Gumushane University Journal of Science

GUFBD / GUJS (2025) 15(1): 260-273  doi: 10.17714/gumusfenbil. 1624557 Research Article

Actionable targets in breast cancer: a multi-omics approach to uncover tumor-
specific vulnerabilities

Meme kanserinde uygulanabilir hedefler: tiimor-spesifik hassasiyetleri ortaya ¢ikarmak igin
multi-omik bir yaklasim

Abdulkadir ELMAS**?

YGiresun University, Faculty of Engineering, Dept. Of Electrical & Electronics Engineering, Giresun 28200, Tiirkiye
2Jcahn School of Medicine at Mount Sinai, Department of Genetics and Genomic Sciences, New York, NY 10029, USA

* Received: 21.01.2025 * Accepted: 06.03.2025

Abstract

Breast cancer remains a leading cause of cancer-related deaths worldwide, necessitating innovative therapeutic strategies.
This study integrates proteomic, transcriptomic, and functional dependency data to systematically identify tumor-specific
markers and vulnerabilities in breast cancer. We analyzed mass-spectrometry-based proteomic data from 115 tumor
samples and 18 matched normal tissues, quantifying 10,468 proteins. By combining overexpression and differential
expression analyses, we identified 172 tumor-specific proteins, including well-characterized targets such as ERBB2,
EGFR, and CCND1, as well as novel candidates like TRPS1, UBE2C, and FOXP4. Functional validation of these
candidate targets was performed through CRISPR-based expression-driven dependency analysis using the BEACON
method and DepMap data, which revealed both gene- and protein-level dependencies, uncovering novel protein-unique
cancer vulnerabilities. Notably, protein-specific dependencies such as UBE2C and E2F3 highlight potential therapeutic
targets overlooked in transcriptomic analyses. In particular, markers such as TRPS1 and UBE2C, which exhibit strong
protein expression-driven dependencies, may serve as potential candidates for precision oncology approaches, guiding
drug development and patient stratification. This study presents a systematically prioritized set of actionable targets,
emphasizing the critical role of multi-omics integration in driving precision oncology advancements for breast cancer.
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Oz

Meme kanseri, diinya genelinde kanser kaynakli éliimlerin baslica nedenlerinden biri olup, onlenimi/tedavisi igin
yenilikgi terapotik stratejilerine gereksinim duyulmaktadir. Bu ¢calisma, meme kanserinde tiimor-spesifik biyobelirtecleri
ve zayif noktalar: sistematik olarak belirlemek icin proteomik, transkriptomik ve fonksiyonel bagimlilik verilerini
birlestirmektedir. 115 tiimor 6rnegi ve 18 eslenmis normal dokudan elde edilen kiitle spektrometrisine dayali proteomik
veriler analiz edilmis ve 10,468 adet protein incelenmistir. Asir ekspresyon ve diferansiyel ekspresyon analizlerinin
birlestirilmesiyle, ERBB2, EGFR ve CCNDI gibi iyi bilinen hedeflerin yant sira TRPS1, UBE2C ve FOXP4 gibi yeni
adaylarin da bulundugu 172 tiimér-spesifik protein tespit edilmistir. Bu aday hedeflerin fonksiyonel dogrulamasi,
BEACON yéntemi ve DepMap verileri kullamilarak CRISPR tabanli ekspresyon odakli bagimhilik analizi ile
gerceklestirilmis olup, hem gen hem de protein diizeyinde bagimliliklar: ortaya koyarak proteine ozgii yeni kanser
hassasiyetlerini belirlemistir. Ozellikle UBE2C ve E2F3 gibi protein-spesifik bagimhiliklar, transkriptomik analizlerde
gozden kagan potansiyel terapétik hedefleri vurgulamaktadir. Ozellikle, ekspresyon odakl bagimlilik gosteren TRPSI ve
UBE2C gibi belirtegler, ilag gelistirme ve hasta siniflandirmasini yénlendiren hassas onkoloji yaklasimlar: igin
potansiyel adaylar olarak hizmet edebilir. Bu ¢alisma, uygulanabilir hedefleri sistematik olarak onceliklendirerek, multi-
omik entegrasyonun meme kanserinde hassas onkolojiyi ilerletmedeki kritik roliinii vurgulamaktadir.

Anahtar kelimeler: BEACON ydntemi, Meme kanseri, Ekspresyon temelli bagimlilik, Coklu-omik yaklagim, Hassas
onkoloji
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1. Introduction

Breast cancer (BRCA) remains a leading cause of cancer-related deaths worldwide, emphasizing the need for
innovative therapeutic strategies (Giaquinto et al., 2024). Advances in genomic and proteomic technologies
have transformed our understanding of this heterogeneous disease, enabling the discovery of novel biomarkers
and therapeutic targets (Engel & Kaklamani, 2007; Mertins et al., 2016; Krug et al., 2020). Our prior work
identified a subset of overexpressed protein kinases in breast cancer, as well as a number of tumor-expressed
proteins, revealing potential tumor-specific vulnerabilities in breast cancer (Elmas, 2024). Building on these
insights, the present study aims to broaden the scope of analysis to include both kinase and non-kinase proteins
(Manning et al., 2002), focusing on tumor-specific overexpression patterns in breast cancer cohort. By
integrating overexpression and differential expression data, we aim to distinguish markers uniquely
upregulated in breast cancer tumors relative to their background expressions in matched normal tissue.
Additionally, by comparing mRNA and protein-level overexpression, we investigate post-translational
regulation to identify novel, protein-specific markers that are not evident at the transcriptomic level (Lang et
al., 2020).

Previous multi-omics studies integrating transcriptomic and proteomic data have significantly advanced our
understanding of breast cancer biology (Mertins el al., 2016). However, these approaches often face challenges
in capturing protein-level regulatory mechanisms, as mRNA expression does not always correlate with protein
abundance due to post-transcriptional modifications, protein degradation, and translational regulation (Vogel
& Marcotte, 2012). Additionally, most studies lack functional validation and primarily focus on differential
expression, without considering whether overexpressed genes/proteins are functionally essential for cancer
cell survival. To overcome these limitations, our study integrates “expression-driven dependency” analysis,
which allows for the identification of both gene- and protein-level functional dependencies, uncovering
protein-specific vulnerabilities that may be overlooked in transcriptomic analyses.

A central aspect of this study is validating the functional importance of tumor-specific markers through
expression-driven dependency (Elmas et al., 2024). Using cancer cell dependency and epression data sets from
the Cancer Cell Line Encyclopedia (CCLE) (Barretina et al., 2012; Nusinow et al., 2020), we assess the
correlation between gene knockout sensitivity and expression levels of candidate markers. This concept
highlights cancer cells' heightened vulnerability to the depletion of highly expressed genes, presenting a
promising avenue for precision oncology. To advance this approach, we employ our previously developed
BEACON method (Elmas et al., 2024; Elmas & Huang, n.d.), a Bayesian framework that integrates multi-
omics data—including transcriptomic, proteomic, and genetic dependency information—to systematically
identify critical cancer dependencies across diverse molecular levels and tissue types.

Through these expanded analyses, we aim to uncover novel tumor protein biomarkers supported by functional
in vitro cell assays and deepen our understanding of the proteomic underpinnings of breast cancer, paving the
way for new targeted therapeutic strategies.

2. Materials and methods
2.1. Proteomic, transcriptomic and functional data acquisition

Proteomic data were obtained through mass spectrometry (MS)-based analysis of a cohort comprising 116
breast cancer patients, including 115 tumor samples and 18 matched normal tissues (Krug et al., 2020). Protein
guantification was performed using the PDAC workflow with stringent quality control measures, as detailed
on the PDC portal (https://pdc.cancer.gov/pdc/browse). To ensure data consistency and reliability,
normalization protocols were applied to address batch effects and standardize protein abundance levels,
facilitating downstream analysis of 10,468 proteins, including 481 kinases. Median Absolute Deviation
(MAD) normalization was employed for each sample, ensuring unit MAD across the dataset. Proteins with
more than 20% missing values were excluded from the analysis to maintain data integrity. Additionally,
principal component analysis (PCA) was performed to assess technical biases and potential batch effects. The
PCA results indicated that sample clustering was driven by biological factors (Figure S1) rather than technical
grouping (Figure S2), supporting the conclusion that batch effects were minimal.
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For transcriptomic analyses, RNA sequencing (RNA-seq) data encompassing gene expression profiles of 106
tumor samples were sourced from the GDC portal (https://portal.gdc.cancer.gov/). Quantile normalization and
log2 transformation were applied to FPKM-normalized counts, and genes with no expression (FPKM < 1) in
at least 20% of the samples were excluded. This filtering resulted in 21,395 protein-coding genes, of which
596 encoded kinases.

Functional validation was conducted by integrating RNA-seq data (Ghandi et al., 2019) and protein expression
data (Nusinow et al., 2020) from breast cancer cell lines, available through the Cancer Cell Line Encyclopedia
(CCLE) at the Cancer Dependency Map (DepMap) portal (https://depmap.org/portal/) (public release 22Q2).
Genetic dependency data were also acquired from DepMap (Tsherniak et al., 2017), incorporating genome-
wide CRISPR knockout screening (Meyers et al., 2017; Pacini et al., 2021; Dempster et al., 2021) performed
on the same breast cancer cell lines.

The prioritized markers were evaluated based on their druggability (DGIdb), consistency across molecular
layers (MRNA/protein overexpression), and functional relevance (GED/PED analyses).

2.2. Overexpression and differential expression analyses

In our previous work (Elmas, 2024), overexpression and differential expression analyses were performed to
identify proteins showing abundance in the overall BRCA cohort and the proteins showing significant
difference in expression (DEP) between tumor and matched normal tissues, respectively. In this work, we
integrated the overexpressed and DEP markers to prioritize tumor-specific overexpressed markers for
subsequent analyses and functional validation, which were further stratified by druggability (Figures 1, 2),
molecular consistency (Figure 3), and cellular expression-driven dependency patterns (Figure 4).

2.3. ldentification of concordant and discordant overexpressed targets

To investigate the relationship between mRNA and protein overexpression in breast cancer, we analyzed
proteomic and transcriptomic data from the BRCA cohort (Figures 1, 2). A marker’s (mRNA/protein)
overexpression rate was assessed by OPPTI method (Elmas et al., 2021), based on comparing the marker’s
expression levels to the inferred (background) expressions across tumors computed by a weighted k-nearest
neighbor (KNN) algorithm. This algorithm improves upon existing methods by using a k-nearest neighbor
approach to infer a protein's background expression level based on co-expressed protein neighbors, rather than
relying on univariate analysis or a single neighbor, reducing bias from noise. The algorithm computes an
overexpression score for each protein in each tumor sample, measuring the deviation of observed expression
from the inferred (background) value. Statistical analyses are performed to identify targets with significant
overexpression rates via permutation approach. To generate a null distribution, dysregulation scores are
randomly reassigned among proteins within each sample, and overexpression events are recalculated. This
process is repeated N = 100 x ‘number of samples’ times to account for the cohort size. The null overexpression
values from all iterations are then used to construct a permutation-based distribution, and a p-value is assigned
to each marker by estimating the likelihood of its observed overexpression occurring by random chance.
Additionally, false discovery rate (FDR) corrections were applied by BH method (Benjamini & Hochberg,
1995) to control for multiple testing.

Proteins were categorized as concordant if overexpression was observed at both mRNA and protein levels,
while discordant proteins exhibited significant protein overexpression (PRO > 10%, FDR < 0.05) with minimal
RNA-level alteration (RNA < PRO/2). We restricted our (protein/mRNA) discordant overexpression analyses
to proteins with an overexpression rate of at least 10%, ensuring that a substantial relative (2-fold) difference
is achieved between the protein and mMRNA expression levels across the cohort. This threshold was chosen to
specifically capture cases where the relative disparity between mRNA and protein overexpression is
pronounced (i.e., “PRO > 10%” and “RNA < PRO/2” yields “PRO-RNA > 5%"”), ensuring that at least five
tumor samples within the cohort exhibit a meaningful difference (112 x 5% = 5). We focused on proteins
implicated in key oncogenic signaling pathways (Sanchez-Vega et al., 2018), including Cell Cycle, WNT,
RTK/RAS, TP53, NOTCH, and HIPPO pathways. The identified concordant and discordant targets were
visualized on scatter plots and heatmaps (Figure 3).
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2.4. Integration of functional assays (expression-driven dependency)

The BEACON method (Elmas et al., 2024) was employed to integrate transcriptomic, proteomic, and genetic
dependency datasets corresponding to breast cancer cell lines to identify expression-driven dependencies (ED)
at both mRNA and protein levels. BEACON incorporates prior distributions to account for outliers and uneven
data distributions, ensuring robust correlation measurements. Unlike traditional correlation-based methods,
BEACON models gene expression levels and dependency scores using a bivariate Gaussian distribution and
employs Markov Chain Monte Carlo (MCMC) sampling to estimate the correlation coefficient, rho (p). To
determine statistical significance, BEACON compares each gene’s p estimate to a null distribution, assuming
no correlation (p = 0). The method calculates a z-score for each gene by measuring how far its MCMC-derived
p deviates from the expected null value, standardized by the variance observed in the simulated distribution.
Finally, p-values are computed to evaluate the likelihood of obtaining the observed correlation by chance, and
the false discovery rate (FDR) correction is applied by Benjamini-Hochberg (BH) procedure (Elmas et al.,
2024). In this work, expression vs. dependency relationships were quantified by estimating the Bayesian
correlation coefficient p through MCMC sampling, using 3 parallel chains (n.chains) and 500 iterations (n.iter)
with 100 exhausted for adaptation phase (n.adapt). The significant dependencies were defined as p <-0.25 and
FDR < 0.05.

Expression-driven dependency (ED) analyses were conducted to evaluate the functional importance of our
prioritized candidate targets. Gene expression levels were correlated with CRISPR knockout sensitivity scores
from DepMap across 23 breast cancer cell lines with mRNA expression data and 44 with protein expression
data. GED (gene expression-driven dependency) and PED (protein expression-driven dependency) were
defined based on significant negative correlations between expression levels and knockout sensitivity (Figure
4). Additionally, proteins exhibiting consistent ED at both mRNA and protein levels were classified as
concordant dependencies, while those with PED but not GED were considered protein-specific dependencies.

3. Results
3.1. Breast cancer proteomics cohort

We analyzed genomic and extensive mass-spectrometry (MS)-based proteomic data from a cohort of 116
breast cancer patients, which included 115 tumor samples and 18 matched normal tissues (Krug et al., 2020).
To ensure high-quality results, we implemented a robust normalization protocol and rigorous quality-control
procedures (detailed in Methods). This enabled us to accurately quantify a total of 10,468 proteins for
downstream analysis. Furthermore, we utilized the Drug-Gene Interaction database (DGldb) (Cotto et al.,
2018) to compile a comprehensive list of genes associated with drug compounds. By cross-referencing this list
with the proteins quantified in our dataset, we identified 1,694 druggable proteins that are potential targets for
existing therapeutic interventions.

3.2. Inter-tumor and tumor-normal analyses

Tumor-expressed proteins (DEPs) often exhibit altered expression profiles; however, not all DEPs represent
suitable candidates for therapeutic interventions due to variability in expression and functional redundancy
(Elmas et al., 2022). To address this, we conducted an integrative analysis combining (inter-tumor) protein
overexpression and (tumor-normal) differential expression data to identify aberrantly expressed proteins that
consistently (across the cohort) show elevated levels in tumor tissue samples relative to matched normal
samples. This approach enables the identification of robust therapeutic targets that are more pronounced in
cancerous tissues.

In the BRCA cohort, we identified 296 kinases that were both differentially expressed and overexpressed, as
defined by DGIdb as targetable. Among these, DCLK2 kinase exhibited significantly high (FDR < 0.05)
alterations: (log2-fold-change [FC] = 2.6, FDR = 0.03; overexpression rate [PRO] = 19.3%, FDR = 1.6e-4)
(Figure 1A) (Table S1). For non-kinase targets, 1,350 proteins demonstrated concurrent differential expression
and overexpression, with 24 reaching high statistical significance (FDR < 0.05), including CD5 (FC = 4.8,
PRO = 23%), SRD5A3 (FC = 2.9, PRO = 25%), FCER1G (FC = 2.6, PRO = 21%), SDS (FC = 3.4, PRO =
17%), RARA (FC = 2.9, PRO = 16%), VKORC1 (FC = 2, PRO = 21%) (Figure 1B) (Table S1).
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Figure 1. Top-20 tumor-specific overexpressed protein markers in BRCA identified in DGIdb. (A) Kinase
proteins and (B) Non-kinase proteins are shown with their percentages of overexpression in tumors (left) and
fold changes (FC) in differential expression between tumor and matched normal tissues (right). Significant
fold changes are indicated with * (FDR < 0.15) and ** (FDR < 0.05). Pathways associated with each protein
are color-coded.

We further analyzed proteins not targeted by existing drugs curated in DGIdb to identify novel opportunities
for therapeutic intervention. Among kinases, 171 were both differentially expressed and overexpressed, with
three displaying significant (FDR < 0.05) alterations: TK1 (FC = 3.6, PRO = 17%), ETNK2 (FC = 3.5, PRO
= 17%), PTK7 (FC = 1.4, PRO = 13%) (Figure 2A) (Table S2). For non-kinase proteins, 144 were identified
as significantly differentially expressed and overexpressed (FDR < 0.05). Notable examples include CNTN4
(FC = 3.6, PRO = 38%), ITGB8 (FC = 5.5, PRO = 28%), PEG3 (FC = 3.7, PRO = 29%), SHISA2 (FC = 3.1,
PRO = 30%), DACH1 (FC =2, PRO = 30%), HNRNPA1L2 (FC = 10.6, PRO = 23%), and UBE2C (FC = 4.7,
PRO = 20%). (Figure 2B) (Table S2).

These findings highlight a subset of proteins with both significantly elevated (**) differential expression and
overexpression levels, providing a prioritized list of candidate therapeutic targets in breast cancer (n=172;
Tables S1, S2). By integrating protein-level data and druggability, we thus established a foundation for
subsequent analyses, i.e., exploring mMRNA-/protein-level abundance and functional dependencies to uncover
potential vulnerabilities in breast cancer cells.
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Figure 2. Top-20 tumor-specific overexpressed protein markers in BRCA cohort that are currently not targeted
in DGIdb. (A) Kinase and (B) Non-kinase proteins are presented with tumor overexpression percentages (left)
and fold changes (FC) in differential expression between tumor and matched normal tissues (right). Significant
FC values are marked with * (FDR < 0.15) and ** (FDR < 0.05). Pathways are color-coded for each protein.

3.3. Comparing RNA and protein level alterations

Protein overexpression can stem from genomic alterations, such as copy-number amplifications, or post-
transcriptional mechanisms not detectable at the DNA or RNA levels (Elmas et al., 2021). To disentangle these
factors, we systematically compared the prevalence of protein overexpression with transcriptomic aberrations
in the BRCA cohort, focusing on proteins involved in oncogenic signaling pathways (Sanchez-Vega et al.,
2018). We aim to reveal markers of novel therapeutic potential by distinguishing those with concordent or
discordant overexpression patterns in different molecular layers.

We identified 17 concordant targets with significant overexpression (=10, FDR < 0.05) at both mRNA and
protein levels, including CCND1 (mRNA overexpression rate [RNA] = 24%, PRO = 18%) and CDK6 (RNA
= 15%, PRO = 13%) from Cell Cycle pathway, FZD7 (RNA = 23%, PRO = 18%), WNT5A (RNA = 23%,
PRO = 24%), and SFRP4 (RNA = 15%, PRO = 23%) from WNT pathway, ERBB4 (RNA = 17%, PRO =
28%), IRS2 (RNA = 19%, PRO = 21%), ERBB2 (RNA = 16%, PRO = 18%), EGFR (RNA = 15%, PRO =
16%), and IGF1R (RNA = 14%, PRO = 15%) from RTK/RAS pathway, and TP53 (RNA =17%, PRO = 19%)
from TP53 pathway (Figure 3) (Table S3). Conversely, five discordant targets exhibited significant protein
overexpression (PRO > 10%, FDR < 0.05) with minimal RNA alterations (RNA < PRO/2), such as FHLI
(RNA = 8%, PRO = 18%) from NOTCH pathway, RASGRP2 (RNA = 6%, PRO = 17%) form RTK/RAS
pathway, TEAD1 (RNA = 5%, PRO = 16%), FAT4 (RNA = 3%, PRO = 17%), and WWTR1 (RNA = 6%,
PRO = 14%) from HIPPO pathway (Figure 3) (Table S3). These findings highlight potential therapeutic targets
that may be overlooked by transcriptomic analyses alone.
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Figure 3. Concordant and discordant overexpressed targets in BRCA. Scatter plots (left) depict the relationship
between mMRNA and protein overexpression rates in BRCA cohort for kinase and non-kinase proteins.
Overexpression rates were calculated using the OPPTI method, and significant targets were determined via
permutation analysis with FDR correction (FDR < 0.15; FDR < 0.05). Concordant proteins (high mRNA and
protein overexpression) align near the diagonal, while discordant proteins (high protein overexpression with
minimal mMRNA change) deviate significantly. Highly deviating values (e.g., ERBB4, PRO = 28%) are
truncated for better visualization. Heatmaps (right) show pathway enrichment for prioritized targets across key
oncogenic pathways, highlighting their potential role in BRCA tumorigenesis.

3.4. Expression-driven dependency

To explore functional gene and protein dependencies in breast cancer, we integrated transcriptomic, proteomic,
and genetic dependency datasets from the Cancer Cell Line Encyclopedia (CCLE) and the Cancer Dependency
Map (DepMap) (Tsherniak et al., 2017). Our goal was to evaluate the relationship between the expression
levels of candidate genes and their knockout sensitivity across breast cancer cell lines, identifying potential
vulnerabilities for therapeutic intervention (Methods). Given the limitations of available sensitivity data, only
23 breast cancer cell lines have corresponding mRNA-level expression and 44 with protein-level expression.
To ensure a robust correlation measure despite these constraints, we employed BEACON method (Elmas et
al., 2024)—a Bayesian correlation approach that incorporates prior distributions to model both expression and
dependency data, effectively addressing outliers in the analysis.

Using BEACON, we identified 187 genes showing significant mMRNA-level expression-driven dependency
(GED) (correlation coefficient p < -0.25, FDR < 0.05) in breast cancer cell lines, notably ESR1 (p = -0.89),
PROXI (p =-0.83), GATA3 (p = -0.81), SPDEF (p = -0.79), and FOXA1 (p = -0.75) (Figure 4A) (Table S4).
Among them, 12 were acting in oncogenic signaling pathways (predominantly from RTK/RAS), namely
ERBB2 (p = -0.67), PDGFRB (p = -0.55), FGFR2 (p = -0.53), IRS2 (p = -0.48), and FGFR1 (p = -0.46). At
the protein-level, we identified 64 significant (p <-0.25, FDR < 0.05) protein expression-driven dependencies
(PED), including FOXP4 (p = -0.8), WDR47 (p = -0.74), E2F3 (p =-0.76), CCNDI (p = -0.74), and NPEPL1
(p =-0.73), of which four PEDs involved in oncosignaling pathways, i.e., E2F3 (p = -0.76) and CCND1 (p =
-0.74) from Cell Cycle, and FGFR1 (p = -0.58) and ARHGAP35 (p =-0.57) from RTK/RAS pathway (Figure
4A) (Table S4). Furthermore, 11 genes showed consistent significant ED (FDR < 0.05) at both molecular
layers, including, FOXA1 (p <-0.66), TRPS1 (p <-0.63), CCNDI1 (p <-0.48), SOX17 (p <-0.62), and CDH11
(p < -0.41). Notably, 53 proteins showed significant protein-specific ED (PED without GED; ppro < -0.25,
FDRpro < 0.05, FDRgrnA > 0.05), including FOXP4 (pPRo =-0.8, PRNA = -0.34, FDRgrnA = 0-15), WDR47 (pPRO
=-0.74, PRNA = -0.26, FDRgnA = 0.3), E2F3 (ppRo =-0.76, PRNA = -0.3, FDRgnA = 0.23), and NPEPL1 (ppRo =
-0.73, prna = -0.21, FDRgna = 0.37).
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Figure 4. Identification of expression-driven dependencies (ED) in breast cancer cell lines using the BEACON
method. (A) Volcano plots showing significant gene dependencies at the mRNA (left) and protein (right)
levels, quantified by Bayesian correlation coefficients (p). Genes involved in oncogenic signaling pathways
are highlighted and annotated, with significant expression-driven dependencies (GED or PED) defined as p <
-0.25 and FDR < 0.05 (indicated by vertical and horizontal lines, respectively). (B) Correlation between
gene/protein expression levels and knockout sensitivity for TRPS1 (top row) and UBE2C (bottom row) in
breast cancer cell lines. Left panels depict mMRNA expression-driven dependency (GED), while right panels
show protein expression-driven dependency (PED). TRPS1 exhibits concordant GED and PED, while UBE2C
shows PED without GED, emphasizing the value of protein-level analysis in identifying unigue dependencies.

Among the 172 candidate targets we prioritized through significant results in both inter-tumor and tumor-
normal analyses (Tables S1, S2; indicated by “**”), BEACON identified four candidates with significant GED
at the mRNA level across breast cancer cell lines: TRPS1 (p =-0.71, FDR = 2e-15), DPM3 (p =-0.58, FDR =
2e-6), AGTRAP (p =-0.44, FDR = 0.02), and GIMAP6 (p = -0.42, FDR = 0.04) (Figure 4B) (Table S4). The
negative correlation indicates that cell lines with higher TRPS1 expression exhibit greater sensitivity to TRPS1
knockout, suggesting its critical role in breast cancer cell survival. At the protein level, two proteins
demonstrated significant PED: TRPS1 (p=-0.63, FDR = 0.001) and UBE2C (p =-0.53, FDR = 0.018) (Figure
4B) (Table S4). Notably, TRPS1 exhibited both GED and PED, indicating mRNA-protein concordance,
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whereas UBE2C showed PED without corresponding GED, highlighting the importance of protein-level
analyses in uncovering unique cancer cell vulnerabilities not readily observed by the transcriptomic data alone.

4, Discussion and conclusions

In this study, we leveraged a robust multi-omics approach to systematically identify tumor-specific protein
markers and dependencies in breast cancer, revealing insights into potential therapeutic vulnerabilities. By
integrating proteomic, transcriptomic, and functional dependency data, our analyses identified several
previously unrecognized protein candidates, demonstrating the importance of considering both mRNA and
protein-level overexpression in target prioritization, offering an additional perspective beyond conventional
mutation-centered methods (Ellis et al., 2013; Krug et al., 2020).

Our integrative analysis identified hundreds of differentially expressed and overexpressed proteins in breast
cancer tumors. By systematically analyzing both kinase and non-kinase proteins, we identified 172 prioritized
candidates based on their tumor-specific overexpression (Figures 1, 2). Many of these proteins are implicated
in key oncogenic signaling pathways, such as Cell Cycle, RTK/RAS, and WNT. Notably, we identified several
concordant targets, such as CCND1, ERBB2, and EGFR, which exhibited significant overexpression at both
mRNA and protein levels (Figure 3). These markers represent well-characterized drivers of breast cancer,
reaffirming the validity of our approach. Importantly, our study also identified discordant targets, including
FHL1, TEADL, and FAT4, which exhibited significant protein overexpression with minimal RNA-level
alterations (Figure 3). Such discrepancies can arise due to post-transcriptional regulation, protein stabilization,
or translational control mechanisms that are not captured at the mRNA level (Lapek et al., 2017; Mertins et
al., 2016; Elmas et al., 2021). For example, microRNA-mediated repression, altered protein degradation rates,
or differential subcellular localization may drive protein accumulation independently of transcript abundance.
Consequently, relying solely on transcriptomic analyses may miss biologically and clinically relevant protein-
level changes that impact tumor behavior and therapeutic response. By focusing on protein-specific alterations,
we were able to uncover novel potential therapeutic targets, such as UBE2C and FOXP4, that might otherwise
be overlooked.

To assess the functional significance of the prioritized targets, we analyzed their (CRISPR) knockout
sensitivity in breast cancer cell lines using genetic dependency data from the Cancer Dependency Map
(DepMap), by focusing on genes that play a critical role in cancer cell survival due to their elevated expression
levels. This analysis by BEACON approach identified both mRNA-level (GED) and protein-level (PED)
expression-driven dependencies, emphasizing the importance of expression in determining cellular
vulnerabilities (Figure 4). Notably, TRPS1 and UBE2C demonstrated high sensitivity to gene depletion, with
breast cancer cell lines showing a strong negative correlation between their expression levels and knockout
viability. Furthermore, concordant dependencies, such as TRPS1 and CCNDJ, highlight targets with consistent
functional importance across molecular layers, cross-validating their vulnerability potential. Meanwhile,
protein-specific dependencies, such as, UBE2C, E2F3, NPEPL1 and WDRA47, illustrate the unique insights
provided by proteomic analyses and can uncover novel vulnerabilities.

Notably, TRPS1 emerged as a high-priority target, exhibiting significant GED and PED correlations in breast
cancer cells, as well as tumor-specific overexpression in the BRCA cohort. TRPS1 is a transcriptional cofactor
recruited by the progesterone receptor and plays a critical role in modulating RANKL expression through
epigenetic regulation in endometrial and breast cancers (Yang et al., 2023). TRPS1’s context-dependent
behavior, acting as a repressor in endometrial cancer and an activator in breast cancer, highlights its potential
as a therapeutic target to enhance the anti-tumor effects of Medroxyprogesterone in endometrial cancer while
mitigating its carcinogenic effects in breast cancer (Yang et al., 2023). Furhermore, TRPS1 has emerged as a
promising diagnostic marker for breast cancer, as it demonstrates exceptional sensitivity and specificity across
all breast cancer subtypes, especially for triple-negative breast cancer, outperforming the commonly used
GATA3 marker (D. Ai et al., 2021).

We identified UBE2C as a therapeutic target through our overexpression and expression-driven dependency
analysis, which revealed a unique protein-level vulnerability (PED) not observed at the mRNA level (GED).
As a key regulator of the cell cycle within the ubiquitin-proteasome system, UBE2C plays a critical role in
breast cancer progression. While elevated mMRNA expression of UBE2C has been linked to poor disease-free
and overall survival (Psyrri et al., 2012), our findings emphasize the importance of proteomic analyses in
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uncovering functional dependencies that are undetectable via transcriptomic data alone. Given its strong
association with aggressive tumor behavior and adverse prognosis, UBE2C holds promise as a therapeutic
target. Its potential applications include patient stratification for aggressive chemotherapy regimens and
targeted therapies, such as proteasome inhibitors like bortezomib, particularly when combined with HER2-
targeting agents like trastuzumab (Cusack, 2003). These findings call for further investigation into the
mechanistic and therapeutic implications of UBE2C in breast cancer.

Our findings offer significant implications for drug development. Several of the identified targets, such as
ERBB2, EGFR, and CCND1 are already implicated in breast cancer therapies (Ali & Wendt, 2017; Yoon &
Oh, 2024; B. Ai et al., 2019), demonstrating the relevance of our approach. Meanwhile, the novel targets
identified in this study, including TRPS1, UBE2C, FOXP4, and E2F3, warrant further investigation to evaluate
their therapeutic potential. For instance, E2F3 presents a promising therapeutic target in breast cancer, as
siRNA-mediated silencing of its overexpression effectively suppresses tumor cell growth, highlighting its
potential for both diagnostic and treatment strategies (Vimala et al., 2012). Comprehensive functional
validation in preclinical models and drug-screening studies will be critical for translating these findings into
clinical practice.

Despite the strengths of this study, several limitations must be acknowledged. First, the original dataset used
in this study (Krug et al., 2020) consists of breast cancer patients distributed relatively evenly across the four
major molecular subtypes: Basal, HER2, Luminal A, and Luminal B. Our analyses were performed across
these subtypes, supporting the generalizability of our findings. Given this balanced representation, no
additional external validation dataset was included in this study. However, the relatively small cohort size,
particularly the limited availability of matched normal tissues, may affect the generalizability of our findings.
Validation in larger and more diverse cohorts will be necessary to confirm the relevance of the identified
targets across different breast cancer subtypes. Second, bulk proteomic analyses were used to identify tumor-
specific overexpressed proteins. However, bulk proteomic data may not fully capture intratumoral
heterogeneity and could mask subclonal variations. As single-cell proteomic technologies continue to advance,
future studies will enable a more detailed investigation of intratumoral heterogeneity. Nevertheless, because
our primary objective is to identify biomarkers that are consistently present across tumor subtypes and broadly
generalizable, bulk analysis remains a powerful and appropriate approach. Additionally, although the
BEACON method effectively handles multi-omics data with small sample sizes, the limited availability of
proteomic dependency data may restrict the scope of PED analyses. Expanding proteomic datasets in future
studies will enable a more comprehensive evaluation of protein-specific vulnerabilities. Finally, while this
study establishes a robust framework for target discovery, comprehensive functional validation of the
identified markers is a critical next step. Further experimental studies, including gene knockdown and drug-
sensitivity assays in cell lines, such as (Elmas et al., 2022), and patient-derived models, e.g., (Huang et al.,
2017), will be essential to assess the therapeutic potential of these targets.

In conclusion, this study demonstrates the utility of integrating proteomic, transcriptomic, and functional
dependency data to identify tumor-specific markers and vulnerabilities in breast cancer. By uncovering both
concordant and protein-specific targets, we present a prioritized list of novel actionable candidates for
therapeutic development (Table S4). These findings advance our understanding of breast cancer biology and
open new avenues for precision oncology strategies aimed at improving patient outcomes. The integration of
these targets into clinical research could lead to the development of more personalized therapeutic
interventions, enabling tailored treatments based on individual tumor profiles. Such strategies have the
potential to improve early detection, enhance treatment efficacy, and ultimately contribute to better patient
prognoses, moving us closer to more precise and effective cancer care.

Data and Software access

The supplementary tables referenced in this study (Tables S1-S4) are available at:
https://www.columbia.edu/~ae2321/workspace/BRCA/SupplementaryTables.xIsx. The BRCA cohort data
(Krug et al., 2020) is accessible through the Clinical Proteomic Tumor Analysis Consortium (CPTAC)
resources provided by The National Cancer Institute. The data can be found at the following links:
https://proteomic.datacommons.cancer.gov/pdc/study/PDC000116 and https://pdc.cancer.gov/pdc/. The
BEACON and OPPTI softwares utilized in this work are available on GitHub: https://github.com/Huang-
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lab/BEACON and https://github.com/Huang-lab/Oppti, respectively. All analyses were conducted using R
programming language (version 3.6.2) through custom-written scripts.
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Figure S1. Principal Component Analysis (PCA) of normal and tumor samples. PCA was conducted to explore
the primary sources of variation in the dataset. The analysis reveals clear separation between normal (blue)
and tumor (red) samples, indicating that clustering is primarily driven by biological differences rather than

technical artifacts.
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Figure S2. Principal Component Analysis (PCA) colored by sample batch. PCA was performed to evaluate
potential batch effects. The absence of distinct clustering based on batch grouping suggests that batch effects
are minimal, further supporting the robustness of the dataset.
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