) to identify markers showing significant
overexpression. The expression level of each marker in a tumor sample is assessed using a weighted
k-nearest neighbor (KNN) algorithm, with the weights determined by the relative abundance of other
markers that are co-expressed at varying levels. To determine the statistical significance of
overexpression, OPPTI conducts a permutation test. Specifically, dysregulation scores for proteins
within each sample are randomly permuted, generating null overexpression events. This procedure is
repeated multiple times to build a comprehensive permutation distribution based on the accumulated

null overexpression scores across all iterations.

2.3. Identification of Differentially-Expressed Proteins

Differential protein expression in the CRC cohort was assessed through a paired analysis, where
tumor samples were compared to their corresponding normal tissues using the limma R package
(v3.42.2) (Ritchie et al., 2015). To account for potential confounders, adjustments were made for
demographic factors, including age and gender. The Benjamini-Hochberg (BH) method was applied
to correct p-values for multiple testing and control the false discovery rate (FDR) (Benjamini &
Hochberg, 1995).
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3. Findings and Discussion

3.1. CRC cohort

We acquired the mass spectrometry (MS) proteomics data from a cohort of 102 colorectal
cancer patients, comprising 95 tumor samples and 94 matched normal tissues (Vasaikar et al., 2019)
(Figure 1). To ensure the integrity and consistency of the data, a rigorous normalization pipeline and
thorough quality control measures were applied (Methods). As a result, 7,418 proteins were reliably
quantified for subsequent analyses. Additionally, we integrated the Drug-Gene Interaction Database
(DGIdb) (Cotto et al., 2018) to identify druggable targets. Cross-referencing our quantified proteomic
dataset with the DGIdb revealed 1,312 proteins that are currently associated with known therapeutic
compounds.

We prioritized kinase proteins for further investigation, emphasizing those with known roles in
driving oncogenesis and serving as validated therapeutic targets across various cancer types (Bhullar
et al., 2018). Cross-referencing with the catalog of 683 human kinases compiled by (Manning et al.,
2002), we identified 333 proteins that were robustly quantified in the CRC dataset, including 211
classified as druggable kinases (Figure 1). Additionally, these kinases were mapped to ten well-
established oncogenic signaling pathways, as defined by the TCGA PanCanAtlas (Weinstein et al.,
2013). These pathways encompass the Cell Cycle, HIPPO pathway, MYC regulatory network,
NOTCH pathway, NRF2, PI3K axis, TGF pathway, receptor tyrosine kinase (RTK)/RAS/MAPK
signaling cascade, TP53 pathway, and WNT/B-catenin signaling pathway (Sanchez-Vega et al., 2018)
(Figure S1) (Table S1).

Study Colorectal
Cancer (CRC)
PMID 31031003
Sample Size P: 102
(Patients/Tumors/Normals) T: 95
N: 100
Female Percentage 57.4%
Average Age at Onset 65.2
Tumor Stage Distribution 1:10.2%
2:40.6%
3:41.1%
4:8.1%
# of quantified proteins 7,418
# of quantified DGIdb- 1,312
druggable proteins
# of quantified kinases 333
# of quantified DGIdb- 211

druggable kinases

Figure 1. CRC cohort study overview. Summary of the proteomic dataset analyzed in this study for the human
colorectal cancer cohort.
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3.2. Overexpressed Proteins

To uncover potential targets for therapy from the proteins with elevated expression in colorectal
cancer, we employed the OPPTI method (Elmas et al., 2021). This method is tailored to pinpoint
protein overexpression within large-scale proteomic datasets generated by mass spectrometry,
effectively handling variations and inconsistencies in quantitative data distributions. By applying
OPPTI, we pinpointed proteins that could be effective therapeutic targets upon inhibition,
independent of technical platform differences.

Our analysis revealed significant overexpression in 31 kinases (False discovery rate [FDR] <
0.05, OPPTI permutation test for marker overexpression), with 16 classified as druggable genes
according to DGIdb. Notable examples include FGR (Protein overexpression rate [PRO] = 20.5, FDR
= le-4), EPHA2 (PRO = 20, FDR = 1.2e-4), GUCY2C (PRO = 17.8, FDR = 0.0018), NME1 (PRO
= 16.8, FDR = 0.0025), TNIK (PRO = 16.5, FDR = 0.005), and PBK (PRO = 16.1, FDR = 0.0056)
(Figure 2A, 2B) (Table S2). Also, we found 884 non-kinase proteins with significant overexpression
(FDR < 0.05), and 253 of them are currently-targeted by DGIdb, notably ERAP2 (PRO = 38.9, FDR
= < 1e-100), FLG (PRO = 26.6, FDR = < 1e-100), and MT1H (PRO = 24.2, FDR = 2e-6) (Figure
S2A, S2B) (Table S2).
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Figure 2. Kinase overexpression in the CRC cohort. (A) Druggable protein kinases identified as significantly
overexpressed in the CRC cohort using the OPPTI method. (B) A sample-level assessment of kinase
overexpression for the proteins highlighted in panel A. This OPPTI-based analysis illustrates how
observed protein expression levels (y-axis) deviate from inferred background values (x-axis), with
overexpression determined relative to a significance threshold (not explicitly shown).
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3.3. Tumor-normal differentially-expressed proteins (DEPS)

To identify proteins that show tumor-specific expression, we carried out a paired differential
expression (DE) analysis using tumors and matched-normal samples obtained from the same CRC
patients. To deal with potential confounders of expression, we corrected the results for certain
covariates including age, gender and ethnicity. For statistical robustness, false discovery rates (FDR)
were calculated for the identified DEPs to control for type 1 error, and the t-statistics are moderated
with an empirical Bayes method (Ritchie et al., 2015) (Methods). This analysis revealed a total of
165 kinases that were significantly differentially expressed at 5% FDR cutoff. Among them, 17
belonged to several oncogenic signaling pathways annotated, where two kinases showed more than
2-fold upregulation of expression in tumors compared to their matched normal tissues, namely MET
(FC =1.4,FDR =0.012), and STK3 (FC = 1.1, FDR = 0.025) (Figure 3A, 3B) (Table S3).

Among the non-kinase proteins, we similarly identified 3,903 significant differentially
expressed markers (FDR < 0.05), including 58 proteins acting in oncogenic signaling pathways. Of
these, 18 proteins displayed at least 2-fold increase in expression among the tumor tissues compared
to their matched normals, including THBS2 (FC = 6.1, FDR = le-7), SFRP4 (FC = 6, FDR = 4e-5),
RB1 (FC = 3.2, FDR = 1e-7), CHD4 (FC = 2, FDR = 8e-11), RPS6 (FC = 1.7, FDR = 1e-8), and
MFAP2 (FC = 2.5, FDR = 1e-5) (Figure S3A, S3B) (Table S3).
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Figure 3. Differentially-expressed kinases in human CRC tumors. (A) The volcano plot illustrates kinase
proteins that show differential expression between tumor vs normal tissue samples. Key kinases
acting in oncogenic signaling pathways with significant changes are highlighted and labeled. (B)
Violin plots of top kinases highlighted in panel A, displaying elevated levels of protein expressions
in CRC tumors versus normal tissue samples. The gray box-plots illustrate the distribution, median,
and interquartile range of protein expression across samples.



Karadeniz Fen Bilimleri Dergisi 15(1), 519-535, 2025 525

3.4. Cohort-wise overexpressed DEPs

Tumor-expressed protein markers (DEPs) may exhibit silent or inconsistent expression across
patient cohorts. Therefore, we aimed to identify differentially expressed proteins with cohort-specific
overexpression, as they represent promising candidates for potential therapeutic targeting. By cross-
referencing the identified tumor DEPs with OPPTI-derived proteins, we identified 57 DGIdb kinases
that are targetable by existing drugs and demonstrate elevated levels of differential expression (DE)
and overexpression in the CRC cohort. Of these, two were significant across both analyses, namely
FGR (FC = 2.1, FDR = 0.044; PRO = 20.5%, FDR = 0.0001), and PBK (FC = 2.2, FDR = 0.0047;
PRO = 16.1%, FDR = 0.0056). Among the kinases not targeted by existing drugs, 26 were positive
in both DE and overexpression, with 4 reaching statistical significance across the analyses, i.e.,
HKDC1 (FC = 4, FDR = 6e-5; PRO = 25.3%, FDR = 8e-7), HK3 (FC = 2.2, FDR = 2e-5; PRO =
14.7%, FDR = 0.013), PTK7 (FC = 2.1, FDR = 7e-6; PRO = 13.7%, FDR = 0.03), and FASTKD5
(FC = 1.5, FDR = 0.032; PRO = 17.2%, FDR = 0.0022) (Figure 4) (Table S4).

Furthermore, we analyzed the non-kinase proteins and identified 50 DGIdb proteins showing
significant DE and overexpression in the CRC cohort, including FAP (FC = 6.9, FDR = 8.2e-9; PRO
= 28.4%, FDR = < 1e-100), THBS2 (FC = 6.1, FDR = 1.1e-7; PRO = 33.7%, FDR = < 1e-100),
THBS1 (FC = 4.6, FDR = 1.6e-7; PRO = 27.4%, FDR = < 1e-100), and MMP1 (FC = 5.1, FDR =
3.4e-6; PRO = 28.4%, FDR = < 1e-100). There were also 106 significant overexpressed DEPs not
targeted by existing drug compounds, including GPRC5A (FC = 6.5, FDR = 4.2e-10; PRO = 27.4%,
FDR = < 1e-100), TRIM29 (FC = 6.6, FDR = 1.7e-7; PRO = 34.7%, FDR = < 1e-100), S100P (FC =
6, FDR = 2e-7; PRO = 28.4%, FDR = < 1e-100), SERPINB5 (FC = 6, FDR = 9e-6; PRO = 33.7%,
FDR = < 1e-100), and SFRP4 (FC = 6, FDR = 4e-5; PRO = 34.1%, FDR = < 1e-100) (Figure S4)
(Table S4).
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Figure 4. Potential CRC kinase targets demonstrating protein overexpression and differential expression. Top-
20 global kinases (above) that exhibited significantly higher expression in tumors compared to
normal tissues, as well as protein overexpression in the CRC cohort. The same analysis for the
druggable kinases (with related drug compounds from DGIdb) is given below.

4. Conclusions and Recommendations

This study involved a comprehensive examination of protein expression profiles in 95 primary
tumor samples from patients with colorectal cancer (CRC) using mass spectrometry proteomics data
(Figure 1, S1). Our findings highlight significant proteomic dysregulation in CRC, revealing novel
overexpressed kinases and non-kinase proteins with substantial therapeutic potential. These results
address the existing gaps in current genomic-based target discovery strategies, which often overlook
protein-level alterations critical for tumor progression and therapeutic intervention.

Kinases play pivotal roles in driving oncogenic signaling pathways. Our analyses revealed 31
significantly overexpressed kinases, 16 of which are already listed as druggable targets in the Drug
Gene Interaction Database (DGldb) (Figure 2). Among these, kinases such as FGR, EPHA2, and
PBK stood out with consistent overexpression across both differential expression and OPPTI

analyses, underscoring their potential as priority therapeutic candidates for CRC. EPHA2 has been
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implicated in CRC progression through aberrant RTK signaling, promoting tumor cell survival and
migration (Guo et al., 2024; Xiao et al., 2020). Preclinical studies have demonstrated that the EPHA2
inhibitor ALW-11-41-27 can significantly reduce tumor growth and improve the efficacy of
Cetuximab by overcoming resistance (Troster et al., 2023). EPHAZ2 inhibition has also shown
promising effects on reducing CRC cell proliferation in vitro and tumor growth in xenograft mouse
models, suggesting a dual role in directly suppressing tumor progression and restoring sensitivity to
anti-EGFR therapies (Troster et al., 2023). These findings further validate EPHAZ2 as a clinically
relevant target, particularly for patients who develop resistance to standard therapies.

In addition to kinases, our analysis uncovered 884 significantly overexpressed non-kinase
proteins, with 253 listed as druggable targets (Figure S2). Among these, proteins such as ERAP2,
FLG, and MT1H displayed pronounced overexpression and therapeutic significance. Importantly,
Endoplasmic Reticulum Aminopeptidase 2 (ERAP2) is a key enzyme involved in trimming peptides
for presentation by HLA class | molecules, thereby shaping immune recognition. Its ability to alter
antigen processing and presentation can either promote immune evasion in tumors or enhance
immune recognition, suggesting its potential for developing targeted cancer immunotherapies (Lee,
2017; Fruci et al., 2008).

Our tumor-normal differential expression analysis revealed 165 significantly dysregulated
kinases and 3,903 non-kinase proteins, further reinforcing the proteomic heterogeneity of CRC
(Figure 3, S3). Kinases such as MET and STK3 demonstrated notable upregulation, aligning with
their established roles in CRC tumorigenesis. MET, has been widely recognized as a key driver of
invasive growth and metastasis through activation of the HGF-MET axis. Targeting MET is
promising due to its involvement in aggressive tumorigenesis and metastasis, with recent advances
in MET inhibitors, degraders, and antibody-based therapies showing efficacy in addressing MET-
driven cancers and overcoming resistance mechanisms (Gallo et al., 2024). Notably, the MET
inhibitor Capmatinib has shown encouraging clinical activity when combined with the anti-EGFR
monoclonal antibody Cetuximab. In MET-positive, KRAS wild-type metastatic CRC patients,
Capmatinib in combination with Cetuximab demonstrated preliminary tumor shrinkage ranging from
29-44% and was well tolerated, providing evidence for its ability to overcome resistance to anti-
EGFR therapy (Delord et al., 2020). STK3, a serine/threonine kinase in the Hippo pathway, plays a
critical role in regulating apoptosis and cellular proliferation. Its promising potential as a target lies
in its ability to act as a tumor suppressor, inhibiting tumor growth and metastasis through
phosphorylation-dependent mechanisms, as demonstrated in multiple studies (Zhao et al., 2024). The
identification of THBS2 and SFRP4 among highly upregulated non-kinase proteins further
emphasizes their involvement in CRC through Wnt/p-catenin pathway. Thrombospondin-2 (THBS2),

a member of the calcium-binding glycoprotein family, plays critical roles in extracellular matrix
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remodeling, cell proliferation, and angiogenesis. In colorectal cancer, THBS2 emerges as a promising
target due to its dual role in promoting metastasis through activation of the Wnt/p-catenin pathway
and inducing M2 macrophage polarization via exosome secretion, thereby fostering an
immunosuppressive tumor microenvironment (Liu et al., 2024; Qu et al., 2022). On the other hand,
secreted frizzled-related protein 4 (SFRP4) is a class | antagonist of the Wnt signaling pathway, which
regulates cell growth, differentiation, and apoptosis. SFRP4 shows promise as a therapeutic target in
colorectal cancer due to its ability to inhibit the Wnt/B-catenin pathway, reduce tumor cell
proliferation, and modulate chemoresistance, making it a potential candidate for gene therapy and
improved treatment strategies (Liu et al., 2019).

To identify clinically actionable targets with consistent overexpression across the cohort, we
integrated tumor-normal differential expression results with OPPTI-derived overexpression data.
This approach enabled us to pinpoint 57 druggable kinases and 50 druggable non-kinase proteins
exhibiting robust tumor-specific overexpression (Figure 4, S4). Among druggable kinases, the tumor-
specific overexpression of FGR and PBK kinases are associated with immune signaling and mitotic
progression, respectively, further supporting their role in CRC pathogenesis. FGR, a member of the
Src family kinases (SFKSs), plays a role in inflammatory signaling and tumor progression by
modulating immune cell responses within the tumor microenvironment. In colorectal cancer, FGR is
particularly favorable as a therapeutic target due to its association with poor prognosis, reduced
lymphocytic infiltration, and its potential to synergize with immunotherapies to improve treatment
outcomes (Roseweir et al., 2019). PBK (PDZ-binding kinase) is a serine/threonine kinase involved
in cellular proliferation and migration processes, and its inhibition has emerged as an effective
strategy in colorectal cancer. PBK enhances tumor cell proliferation via Histone H3 phosphorylation
and simultaneously suppresses migration and invasion through E-cadherin (CDH1) stabilization,
suggesting its potential as a therapeutic target to reduce tumor growth and metastasis while improving
CRC patient outcomes (Koshino et al., 2022). Finally, THBS2, FAP, and MMP1 represented non-
kinase druggable targets with strong therapeutic relevance due to their involvement in extracellular
matrix remodeling and tumor microenvironment regulation. Fibroblast activation protein-a (FAP) is
a serine protease commonly overexpressed in tumor stromal fibroblasts and certain cancer epithelial
cells. In colorectal cancer, FAP shows promise as a therapeutic target by promoting tumor migration,
invasion, and metastasis via binding to Enolase 1 (ENO1) and activating the NF-kB signaling
pathway, highlighting its potential for targeting metastatic progression (Yuan et al., 2021). Matrix
metalloproteinase-1 (MMPL1) is a collagenase involved in extracellular matrix degradation and tumor
progression. In colorectal cancer, MMP1 emerges as a candidate therapeutic target due to its ability

to promote tumor proliferation, migration, and invasion through the epithelial-mesenchymal
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transition (EMT) and activation of the PI3K/Akt signaling pathway, highlighting its potential to
mitigate tumor aggressiveness and metastasis (Wang et al., 2020).

Our findings highlight the importance of proteomic approaches for discovering actionable
therapeutic targets in CRC. While genomic studies provide valuable insights into mutation-driven
oncogenesis, they often fail to capture protein-level dysregulation that directly influences tumor
biology and therapeutic vulnerabilities. By leveraging proteomic data, we identified several existing
oncogenic drug targets and revealed many more novel druggable candidates, including both kinases
and non-kinase proteins. Despite the strengths of our study, certain limitations warrant consideration.
The reliance on proteomic data from a single cohort may introduce biases related to sample size and
clinical heterogeneity. Future studies should validate these findings in independent CRC cohorts and
explore functional mechanisms underlying the identified targets' roles in colorectal cancer.
Furthermore, experimental validation of candidate proteins, such as FGR and PBK, will be critical to
confirming their therapeutic potential. Integrating proteomic data with functional screens and drug
response assays could present further evidence for the identified targets’ therapeutic potential and
accelerate the development of precision therapies for CRC.

In summary, our study highlights the effectiveness of mass spectrometry-based proteomics in
uncovering new candidates for targeted treatment in colorectal cancer. Through the integration of
advanced computational techniques and proteomic datasets, we identified a diverse set of
overexpressed, druggable kinases and non-kinase proteins, including FGR, PBK, MET, EPHAZ2,
THBS2, and ERAP2. These results reinforce the need for clinical investigations exploring the efficacy
of established or novel targeted inhibitors to improve treatment outcomes and overcome drug
resistance in CRC patients. Our results offer a critical foundation for the development of personalized
therapeutic strategies in colorectal cancer and highlight the need for further investigation into the

clinical application of these identified targets.

Data and Software Availability

Data Access

The supplementary  tables referenced in this study are available at:

https://www.columbia.edu/~ae2321/workspace/CRC/SupplementaryTables.xlsx. The CRC cohort

data used in this study, originally reported by (Vasaikar et al., 2019) , is publicly accessible through
resources provided by The National Cancer Institute’s Clinical Proteomic Tumor Analysis
Consortium  (CPTAC). The data can be retrieved via the following links:

https://proteomic.datacommons.cancer.gov/pdc/study/PDC000116 and https://pdc.cancer.gov/pdc/.
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Software and Code

The OPPTI algorithm utilized in this study is open-source and can be accessed via GitHub at:
https://github.com/Huang-lab/Oppti. All analyses were conducted using custom scripts developed in
R (version 3.6.2).
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Supplementary Figures

Pathway #genes #DGIdb
kinases

Cell Cycle 15 3

HIPPO 38 6

MYC 13 -

NOTCH 71 -

OSR/NRF2 3 -

PI3K 29 9

TGFB 7 -

RTK/RAS/MAP 85 17

TP53 6 3

B- 68 1

catenin/WNT

Figure S1. CRC kinome. (A) The number of available druggable kinases quantified in the CRC cohort, as
annotated by the oncogenic signaling pathways they are involved.
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Figure S2. Overexpression of non-kinase proteins in the CRC cohort. (A) The most significantly
overexpressed druggable non-kinase proteins were identified in the CRC tumor cohort using the
OPPTI method. (B) Sample-level plots illustrate the overexpression patterns for the proteins listed
in panel A, as determined by OPPTI.
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Figure S3. Differential expression analysis of proteins in human CRC tumors. (A) Volcano plot visualizes the
non-kinase proteins showing significant expression differences between tumor and normal samples.
Proteins with the most notable changes, particularly those involved in oncogenic signaling
pathways, are annotated. (B) Violin plots provide a detailed view of the expression patterns for the
key proteins highlighted in panel A, illustrating their higher abundance in CRC tumor samples
compared to normal tissues.
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Figure S4. Potential CRC protein targets demonstrating protein overexpression and differential expression.
The non-kinase proteins that showed notably higher expression in tumors relative to normal tissues
and protein overexpression in the CRC cohort (above). The same analysis for the druggable proteins
is given below.



