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Simple Summary: This manuscript demonstrates how integrated bioinformatic and statistical re-
analysis of publicly available genomic datasets can be utilized to identify molecular pathways
and biomarkers that may be clinically relevant to metastatic prostate cancer (mPrCa) progression.
The most notable observation is that the transition from primary prostate cancer to mPrCa is character-
ized by upregulation of processes associated with DNA replication, metastasis, and events regulated
by the serine/threonine kinase PLK1. Moreover, our analysis also identified over-expressed genes
that may be exploited for potential targeted therapeutics and minimally invasive diagnostics and
monitoring of mPrCa. The primary data analyzed were two transcriptional datasets for tissues
derived from normal prostate, primary prostate cancer, and mPrCa. Also incorporated in the anal-
ysis were the transcriptional, gene dependency, and drug response data for hundreds of cell lines,
including those derived from prostate cancer tissues.

Abstract: Our understanding of metastatic prostate cancer (mPrCa) has dramatically advanced
during the genomics era. Nonetheless, many aspects of the disease may still be uncovered through
reanalysis of public datasets. We integrated the expression datasets for 209 PrCa tissues (metastasis,
primary, normal) with expression, gene dependency (GD) (from CRISPR/cas9 screen), and drug
viability data for hundreds of cancer lines (including PrCa). Comparative statistical and pathways
analyses and functional annotations (available inhibitors, protein localization) revealed relevant
pathways and potential (and previously reported) protein markers for minimally invasive mPrCa
diagnostics. The transition from localized to mPrCa involved the upregulation of DNA replication,
mitosis, and PLK1-mediated events. Genes highly upregulated in mPrCa and with very high average
GD (~1) are potential therapeutic targets. We showed that fostamatinib (which can target PLK1 and
other over-expressed serine/threonine kinases such as AURKA, MELK, NEK2, and TTK) is more
active against cancer lines with more pronounced signatures of invasion (e.g., extracellular matrix or-
ganization/degradation). Furthermore, we identified surface-bound (e.g., ADAM15, CD276, ABCC5,
CD36, NRP1, SCARB1) and likely secreted proteins (e.g., APLN, ANGPT2, CTHRC1, ADAM12) that
are potential mPrCa diagnostic markers. Overall, we demonstrated that comprehensive analyses of
public genomics data could reveal potentially clinically relevant information regarding mPrCa.

Keywords: prostate cancer; expression; metastasis; genetic dependency; PLK1

1. Introduction

Prostate cancer (PrCa) is the third most common cancer in the world, with a global
incidence of 1,276,106 (7.1%) and mortality of 358,989 (3.8%), according to 2018 reports [1].
Among men, PrCa is the most commonly diagnosed and deadliest in 105 and 46 countries,
respectively. Mortality rates are notably higher in Sub-Saharan Africa, the Caribbean, and
African Americans [2].
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Our understanding of the biology, molecular pathology and genetics concerning
PrCa has grown immensely over the years, particularly during the modern genomics
era. According to Catalogue of Somatic Mutations in Cancer (COSMIC) (https://cancer.
sanger.ac.uk/cosmic, accessed on 29 July 2021), the most commonly mutated genes in PrCa
include LRP1B (38%), FHIT (23%), TP53 (22%), ERBB4 (22%), CAMTA1 (20%), ZFHX3 (17%),
GRIN2A (16%), ALK (15%), ATR (15%), AR (10%), SPOP (9%), and PTEN (9%). Another
common somatic aberration (~45%) is the fusion of TMPRSS2 and ERG, which results
in the expression of a truncated oncogenic transcription factor ERG under the control
of TMPRSS2 promoter, which is responsive to an androgen [3]. Common chromosomal
aberrations include losses in 10q and 18q and gain in 8q (often in tandem with 8p-loss).
These aberrations explain the frequently observed decreased expression of the tumor
suppressor proteins PTEN (10q) and SMAD4 (18q) and the elevated expression of the
oncoprotein MYC (8q) [4,5]. The inactivation of PTEN (either mutational or decrease in
expression) leads to activation of the cancer proliferation-promoting PI3K–AKT–mTOR
pathway [6]. Other tumor suppressor genes that can be repressed during PrCa progression
are APC and CHD1 [5]. Genome-wide comparative transcriptional analyses (primary
tumors vs. normal) would also point to elevated signatures of immune cells infiltration in
PrCa (e.g., increased expression of CD28, CD3D, CTLA4, ICOS) [7], which has also been
reported in various pathological studies [8].

A widely used screening tool for undiagnosed PrCa is the ELISA-based PSA (prostate-
specific antigen) assay. However, the diagnostic test is highly controversial given its high
false-positive rate (due to high PSA levels among men with benign prostatic hyperplasia
and prostatitis), the minimal benefit (~1 or fewer death per 1000 men screened, within ten
years), and the adverse consequences of unnecessary treatment (such as impotence) [9–11].

The standard clinical management for prostate cancer includes prostatectomy (surgi-
cal removal of part or all of prostate gland), radiation therapy, and androgen deprivation
therapy (ADT). ADT, intended for locally advanced cases of PrCa, is predicated on the fact
that androgens (such as testosterone) can bind to and activate the androgen receptor (AR)
into a transcription factor that promotes the expression of genes involved in neoplastic
transformation and proliferation of prostate cells. Among the drugs used in ADT are the
AR antagonists flutamide, bicalutamide, enzalutamide, darolutamide, apalutamide, and
nilutamide. Nevertheless, patients treated with ADT can eventually exhibit resistance
against the treatment. Various mechanisms may explain ADT resistance. These include so-
matic amplification or mutation in AR, as well as its androgen-independent activation [12].
AR-independent mechanisms [13] may also contribute to resistance against certain AR-
inhibitors. For example, the upregulation of the wnt signaling pathway was observed
in enzalutamide-resistant PrCa lines, which may explain why the focal deletion of 17q22
(which includes the gene RNF43, a negative regulator of Wnt pathway) is associated with
enzalutamide-resistance in PrCa patient samples [14]. ADT-resistant PrCa cells may then
undergo epithelial to mesenchymal transition (EMT), become locally invasive, be released
as circulating tumor cells (CTCs), and overcome physical barriers to metastasize. The initial
site of metastasis is often the lymph nodes next to the primary site, and it eventually
extends to distant organs such as bones, lungs, and liver [5].

Given that the survival rate of patients with metastatic castration-resistant PrCa
(mCRPC) is drastically reduced [15], it is crucial to understand the complex biology behind
prostate cancer metastasis. Evidence point to bone metastasis (which is the most common)
as a product of the dynamic interaction between the prostate cancer cells, the bone-forming
(osteoblast), and the bone-lysing (osteoclast) cells. Prostate cancer cells may release factors
influencing the balance between osteoblasts and osteoclasts activities (e.g., matrix metallo-
proteinases, BMP2, IGF1, PDGF, IGFBP3, VEGF, ET1, PSA, WNT, ET1, and TGFβ) toward
bone formation [5,16]. Osteoblasts may then secrete factors crucial to PrCa survival and
proliferation in the bone.

We can safely assume that many aspects of PrCa metastasis are yet to be discovered
and explored. This assumption leads us to design an analytical approach meant to un-
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cover information that may eventually be relevant to diagnostics and treatment of mPrCa.
The method we employed involved the integration of publicly available transcriptional,
pharmacological, and genetic dependency datasets for prostate tissue (metastasis, primary
tumors, normal), as well as cancer cell lines (including PrCa). The genetic dependency
dataset was generated from genome-wide CRISPR (clustered regularly interspaced short
palindromic repeats) knockout studies. Results described in this manuscript include the
identification of potential diagnostic markers (e.g., secreted proteins for ELISA-based as-
says, surface protein markers that can serve as targets of radiolabeled antibodies) and
therapeutic targets for metastatic PrCa, as well as prediction of molecular and signaling
pathways that may drive the PrCa metastatic process.

2. Materials and Methods
2.1. Public Genomic and Pharmacological Datasets

Several publicly available genomic and pharmacological datasets (further described
in Table S1) were analyzed for this manuscript.

2.1.1. Datasets from GEO

Downloaded from Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/
geo/, accessed on 10 January 2021) are the prostate cancer Affymetrix Exon ST-generated
raw CEL (intensity) files for GSE21034 [17] and GSE59745 [18] datasets. GSE21034 is an ex-
pression dataset for 131 PrCa primary tumors, 19 metastatic PrCa, and 30 normal prostates.
GSE59745 was generated from 9 PrCa primary tumors, 8 metastasis, and 12 normal tissues.
Using the Affymetrix Expression Console (AEC) software (now incorporated into Ther-
moFisher’s Transcriptome Analysis Console Software, Waltham, MA, USA) and the custom
meta-probeset GPL15997 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL1
5997, accessed on 10 December 2020), RMA (Robust Multichip Average)-normalized expres-
sion file for 38,378 total RNA species (including protein-coding mRNAs and non-coding
RNAs) was generated.

2.1.2. Datasets from DepMap

Obtained from the Cancer Dependency Map (DepMap) Project portal (https://depmap.
org/portal/download/, accessed on 20 February 2021) are the following datasets: (a) the
RNASeq-generated Cancer Cell Line Encyclopedia (CCLE) expression (20q3 version) [19],
(b) the Achilles Project’s genome-scale CRISPR knockout screen-generated gene depen-
dency data (20q3 version) [20,21], and (c) PRISM (Profiling Relative Inhibition Simultane-
ously in Mixtures) primary screen drug viability (log fold change values relative to DMSO)
(19q4 version) [22].

2.2. Basic Statistical Bioinformatics Tools

All fundamental statistical analyses (such as comparative statistics, normalization,
group comparisons, biomarker discoveries, data merging, chart generations) (Figure 1A)
were performed using JMP Pro 13 (Genomics) software (SAS, Cary, NC, USA) and Gene-
E/Morpheus (https://software.broadinstitute.org/morpheus/, accessed on 1 June 2021)
(Broad Institute, Cambridge, MA, USA).

2.3. Gene Annotations

Crucial to the analyses of the above datasets are the annotations of genes. Incor-
porated in the analyses are the following gene annotations: (a) protein subcellular loca-
tions available from Human Protein Atlas (https://www.proteinatlas.org/, accessed on
15 April 2021) [23], In-Silico Human Surfaceome (http://wlab.ethz.ch/surfaceome/, ac-
cessed on 15 April 2021) [24], the Metazoa (Human/Animal) Secretome and Subcellular Pro-
teome Knowledge Base (MetazSecKB) (http://proteomics.ysu.edu/secretomes/animal/
index.php, accessed on 20 April 2021) [25], and Gene Ontology (http://geneontology.org/,
accessed on 10 April 2021) [26], (b) protein description and IDs from UniProt (https:
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//www.uniprot.org/uniprot, accessed on 15 April 2021), and (c) drugs targeting a particu-
lar protein from DrugBank (https://go.drugbank.com/, accessed on 16 May 2021) [27].

Figure 1. (A) The scheme on how integrated analyses of publicly available genomic and pharma-
cological data, gene/protein annotations, and pathways analytical tools are employed to identify
potential diagnostic markers, therapeutic targets, and relevant biology associated with prostate cancer
metastasis. Examples of genes found to be highly expressed in prostate cancer metastasis (Met)
relative to primary tumors (PT) and normal prostate tissues (N) are PLK1 (B), ADAM15 and CD276
(C), APLN and ANGPT2 (D). CD276 and ADAM15 code for surface-bound proteins while ANGPT2
and APLN code for secreted proteins. The Met v. PT p-values for each of these genes are (GSE21034
and GSE59745, respectively): PLK1 (0.002, 0.002), ADAM15 (0.002, 0.14), CD276 (0.002, 0.004), APLN
(0.002, 0.03), and ANGPT2 (0.008, 0.002). On the other hand, the PT v. N expression levels of the
aforementioned genes are not statistically significant, with the following p values (GSE21034 and
GSE59745, respectively): PLK1 (0.25, 0.71), ADAM15 (0.09, 0.69), CD276 (0.38, 0.92), APLN (0.06, 0.74),
and ANGPT2 (0.57, 0.16).

2.4. Pathways Analyses

The prediction of associated molecular pathways was accomplished using: (a) Gene
Set Enrichment Analysis (GSEA) software available through the Broad Institute website
(www.broadinstitute.org/gsea/, accessed on 15 May 2021) [28]. GSEA starts with the
recognition that genes associate in particular groups (or gene sets), representing pathways
and functionalities, such as those defined in Biocarta (http://software.broadinstitute.
org/gsea/msigdb/genesets.jsp?collection=CP:BIOCARTA/, accessed on 15 May 2021),
Reactome (https://reactome.org/, accessed on 15 May 2021) [29], KEGG (https://www.
genome.jp/kegg/, accessed on 15 May 2021), and Hallmark [30] and (b) Reactome over-
representation analysis. A more straightforward analysis of identifying the pathways
associated with a given gene was conducted via the Reactome website. The gene identifiers
for a select subset of genes were entered into the Reactome analysis entry box in this
analysis. The built-in program then generates a list of over-represented pathways, along
with the following values for each Reactome pathway (R): (a) the number of identifiers
(or genes) submitted (or found) (F) in the analysis; (b) the total (T) number of genes curated
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to belong to pathway R; (c) the associated probability score (P), calculated using Binomial
Test; and (d) false discovery rate (FDR) which estimates the false positives through the
Benjamini–Hochberg procedure [31].

3. Results
3.1. Prostate Cancer Metastasis Is Characterized by Upregulation of PLK1, CENPF, TOP20A,
and Many Genes Involved in DNA Replication, Cell Division, and Cell Cycle

The first step in our analysis is to conduct genome-wide comparisons between the
tissue subgroups (metastasis vs. primary tumors, primary tumors vs. normal prostate
samples) (see Figure 1A) in the merged transcriptional dataset (GSE21034, GSE59745).
The merged dataset consists of 31 metastasis, 140 primary tumors, and 41 normal prostate
samples. The 31 metastatic samples have been isolated from lymph nodes (19), bone (2),
brain (3), spine (3), bladder (1), colon (1), lung (1), and neck (1). Many of the genes we found
to be upregulated in metastasis relative to primary tumors have previously reported roles in
cancer invasiveness, metastasis, and epithelial to mesenchymal transition (EMT) (often the
initial step toward invasiveness). The list includes PLK1 (polo like kinase 1) [32] (Figure 1B),
CENPF (centromere protein F) [33], EXO1 (exonuclease 1) [34], KIF20A (kinesin family
member 20A) [35], HJURP (Holliday junction recognition protein) [36], PRC1(polycomb
repressor complex 1) [37], STMN1 (stathmin 1) [38], TACC3 (transforming acidic coiled-
coil containing protein 3) [39], TPX2 (TPX2 microtubule nucleation factor) [40], TOP2A
(DNA topoisomerase II alpha) [41], and UBE2T (ubiquitin-conjugating enzyme E2 T) [42].
The genes mentioned above, along with the rest of the top 300 PrCa metastasis-specific
genes listed in Table S2, overlap with 14 of the 20 PrCa metastasis-upregulated genes
(CDCA8, KIF11, BUB1B, CENPE, BUB1, CDC20, TOP2A, CHEK1, CCNB2, EZH2, TPX2,
CDK1, CCNA2, ALB, PLK1, AURKA, MYC, VEGFA, PTPRC, IL6) recently identified by Gu
and colleagues [43], via analysis of the transcriptional datasets GSE3325 (Affymetrix U133
plus 2.0 arrays, ThermoFisher, Waltham, MA, USA) and GSE27616 (Agilent−014850 Whole
Human Genome Microarray 4 X 44K array, Agilent Technologies, Sta. Clara, CA, USA).

The genes CENPF, TPX2, EXO1, HJURP, and TOP2A, play pivotal roles in chromo-
some segregation, mitosis, and DNA replication. PLK1 is a serine/threonine kinase gene
involved in mitotic regulation [32]. The top 500 genes with the highest signal-to-noise
ratio (SNR; metastasis vs. PT) were subjected to Reactome over-representation analysis.
Results indicated that the pathways with the lowest P score (i.e., most likely to be enriched)
pertain to mitosis, cell cycle, cell cycle regulation, DNA replication, chromosomal segre-
gation, and PLK-mediated events (Figure 2A). Similar results were obtained by applying
GSEA analysis, which, unlike the Reactome over-representation analysis, the entire dataset
(i.e., all the genes) was used as input. The program was run to evaluate the enrichment of
molecular signatures/pathways comprising the Biocarta, Reactome, KEGG, and Hallmark
databases as described in the MSigDB website (https://www.gsea-msigdb.org, accessed
on 15 May 2021). The Reactome pathways which registered the highest Enrichment Scores
(ES) are: “unwinding of DNA” (ES = 0.89), “polo-like kinase-mediated events” (ES = 0.82),
“activation of ATR in response to replication stress” (ES = 0.79), “DNA strand elonga-
tion” (ES = 0.78), “activation of the pre-replicative complex” (ES = 0.78), “G1/S specific
transcription” (ES = 0.77), “deposition of new CENPA containing nucleosomes at the cen-
tromere” (ES = 0.77), and “G0 and early G1” (ES = 0.76). The top KEGG pathways include
“DNA replication” (ES = 0.68), “mismatch repair” (ES = 0.67), “homologous recombination”
(ES = 0.67), “base excision repair” (ES = 0.60), and “nucleotide excision repair” (ES = 0.60).
The most highly enriched Hallmark gene sets are: “E2F targets” (ES = 0.71), “G2 to M check-
point” (ES = 0.63), “MYC targets v2” (ES = 0.56), “MYC targets v1” (ES = 0.50), “mitotic
spindle” (ES = 0.50), and “DNA repair” (ES = 0.47). Shown in Figure 2B (plus more com-
prehensive lists in Table S3) are the enrichment plots of some of the above pathways/gene
sets. The enrichment of the Reactome pathway “Unwinding of DNA” can be explained by
high (and highly ranked) SNR values for several of its component genes such as GINS1,
MCM4, and MCM6. These genes are considered the “core enrichment genes” for this gene
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set. The core enrichment genes for the Hallmark pathway “E2F Targets” include TOP2A,
MELK, MKI67, CDK1, DLG, and AURKA.

3.2. PLK1-Driven Mitotic Events Are Likely Upregulated in Prostate Cancer Metastasis

As illustrated in Figure 3, the components of the Reactome pathway PLK1-related
events are predominantly upregulated in PrCa metastasis relative to PT (but not in PT
relative to normal prostate tissues). In this signaling pathway, a PLK1 phosphorylated at
threonine 210 (or P-T210) will activate the phosphatase CDC25C, which will then translo-
cate to the nucleus. In the nucleus, the activated CDC25C will activate the cyclin B1/CDK1
complex, which will promote early mitotic events [44]. In contrast, PLK1’s phosphorylation
of the CDK1-inhibitor WEE1 may serve as the latter’s signal for degradation [45]. In addi-
tion, PLK1 (P-T210) can also phosphorylate the transcription factor FOXM1, which will then
upregulate the expression of various genes involved in G2 to M transition (CCNB1, CCNB2,
CENPF, CDC25A, and PLK1). As shown in Figure 3, the elevated expression of the genes
mentioned above is consistent with a more active PLK1-driven signaling pathway that
eventually leads to an increased mitotic rate, which is likely what happens in metastasizing
prostate cancer cells [32]. One exception is WEE1, whose expression is lower in metastatic
compared to PT tissues. It makes sense since WEE1 has a mitotic inhibitory function, as
explained above.

3.3. Among the Metastasis-Specific Upregulated Genes Are Those Coding for Cell
Surface-Bound Proteins

Positron emission tomography/computed tomography (PET/CT), which may involve
the use of radiolabeled antibodies which target surface proteins, is a promising tool in
diagnosing and monitoring prostate cancer metastasis and recurrence [46,47]. Hence, it is of
utmost interest to identify genes for surface-bound proteins, which are also elevated in PrCa
metastasis. The list of genes coding for likely surface-bound proteins was downloaded from
the In Silico Human Surfaceome website (http://wlab.ethz.ch/surfaceome/, accessed on
15 August 2021). The list, consisting of 2886 unique proteins (coded by 2800 unique genes),
was generated using a machine learning-based tool (SURFY) [24]. A shortlist of PrCa-
metastasis upregulated genes overlapping with the Surfaceome list is shown in Table 1.
The profiles of two such genes (ADAM15 and CD276) are displayed in Figure 1C. ADAM15
(ADAM metallopeptidase domain 15) codes for a protein that interacts with vascular en-
dothelium and factors during prostate cancer metastasis [48], while the overexpression
of CD276 (or B7H3) proved to be a driving factor in cancer migration and invasion [49].
The other surface protein genes listed in Table 1 include: ABCC5 (ATP binding cassette sub-
family C member 5) [50], CD36 (CD36 molecule) [51], NRP1 (neuropilin 1) [52,53], SCARB1
(scavenger receptor class B member 1) [54], TMEM132A (transmembrane protein 132A) [55],
PLXNA3 (plexin A3) [56], SERPINI1 (serpin family I member 1) [57], ELOVL6 (ELOVL
fatty acid elongase 6) [58], LRFN1 (leucine-rich repeat and fibronectin type III domain con-
taining 1) [59], THY1 (Thy-1 cell surface antigen) [60], and HTR2B (5-hydroxytryptamine
receptor 2B) [61]. The expression levels of NRP1 [52,53] and SCARB1 [54] were reported to
be upregulated in metastatic mCRPCs. PLXNA3, a member of the plexin family of genes
coding for a receptor protein, is involved in the guidance of vascular and lymphatic vessels
during metastasis [56]. The rest of the genes above were also over-expressed metastatic
cancers originating from breast cancer (ABCC5), kidney renal clear carcinoma (LRFN1),
hepatocellular carcinoma (ELOVL6), and uveal melanoma (HTR2B).

http://wlab.ethz.ch/surfaceome/
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Figure 2. Pathways that are more enriched in metastatic relative primary tumors, identified through (A) Reactome analysis
with the top 500 upregulated genes (metastasis vs. primary tumors), were used as input. (B) GSEA analysis. Shown are the
GSEA plots for the pathways exhibiting the highest Enrichment Scores (ES) among the Reactome, KEGG, and Hallmark
Gene Sets.

Figure 3. PLK1’s role in the regulation of mitosis.
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Table 1. List of the most highly upregulated (metastasis vs. PT) genes coding for surface bound proteins. SNR = signal-to-
noise ratio (metastasis vs. PT); permutation p value for all genes = 0.002; Surfaceome CSPA (Cell Surface Protein Atlas)
category: 1 = high confidence, 2 = putative, 3 = unspecific.

Gene ID Gene Description UniProt ID Surfaceome Category SNR

APLNR apelin receptor P35414 1 0.95

LRFN1 leucine rich repeat and fibronectin type III
domain containing 1 Q9P244 1 0.83

C12orf49 chromosome 12 open reading frame 49 Q9H741 1 0.83
BRI3BP BRI3 binding protein Q8WY22 2 0.77

ABCA2 ATP binding cassette subfamily A
member 2 Q9BZC7 2 0.77

NUP210 nucleoporin 210 Q8TEM1 1 0.76
RHBDF2 rhomboid 5 homolog 2 Q6PJF5 1 0.73

TMEM63C transmembrane protein 63C Q9P1W3 2 0.71
DNASE1L1 deoxyribonuclease 1 like 1 P49184 3 0.68

RTN4R reticulon 4 receptor Q9BZR6 1 0.68
ELOVL6 ELOVL fatty acid elongase 6 Q9H5J4 2 0.68
P2RY11 purinergic receptor P2Y11 Q96G91 1 0.67

MGAT4B alpha-1,3-mannosyl-glycoprotein
4-beta-N-acetylglucosaminyltransferase B Q9UQ53 3 0.67

TMEM132A transmembrane protein 132A Q24JP5 1 0.67
TOR3A torsin family 3 member A Q9H497 3 0.66

ABCC5 ATP binding cassette subfamily C
member 5 O15440 2 0.65

HTR2B 5-hydroxytryptamine receptor 2B P41595 1 0.64
SCARB1 scavenger receptor class B member 1 Q8WTV0 1 0.64
PLXNA3 plexin A3 P51805 1 0.64
TTYH2 tweety family member 2 Q9BSA4 1 0.63

SLC46A1 solute carrier family 46 member 1 Q96NT5 1 0.63
NRP1 neuropilin 1 O14786 1 0.62

ADAM12 ADAM metallopeptidase domain 12 O43184 1 0.62
ADAM15 ADAM metallopeptidase domain 15 Q13444 1 0.59
TENM4 teneurin transmembrane protein 4 Q6N022 2 0.58

TMEM104 transmembrane protein 104 Q8NE00 2 0.57
TMEM94 transmembrane protein 94 Q12767 2 0.56
SERPINI1 serpin family I member 1 Q99574 1 0.56
COL1A1 collagen type I alpha 1 chain P02452 1 0.55

SLC29A1 solute carrier family 29 member 1
(Augustine blood group) Q99808 1 0.55

THY1 Thy-1 cell surface antigen P04216 1 0.54

PLOD3 procollagen-lysine,2-oxoglutarate
5-dioxygenase 3 O60568 3 0.53

AGRN agrin O00468 1 0.53
CD276 CD276 molecule Q5ZPR3 1 0.52

MPHOSPH9 M-phase phosphoprotein 9 Q99550 3 0.52
CD36 CD36 molecule P16671 2 0.51

3.4. Genes for Secreted Proteins Are Also Upregulated in Metastatic Prostate Cancer

The PSA test’s non-invasive and easily accessible nature is what made it a very popular
early detection test for PrCa. However, its reliability is questionable because of the low
specificity (high false-positive rate) resulting from the test [9–11]. This prompted the
search for alternative ELISA-based tests to detect more reliable serum- or urine-based
markers [62,63]. Recently proposed is detecting two glycoproteins (thrombospondin 1
or THBS1, and cathepsin D or CTSD) in the blood. We aimed to identify potential PrCa
metastatic-specific, secreted protein markers by simply asking which of the most highly
upregulated mRNAs (metastasis relative to PT) are also most likely to be translated to
secretable proteins. We assume that the expressed protein is likely secreted if it passes either
of the following filters: (a) the proteins are tagged as “secreted (curated)”, “secreted (highly
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likely)”, or “secreted (likely)”, based on information derived from MetazSecKB [25], or (b)
the extracellular location is “predicted to be secreted”, according to information derived
from the Human Protein Atlas [23]. As shown in Table 2, the metastatic-specific genes that
may code for such proteins include C12orf49, ESM1, APLN, FNDC1, EDA, ANGPT2, PDGFB,
and STC2. The expression profiles of APLN (apelin) and ANGPT2 (angiopoietin 2) are
illustrated in Figure 1D. Both genes have been reported as potential serum-based markers
for metastatic colorectal cancer [64,65]. ANGPT2 also proved to be a serum marker of
poor prognosis in lung cancer [66]. An elevated level of APLN in serum correlated with
esophageal squamous cell carcinoma metastasis [67]. Other secreted protein markers, listed
in Table 2, that have been demonstrated as indicators of cancer are CTHRC1 (metastatic
colon cancer) [68], ESM1 (metastatic colon cancer) [69], ADAM12 (advanced stage prostate
cancer) [70], PDGFB (oral squamous cell carcinoma) [71], and STC2 (laryngeal squamous
cell carcinoma) [72,73].

Table 2. List of the most highly upregulated (metastasis vs. PT) genes coding for secreted proteins. SNR = signal-to-noise
ratio (Metastasis vs. PT); permutation p value for all genes = 0.002.

Gene ID Gene Description UniProt ID Secretion Status Location (HPA) SNR

C12orf49 chromosome 12 open
reading frame 49 Q9H741 Secreted (curated) 0.83

ESM1 endothelial cell specific molecule 1 Q9NQ30 Secreted (curated) 0.81
APLN apelin Q9ULZ1 Secreted (curated) 0.80

FNDC1 fibronectin type III
domain containing 1 Q4ZHG4 Secreted (curated) Secreted 0.78

EDA ectodysplasin A Q92838 Secreted (curated) 0.74

PLA2G15 Phospholipase A2 group XV Q8NCC3 Lysosome, Secreted
(curated) 0.68

LPL lipoprotein lipase P06858 Plasma membrane,
Secreted (curated) Secreted 0.68

C5orf55 uncharacterized protein EXOC3-AS1 Q8N2 × 6 Secreted (curated) 0.64

C3orf67 chromosome 3 open
reading frame 67 Q6ZVT6 Secreted (likely) 0.63

ANGPT2 angiopoietin 2 O15123 Secreted (curated) 0.63
ADAM12 ADAM metallopeptidase domain 12 O43184 Secreted (curated) Secreted 0.61
CTHRC1 collagen triple helix repeat containing 1 Q96CG8 Secreted (curated) Secreted 0.60

MICOS13
mitochondrial contact site and cristae

organizing system
subunit 13

Q5XKP0 Secreted (likely) 0.59

ART4 ADP-ribosyltransferase 4
(Dombrock blood group) DOK1 Secreted 0.59

C12orf73 chromosome 12 open reading frame 73 Q69YU5 Secreted (curated) Secreted 0.58

MAP3K9 mitogen-activated protein kinase
kinase kinase 9 P80192 Secreted (likely) 0.58

SAMD1 sterile alpha motif domain containing 1 Q6SPF0 Cytoplasm, Secreted
(curated) 0.58

PCYOX1L prenylcysteine oxidase 1 like Q8NBM8 Secreted (curated) Secreted 0.57
STC2 stanniocalcin 2 O76061 Secreted (curated) Secreted 0.57

PDGFB platelet derived growth factor subunit B P01127 Secreted (curated) Secreted 0.56
SERPINI1 serpin family I member 1 Q99574 Secreted (curated) Secreted 0.56

VASH1 vasohibin 1 Q7L8A9 Secreted (curated) 0.56
IL31 interleukin 31 Q6EBC2 Secreted (curated) 0.56

3.5. Many of the Identified Metastasis-Specific Genes Have Available Inhibitors

The metastasis-upregulated genes were then matched with the DrugBank database to
identify possible inhibitors [27]. Inhibitors against many of the proteins coded by these
genes (Table 3) already exist. Many of the drugs have been approved by FDA for diseases
other than cancer. For example, the metastasis-upregulated proteins PLK1, CDK1 (Cyclin-
dependent kinase (Cdk) 1), AURKA (aurora kinase A), MELK (maternal embryonic leucine
zipper kinase), and NEK2 (NIMA related kinase 2) are serine/threonine kinases that can
be inhibited by fostamatinib [74,75]. This drug has been approved for the treatment of
chronic immune thrombocytopenia [76]. The proteins mentioned above are also recognized
as possible molecular targets in cancer. Indeed, knockdown or inhibition of PLK1 [77],
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CDK1 [78], AURKA [79], MELK [80,81], and NEK2 [82] resulted in reduction or repression
of metastatic potential and invasiveness of various cancer types, including mCRPC and cer-
vical cancer. The most prominent target in the list (Table 3) (as far as PrCa is concerned) is
AR (androgen receptor). There are already various FDA-approved AR antagonists, includ-
ing spironolactone, flutamide, bicalutamide, enzalutamide, darolutamide, apalutamide,
and nilutamide. Other targets that have been associated with prostate cancer metastasis
(or progression) include BIRC5/survivin [83], EZH2 [84], TOP2A [85,86], HMMR [87],
LPL [88], and SSTR1 [89]. According to DrugBank, the potential inhibitors against the
proteins mentioned above are reserpine and berberine for BIRC5, tazemetostat for EZH2,
hyaluronic acid for HMMR, dactinomycin for TOP2A, pasireotide and somatostatin for
SSTR1, and tyloxapol for LPL. Other PrCa metastasis-upregulated genes with available in-
hibitors, but associated with metastasis and invasiveness in other cancer types, are ABCC5
(breast cancer) [50], DGAT2 (gastric cancer) [90], FEN1 (breast cancer) [91], TYMS (multiple
cancer types including colorectal cancer) [92–94], HTR2B (uveal melanoma) [61], RRM2
(gastric and liver cancer) [95,96], and PNPO (breast cancer) [97].

3.6. Potential Metastatic Therapeutic Targets (Such as PLK1, INCENP) Also Exhibit High
Genetic Dependency

In Project Achilles, >800 cancer cell lines (n = 808, according to the 20Q4 data release)
were subjected to a genome-wide CRISPR/Cas9 knockout screen [20,21]. The resulting
sgRNA sequencing and cell viability data were then used to calculate the probability (P)
that the knockout of a given gene (G) will affect the viability of a particular cell line (C).
The PGC score (also referred to as “gene dependency” or GD) for 18,119 genes ranged
from 0 (i.e., gene knockout did not influence cell viability) to 1 (i.e., gene expression is very
vital to cell viability). The average GD scores (separately for 368 PT and 253 metastatic
cell lines) for each of the top 300 PrCa metastasis-upregulated can be found in Table S2.
As exhibited in Figure 4, the average GD scores for the potential PrCa metastasis diagnostic
markers (e.g., the surfaceome genes LRFB1, NUP210, ABCC5, and NRP1, as well as the
secretome genes VASH, ANGPT2, LPL, and EDA) are closer to 0 than they are to 1. It is also
noteworthy that the average expression levels of the genes mentioned above are higher
among metastatic compared to PT-derived PrCa lines. In contrast, the average GD scores
for INCENP, PLK1, and CDK1 are close to 1. The expression levels of these genes are
similarly higher in metastatic relative to PT PrCa cell lines. However, for the gene AR,
a high gene dependency value (close to 1) is only evident in the PrCA line VCap, reflective
of the gene’s unique role in PrCa progression.

3.7. A Tyrosine Kinase Inhibitor (Which Targets PLK1, AURKA, MELK) Exhibits Higher Efficacy
against Cancer Cell Lines of Metastatic Origin

In the PRISM drug repurposing project, pools of 468 molecularly barcoded cancer cell
lines were treated with 4686 drugs (majority of which have been approved for diseases
other than cancer) (information taken from the 19q4 version of the public dataset) [22].
The abundance of these barcodes (relative to cells treated with DMSO) served as a measure
of change in the viability of the cell lines post drug treatment. Given that there is a great
deal of overlap (i.e., cell lines) between PRISM and CCLE molecular profiling datasets,
it is theoretically possible to identify potential predictive or resistance markers for many
of the drugs included in the PRISM project. As mentioned above, we are particularly
interested in the drug fostamatinib, which targets a family of kinases including PLK1.
Both genome-wide transcriptional and fostamatinib viability data are available for 464 cell
lines. We arbitrarily divided the cell lines into two subgroups: (a) Group A includes cell
lines that were “responsive to fostamatinib” (i.e., log fold change viability ≤ −0.5; n = 193),
and (b) Group B covers those which were “non-responsive to fostamatinib” (i.e., log fold
change between −0.5 and 0.5; n = 271). We then identified the highly differentiated genes
between the two groups. As shown in Figure 5A (and Table S4), the upregulated genes in
Group A include COL24A1, COL7A1, and many other genes related to invasion processes.
Indeed, when the top 150 of such genes were subjected to Reactome analysis, we observed
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that the most highly dysregulated pathways (in Group A relative to Group B) are related to
invasion as well as degradation of ECM, molecular pathways that are definitive signatures
of metastasis (Figure 5B, Table S5). These pathways include “assembly of collagen fibrils
and other multimeric structures”, “crosslinking of collagen fibrils”, “collagen formation”,
“collagen chain trimerization”, “interleukin-4, and interleukin-13 signaling”, “anchoring
fibril formation”, “elastic fiber formation”, “ECM proteoglycans”, “collagen biosynthesis
and modifying enzymes”, “collagen degradation”, “extracellular matrix organization”,
“degradation of the extracellular matrix”, “platelet degranulation”, “molecules associated
with elastic fibers”, “MET activation of PTK2 signaling”, and “the RND3 GTPase cycle”.
In essence, what these results suggest is that cell lines exhibiting signatures related to
invasion and metastasis seem to be more responsive to inhibition of kinases such as PLK1,
CDK1, MELK, and NEK.

Figure 4. The relative cancer cell line expression (Expr) and gene dependency (GD) of some metastatic prostate cancer-
upregulated genes. First row (genes 1 to 4) includes genes for surface-bound proteins. The second row (genes 5 to 8)
includes genes for proteins likely secreted in serum. Cell lines are divided according to the tissue of origin (PT = primary
tumor; M = metastasis). The third row (genes 9 to 12) includes genes coding for proteins with known molecular inhibitors.
Only the prostate cancer lines (names listed in the bottom panel) are represented in the expression plots. All cell lines are
included for the GD plots, but the lone prostate cancer line (VCap) is marked as a red diamond.
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Table 3. List of the most highly upregulated (metastasis vs. PT) genes coding for proteins with known inhibitors according
to Drug Bank. SNR = signal-to-noise ratio (metastasis vs. PT); permutation p-value for all genes = 0.002.

Gene ID Gene Description UniProt ID SNR Inhibitors
(Partial List; Italic = Approved Drug)

PLK1 polo like kinase 1 P53350 1.1
Fostamatinib, 3-[3-chloro-5-(5-{[(1S)-1-phenylethyl]

amino}rplisoxazolo
[5,4-c]pyridin-3-yl)phenyl]propan-1-ol)

CIT citron rho-interacting
serine/threonine kinase O14578 1.0 Fostamatinib

TOP2A DNA topoisomerase II alpha P11388 0.97 Doxorubicin, Dactinomycin, Etoposide, Fleroxacin

RRM2 ribonucleotide reductase
regulatory subunit M2 P31350 0.96 Cladribine, Gallium nitrate

SSTR1 somatostatin receptor 1 P30872 0.95
Pasireotide,

Somatostatin,
Lutetium Lu 177 dotatate

TK1 thymidine kinase 1 P04183 0.94 Dithioerythritol, Thymidine 5′-triphosphate

CCNA2 cyclin A2 P20248 0.92 4-(2,4-Dimethyl-Thiazol-5-Yl)-Pyrimidin-2-Ylamine,
6-O-Cyclohexylmethyl Guanine

MELK maternal embryonic leucine
zipper kinase Q14680 0.92 Fostamatinib

DGAT2 diacylglycerol O-acyltransferase 2 Q96PD7 0.88 Omega-3-carboxylic acids
INCENP inner centromere protein Q9NQS7 0.85 Reversine

NEK2 NIMA related kinase 2 P51955 0.85
Fostamatinib, 5-[(Z)-(5-Chloro-2-oxo-1,2-dihydro-3H-

indol-3-ylidene)methyl]-N,2,4-trimethyl-1H-pyrrole-3-
carboxamide

KIF2C kinesin family member 2C Q99661 0.84 Phosphoaminophosphonic Acid-Adenylate Ester

BIRC5 baculoviral IAP repeat
containing 5 O15392 0.78 Reserpine, Berberine

HMMR hyaluronan mediated motility
receptor O75330 0.75 Hyaluronic acid

TTK TTK protein kinase P33981 0.74 Fostamatinib, Dithioerythritol, Thymidine
5′-triphosphate

KIF11 kinesin family member 11 P52732 0.74 3-[(5s)-1-Acetyl-3-(2-Chlorophenyl)-4,5-Dihydro-1h-
Pyrazol-5-Yl]Phenol

TYMS thymidylate synthetase P04818 0.73
Raltitrexed, Floxuridine, Trifluridine, Gemcitabine,
Monastrol, 10-Propargyl-5,8-Dideazafolic Acid,

Deoxyuridine monophosphate

CDK1 cyclin dependent kinase 1 P06493 0.72 Fostamatinib, Indirubin-3′-monoxime, Olomoucine,
Hymenialdisine

AURKA aurora kinase A O14965 0.72 Fostamatinib, Olomoucine,
Hymenialdisine

CHEK1 checkpoint kinase 1 O14757 0.71
Fostamatinib, CHIR-124,

N-{5-[4-(4-methylpiperazin-1-yl)phenyl]-1H-pyrrolo
[2,3-B]pyridin-3-yl}nicotinamide

CAD
carbamoyl-phosphate synthetase 2,
aspartate transcarbamylase, and

dihydroorotase
P27708 0.71 Sparfosic acid

EZH2 enhancer of zeste 2 polycomb
repressive complex 2 subunit Q15910 0.70 Tazemetostat

CA2 carbonic anhydrase 2 P00918 0.69 Benzthiazide, Cyclothiazide, p-Hydroxymercuribenzoic
acid, 4-Flourobenzenesulfonamide

FEN1 flap structure-specific
endonuclease 1 P39748 0.69 Iron, Ferrous gluconate, Ferrous succinate, Ferrous ascorbate

PNPO pyridoxamine 5′-phosphate
oxidase Q9NVS9 0.69 Pyridoxal phosphate, Flavin mononucleotide,

Mercaptoethanol
RALA RAS like proto-oncogene A P11233 0.68 Guanosine-5′-Diphosphate

LPL lipoprotein lipase P06858 0.68 Tyloxapol, Omega-3-carboxylic acids, Glycyrrhizic acid,
Glycyrrhizic acid

POLE3 DNA polymerase epsilon 3,
accessory subunit Q9NRF9 0.67 Cladribine

UNG uracil DNA glycosylase P13051 0.67 4-[(1E,7E)-8-(2,6-dioxo-1,2,3,6-tetrahydropyrimidin-4-
yl)-3,6-dioxa-2,7-diazaocta-1,7-dien-1-yl]benzoic acid

CENPE centromere protein E Q02224 0.66 GSK-923295

AR androgen receptor P10275 0.65 Spironolactone, Flutamide, Bicalutamide, Enzalutamide,
Darolutamide, Apalutamide, Nilutamide

AK8 adenylate kinase 8 Q96MA6 0.65 Bis(Adenosine)-5′-Pentaphosphate
RAD51 RAD51 recombinase Q06609 0.65 Phosphoaminophosphonic Acid-Adenylate Ester
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Figure 5. (A) Comparative heat map of expression of genes between relatively responsive (+) and non-responsive (–) against
the serine-threonine kinase inhibitor fostamatinib. Only the genes with the highest signal-to-noise ratio (responsive vs.
non-responsive) are shown. (B) A treemap representation of the Reactome pathways resulted when the top 150 PrCa
metastasis-upregulated genes were used in the Reactome analysis. Only the top 16 pathways (the ones with the lowest
Entities p values) are shown.

4. Discussion

In recent years, the integration and reanalysis of various publicly available genomic,
epigenomic, proteomic, and metabolomic datasets have been a significant source of dis-
coveries in different areas of cancer research: from basic cancer biology to translational
studies (e.g., molecular diagnostic markers, therapeutic targets). This is not surprising
given the enormity of information buried in those datasets. In this report, we demonstrate
the possibility of predicting the molecular pathways, non-invasive diagnostic markers, and
molecular drug targets associated with the metastatic progression of prostate cancer by
merely integrating various genome-wide transcriptional, gene-dependency, and pharmaco-
logical datasets.

Based on our results, it is clear that the progression from localized PrCa PT to metas-
tasis is defined by elevated expression of many genes involved in cell division, cell cycle
regulation, and DNA replication and repair process. These genes include TPX2 (TPX2
microtubule nucleation factor), PLK1 (polo-like kinase 1), ANLN (anillin actin-binding
protein), EXO1 (exonuclease 1), PRC1 (protein regulator of cytokinesis 1), KIF20A (kinesin
family member 20A), POC1A (POC1 centriolar protein A), CENPF (centromere protein F),
HJURP (Holliday junction recognition protein), MCM2 and MCM4 (minichromosome
maintenance complex components 2 and 4), and TOP2A (DNA topoisomerase II alpha)
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(See Table S2). A more comprehensive pathways analysis (GSEA) or identification of
common pathways/functionality signatures of genes highly upregulated in PrCa metasta-
sis (through Reactome) would also reveal that pathways such as “unwinding of DNA”,
“DNA replication”, “PLK-mediated events”, and “cell cycle checkpoints” are relatively
enriched in PrCa metastasis samples. These observations are consistent with a recent report
by Hsu and colleagues [98], wherein the transcription levels of MCM genes 2,3,4, and 6,
which code for components of a complex involved in genome replication initiation, are ele-
vated in Neuroendocrine PrCa (NEPC). Moreover, the inhibition of the MCM2-7 complex
(by the drug ciprofloxacin) reduced cell proliferation and migration in vitro. Kauffmann
and colleagues [99] reported similar observations regarding metastatic melanoma. The
authors posited that a more active DNA replication and repair machinery enable metastatic
melanoma to circumvent DNA damages caused by chemo- and radiation therapy.

The elevated expression of PLK1 in mPrCa may be tied to its prominent regulatory
role in mitosis. A phosphorylated PLK1 can phosphorylate (and activate) the phosphatase
CDC25C, the CDK1-inhibitor WEE1, and the transcription factor FOXM1. The downstream
targets of these activated proteins are other proteins that regulate the G2 to M transition
of cancer cells [32,44]. In addition, a recent study has shown that phosphorylation by
PLK1 is also necessary to suppress the proapoptotic activity of the transcription factor
FOXO1 (forkhead box protein O1) in PrCa cells [100]. Hence, targeting PLK1 by a drug can
potentially inhibit or slow down PrCa’s (or any other cancer type’s) metastatic potential.
This was recently demonstrated by Montaudon and colleagues in which the size of an ER-
positive BrCa patient’s PT and bone metastasis-derived PDX (patient-derived xenograft)
rapidly shrunk after treatment with volasertib, an inhibitor of the PLK1 (which along
with AURKA and CDK1 were upregulated in the PDX) [77]. Shin and colleagues have
also demonstrated that PLK1 is a target for the flavonoid genistein and that the drug
was found to be selective against TP53-mutated cell lines [101]. In another recent study,
fostamatinib (which inhibits PLK1 as well as other serine-threonine kinases) was shown
to be effective against the prostate cancer cell line (PC3) [102]. The anti-cancer activity
of fostamatinib was also evident against head and neck squamous cell carcinoma [103],
hepatocellular carcinoma [104], breast cancer [105], and diffuse large B cell lymphoma [106]
cell lines. Moreover, a fostamatinib derivative, NSC765691, also exhibited antiproliferative
activity against the panel of NCI-60 cell lines [107]. The drug was also shown to have
significant clinical activity when treating non-Hodgkin lymphoma and chronic lymphocytic
leukemia patients [108]. Among the ongoing clinical trials (source: clinicaltrials.gov)
which involve fostamatinib are NCT05030675 (Phase I; against lower-risk myelodysplastic
syndromes or chronic myelomonocytic leukemia who have failed hypomethylating agents)
and NCT03246074 (Phase I; combined with paclitaxel, against recurrent ovarian, fallopian
tube, or primary peritoneal cancer).

In this current report, we also evaluated the transcriptional signatures that may be
indicative of fostamatinib’s antiproliferative activity in cancer cell lines. Results indicated
that fostamatinib-responsive cell lines exhibited relatively higher expression of genes
belonging to the family of fibrillar and fibrillar-like collagens (COL24A1, COL6A2, COL1A1,
COL1A2, COL5A1, and COL6A3). Collagens are the most abundant proteins in the ECM and
provide the bulk of mechanical strength that drives cell migration [109–112]. Other genes
whose expression is higher among fostamatinib-responsive cell lines are the fibrillin gene
FBN1, the bone morphogenetic protein 1 (BMP1), lysyl oxidase-like 2 (LOXL2), the integrin
genes ITGB1 and ITGA5, the adamlysin gene ADAM12, and the growth factor genes PDGFC
and TGFB1. Fibrillins are microfibrillar proteins that are also components of ECM. Integrins
are heterodimer cell surface receptors utilized in downstream signaling from the ECM.
The metalloprotease BMP1 cleaves the collagen precursor’s carboxy terminus, a necessary
step in matrix assembly. Lysyl oxidases are enzymes needed for crosslinking collagen and
elastin molecules in the ECM. Adamlysins are endopeptidases whose ability to degrade the
matrix during ECM remodeling also allows cell migration during metastasis. Predictably,
the results of our Reactome analysis indicated that the fostamatinib-responsive cell lines

clinicaltrials.gov
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are characterized by enhanced signatures of pathways such as “assembly of collagen fibrils
and other multimeric structures”, “extracellular matrix organization”, “anchoring fibril
formation”, “crosslinking of collagen fibrils”, and “collagen degradation”. Overall, these
observations point to the possibility that inhibitors to PLK1 (and related kinases) may help
suppress prostate cancer metastasis.

Another interesting observation is the upregulation of EZH2 (enhancer of zeste 2
polycomb repressive complex 2 subunits) in metastatic PrCa. EZH2 is the catalytic subunit
of polycomb repressive complex 2 (PRC2), which silences the transcription of a given gene
by the H3K27 histone. Considered a tumor suppressor, EZH2 plays a role in silencing
CDH1, FOXC1, DAB2IP, and TIMP3, events linked to metastatic progression [113]. A closer
look at our assembled PrCa transcriptional dataset (tissues only) indicated that EZH2
expression negatively correlated with TIMP3 (−0.38), FOXC1 (R = −0.45), and DAB2IP
(R = −0.32), but not CDH1 (R = 0.18). Other reports indicate EZH2’s role in epigenetic
silencing proapoptotic microRNAs such as miR-205 and miR-31 [84].

We were able to identify genes coding for cell surface-bound proteins, which can
potentially be explored as targets for radiolabeled monoclonal antibodies for positron
emission tomography (PET)-based detection of metastatic prostate cancer. These markers
include ADAM15 [48], CD276 [49], NRP1 [52,53], SCARB1 [54], and PLXNA3 [56], all of
which have been reported to be overexpressed in metastatic PrCa. Elevated expression of
genes such as ABCC5 [50], LRFN1 [59], ELOVL6 [58], and HTR2B [61] have been associated
with metastasis in other cancer types. Recently, PET-based detection and monitoring of
metastasis cancer has utilized the following antibodies: 111In-labeled anti-CDH17 (gastric
cancer) [114], 177Lu-labeled anti-CD55 (lung cancer) [115], and radio-labeled anti-ERBB2
(various labeling, including 89Zr, 64Cu, 111In) (breast cancer) [116]. The gene FOLH1 (folate
hydrolase 1) is of particular interest since it codes for the transmembrane metalloenzyme
PSMA (prostate-specific membrane antigen). PSMA is the target for an FDA-approved
68Ga-based peptidomimetic radiotracer for PET imaging of PrCa [117]. Although FOLH1 is
not included in Table 1 or Table S2, the gene’s transcriptional upregulation is significant for
both PrCa primary tumors (fold change and SNR relative to normal prostate are 1.42 and
0.20, respectively), and PrCa metastasis (fold change and SNR relative to primary tumors
are 1.89 and 0.30, respectively).

The popular but very controversial PSA test is an ELISA-based test for the presence
of PSA protein (coded by the gene KLK3) in serum and is intended for early detection
of PrCa. Tests to detect the presence of proteins THBS1 (thrombospondin 1) and CTSD
(cathepsin D) are among those being proposed as alternatives to the PSA test [63]. A non-
invasive detection or monitoring of metastasis by interrogating specific proteins in patient
serum (or urine) may also be feasible and backed by many publications. Several PrCa
metastasis-upregulated proteins predicted to be part of the secretome have been proved
experimentally as potential markers for ELISA assays. These include the proteins APLN
(apelin) [64,67], ANGPT2 (angiopoietin 2) [66], CTHRC1 (collagen triple helix repeat
containing 1) [68], ESM1(endothelial cell-specific molecule 1) [69], ADAM12 (ADAM
metallopeptidase domain 12) [70], PDGFB (platelet-derived growth factor subunit B) [71],
and STC2 (stanniocalcin 2) [72,73]. It will not be surprising if more proteins listed in Table 2
may also prove good candidates for serum-or even urine-based tests for PrCa metastasis
detection and monitoring. Nonetheless, it should be pointed out that more studies are
needed to ascertain the clinical utilities of these secreted proteins as diagnostic markers
for mPrCa.

Apart from PLK1 (and the related serine/threonine kinases), our analysis identified
a relatively long list of proteins whose inhibition can potentially (or, in theory) repress
PrCa metastatic potential. It is encouraging to know that inhibitors already exist for many
of these proteins, some of them FDA-approved for diseases other than cancer. Recent
reports have demonstrated that inhibition of some of these proteins can potentially hinder
metastasis. For example, the inhibition of the protein INCENP (by the drug reversine) led to
a reduction of migration potential of colon cancer cells [118] and cell motility and invasion
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potential of breast cancer cells [119]. Another potential target is SSTR1(somatostatin
receptor 1). The drug pasireotide, which targets this protein, exhibited efficacy against
mCRPC [120] and metastatic carcinoid disease [121]. Targeting the protein BIRC5 (by the
drug berberine) reduced the metastatic ability of PrCa cells [122].

The genome-wide CRISPR-generated gene dependency (GD) data incorporated in
our analyses provided vital information on how a given gene’s inactivation affects cancer
cells’ survival. As indicated in Table S1, PLK1 and its related kinases (AURKA, CDK1,
MELK, NEK2) have GD values very close to 1 across all cell lines (irrespective of the type
of cancer or whether it is PT or metastatic origin), signifying that the protein products
are essential to the survival of cancer cells, thus ideal therapeutic targets. Other genes
that exhibited high GD values include INCENP, TPX2, PRC1, TOP2A, MCM2, and MCM4.
The genes mentioned above are part of cells’ DNA replication and cell division machinery.
An example of a PrCa-upregulated gene with a very low (close to zero) GD value is MKI67
(a marker of proliferation Ki-67), which codes for a nuclear protein that has become a
well-studied immunohistochemical marker of cancer proliferation [123]. The low GD value
for MKI67 indicates that it is not an ideal therapeutic target despite being a proven marker
of proliferation. Indeed, there is experimental evidence proving that altering MKI67 does
not significantly affect proliferation [124]. Oher genes that surprisingly have low GD values
are SSTR1, ABCC5, PLXNA3, EZH2, and LRFN1.

5. Conclusions

Although a bioinformatic exercise, this report stemmed from meticulous analyses
of publicly available genomic and pharmacological data from >200 tissues and >1000
cell lines. Overall, we both validated previously reported observations and presented
new and interesting observations regarding the biology, diagnostics, and molecular tar-
geting of metastatic prostate cancer. These bioinformatic observations may also serve as a
springboard for a wide array of experimental validations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13205158/s1, Table S1: List of publicly available datasets re-analyzed in the study,
Table S2: Top 300 most highly upregulated genes (Mets relative to PT), Table S3: Results of GSEA
Analysis (prostate cancer metastasis vs. primary tumors), Table S4: Expression levels (across all cell
lines) of top 150 genes exhibiting the highest signal-to-noise ratios (“fostamatinib responsive” vs.
“fostamatinib non-responsive), Table S5: The resulting top 20 Reactome pathways (the ones with the
lowest Entities p values) when the top 150 PrCa metastasis-upregulated genes were used as input in
the Reactome analysis.

Author Contributions: Conceptualization, M.D.B. and F.B.; methodology, M.D.B.; software, M.D.B.;
formal analysis, M.D.B.; resources, M.D.B. and F.B.; data curation, M.D.B.; writing—original draft
preparation, M.D.B.; writing—review and editing, M.D.B. and F.B.; funding acquisition, F.B. All au-
thors have read and agreed to the published version of the manuscript.

Funding: This study was supported by: (i) Weill Cornell Medicine funding through the distribu-
tion of royalties from intellectual property generated by the Barany laboratory; (ii) A Sponsored
Research Agreement between AcuamarkDx and Weill Cornell Medicine. M.D.B. and F.B. are share-
holders in AcuamarkDx (which was not involved in the design of the study; collection, analysis,
and interpretation of data; and writing of the manuscript).

Institutional Review Board Statement: Not applicable. All datasets used in the study are pub-
licly available and downloaded from Gene Expression Omnibus and the Cancer Dependency Map
(DepMap) Project websites.

Informed Consent Statement: Not applicable. See previous statements (regarding IRB).

Data Availability Statement: The datasets used in the study were downloaded from GEO and
DepMap websites. Links to the datasets are listed in Table S1.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/cancers13205158/s1
https://www.mdpi.com/article/10.3390/cancers13205158/s1


Cancers 2021, 13, 5158 17 of 21

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Rebbeck, T.R.; Devesa, S.S.; Chang, B.-L.; Bunker, C.H.; Cheng, I.; Cooney, K.; Eeles, R.; Fernandez, P.; Giri, V.N.; Gueye, S.M.; et al.

Global Patterns of Prostate Cancer Incidence, Aggressiveness, and Mortality in Men of African Descent. Prostate Cancer 2013,
2013, 1–12. [CrossRef]

3. Saranyutanon, S.; Deshmukh, S.K.; Dasgupta, S.; Pai, S.; Singh, S.; Singh, A.P. Cellular and Molecular Progression of Prostate
Cancer: Models for Basic and Preclinical Research. Cancers 2020, 12, 2651. [CrossRef] [PubMed]

4. Rubin, M.A.; Demichelis, F. The Genomics of Prostate Cancer: Emerging understanding with technologic advances. Mod. Pathol.
2018, 31, 1–11. [CrossRef] [PubMed]

5. Wang, G.; Zhao, D.; Spring, D.J.; Depinho, R.A. Genetics and biology of prostate cancer. Genes Dev. 2018, 32, 1105–1140. [CrossRef]
[PubMed]

6. Vlajnic, T.; Bubendorf, L. Molecular pathology of prostate cancer: A practical approach. Pathology 2021, 53, 36–43. [CrossRef]
[PubMed]

7. Bacolod, M.D.; Barany, F.; Pilones, K.; Fisher, P.B.; de Castro, R.J. Pathways- and epigenetic-based assessment of relative immune
infiltration in various types of solid tumors. Adv. Cancer Res. 2019, 142, 107–143. [CrossRef]

8. Estrasner, A.; Ekarin, M. Immune Infiltration and Prostate Cancer. Front. Oncol. 2015, 5, 128. [CrossRef]
9. Paschen, U.; Sturtz, S.; Fleer, D.; Lampert, U.; Skoetz, N.; Dahm, P. Assessment of Prostate-Specific Antigen Screening: An

evidence-based report by the German Institute for Quality and Efficiency in Health Care. BJU Int. 2021. [CrossRef]
10. Catalona, W.J. Prostate Cancer Screening. Med. Clin. N. Am. 2018, 102, 199–214. [CrossRef] [PubMed]
11. Barry, M.J.; Simmons, L. Prevention of Prostate Cancer Morbidity and Mortality. Med. Clin. N. Am. 2017, 101, 787–806. [CrossRef]

[PubMed]
12. Chandrasekar, T.; Yang, J.C.; Gao, A.C.; Evans, C.P. Mechanisms of resistance in castration-resistant prostate cancer (CRPC).

Transl. Androl. Urol. 2015, 4, 365–380. [CrossRef] [PubMed]
13. Csizmarik, A.; Hadaschik, B.; Kramer, G.; Nyirady, P.; Szarvas, T. Mechanisms and markers of resistance to androgen signaling

inhibitors in patients with metastatic castration-resistant prostate cancer. Urol. Oncol. Semin. Orig. Investig. 2021, 39, 728.e13–
728.e24. [CrossRef]

14. Guan, X.; Sun, D.; Lu, E.; Urrutia, J.; Reiter, R.E.; Rettig, M.; Evans, C.P.; Lara, P.; Gleave, M.; Beer, T.M.; et al. Copy Number Loss
of 17q22 Is Associated with Enzalutamide Resistance and Poor Prognosis in Metastatic Castration-Resistant Prostate Cancer. Clin.
Cancer Res. 2020, 26, 4616–4624. [CrossRef] [PubMed]

15. Spratt, D.E.; Shore, N.; Sartor, O.; Rathkopf, D.; Olivier, K. Treating the patient and not just the cancer: Therapeutic burden in
prostate cancer. Prostate Cancer Prostatic Dis. 2021, 24, 647–661. [CrossRef] [PubMed]

16. Logothetis, C.J.; Lin, S.-H. Osteoblasts in prostate cancer metastasis to bone. Nat. Rev. Cancer 2005, 5, 21–28. [CrossRef] [PubMed]
17. Taylor, B.S.; Schultz, N.; Hieronymus, H.; Gopalan, A.; Xiao, Y.; Carver, B.S.; Arora, V.K.; Kaushik, P.; Cerami, E.; Reva, B.; et al.

Integrative Genomic Profiling of Human Prostate Cancer. Cancer Cell 2010, 18, 11–22. [CrossRef] [PubMed]
18. Böttcher, R.; Hoogland, A.M.; Dits, N.; Verhoef, E.; Kweldam, C.; Waranecki, P.; Bangma, C.H.; Van Leenders, G.J.; Jenster, G.

Novel long non-coding RNAs are specific diagnostic and prognostic markers for prostate cancer. Oncotarget 2015, 6, 4036–4050.
[CrossRef] [PubMed]

19. Ghandi, M.; Huang, F.W.; Jané-Valbuena, J.; Kryukov, G.; Lo, C.C.; McDonald, E.R., III; Barretina, J.; Gelfand, E.T.; Bielski, C.M.; Li,
H.; et al. Next-generation characterization of the Cancer Cell Line Encyclopedia. Nature 2019, 569, 503–508. [CrossRef] [PubMed]

20. Dempster, J.M.; Rossen, J.; Kazachkova, M.; Pan, J.; Kugener, G.; Root, D.E.; Tsherniak, A. Extracting Biological Insights from the
Project Achilles Genome-Scale CRISPR Screens in Cancer Cell Lines. bioRxiv 2019, 720243. [CrossRef]

21. Meyers, R.M.; Bryan, J.G.; McFarland, J.M.; Weir, B.A.; Sizemore, A.E.; Xu, H.; Dharia, N.V.; Montgomery, P.G.; Cowley, G.S.;
Pantel, S.; et al. Computational correction of copy number effect improves specificity of CRISPR–Cas9 essentiality screens in
cancer cells. Nat. Genet. 2017, 49, 1779–1784. [CrossRef] [PubMed]

22. Corsello, S.M.; Nagari, R.T.; Spangler, R.D.; Rossen, J.; Kocak, M.; Bryan, J.G.; Humeidi, R.; Peck, D.; Wu, X.; Tang, A.A.; et al.
Non-oncology drugs are a source of previously unappreciated anti-cancer activity. bioRxiv 2019, 730119. [CrossRef]

23. Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.;
Asplund, A.; et al. Proteomics. Tissue-Based Map of the Human Proteome. Science 2015, 347, 1260419. [CrossRef] [PubMed]

24. Bausch-Fluck, D.; Goldmann, U.; Müller, S.; van Oostrum, M.; Müller, M.; Schubert, O.T.; Wollscheid, B. The in silico human
surfaceome. Proc. Natl. Acad. Sci. USA 2018, 115, e10988–e10997. [CrossRef]

25. Meinken, J.; Walker, G.; Cooper, C.R.; Min, X.J. MetazSecKB: The human and animal secretome and subcellular proteome
knowledgebase. Database 2015, 2015, bav077. [CrossRef]

26. The Gene Ontology Consortium. The Gene Ontology resource: Enriching a GOld mine. Nucleic Acids Res. 2021, 49, D325–D334.
[CrossRef] [PubMed]

27. Wishart, D.S.; Feunang, Y.D.; Guo, A.C.; Lo, E.J.; Marcu, A.; Grant, J.R.; Sajed, T.; Johnson, D.; Li, C.; Sayeeda, Z.; et al. DrugBank
5.0: A Major Update to the DrugBank Database for 2018. Nucleic Acids Res. 2018, 46, D1074–D1082. [CrossRef]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1155/2013/560857
http://doi.org/10.3390/cancers12092651
http://www.ncbi.nlm.nih.gov/pubmed/32957478
http://doi.org/10.1038/modpathol.2017.166
http://www.ncbi.nlm.nih.gov/pubmed/29297493
http://doi.org/10.1101/gad.315739.118
http://www.ncbi.nlm.nih.gov/pubmed/30181359
http://doi.org/10.1016/j.pathol.2020.10.003
http://www.ncbi.nlm.nih.gov/pubmed/33234230
http://doi.org/10.1016/bs.acr.2019.01.003
http://doi.org/10.3389/fonc.2015.00128
http://doi.org/10.1111/bju.15444
http://doi.org/10.1016/j.mcna.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29406053
http://doi.org/10.1016/j.mcna.2017.03.009
http://www.ncbi.nlm.nih.gov/pubmed/28577627
http://doi.org/10.3978/j.issn.2223-4683.2015.05.02
http://www.ncbi.nlm.nih.gov/pubmed/26814148
http://doi.org/10.1016/j.urolonc.2021.01.030
http://doi.org/10.1158/1078-0432.CCR-19-2303
http://www.ncbi.nlm.nih.gov/pubmed/32727885
http://doi.org/10.1038/s41391-021-00328-1
http://www.ncbi.nlm.nih.gov/pubmed/33603236
http://doi.org/10.1038/nrc1528
http://www.ncbi.nlm.nih.gov/pubmed/15630412
http://doi.org/10.1016/j.ccr.2010.05.026
http://www.ncbi.nlm.nih.gov/pubmed/20579941
http://doi.org/10.18632/oncotarget.2879
http://www.ncbi.nlm.nih.gov/pubmed/25686826
http://doi.org/10.1038/s41586-019-1186-3
http://www.ncbi.nlm.nih.gov/pubmed/31068700
http://doi.org/10.1101/720243
http://doi.org/10.1038/ng.3984
http://www.ncbi.nlm.nih.gov/pubmed/29083409
http://doi.org/10.1101/730119
http://doi.org/10.1126/science.1260419
http://www.ncbi.nlm.nih.gov/pubmed/25613900
http://doi.org/10.1073/pnas.1808790115
http://doi.org/10.1093/database/bav077
http://doi.org/10.1093/nar/gkaa1113
http://www.ncbi.nlm.nih.gov/pubmed/33290552
http://doi.org/10.1093/nar/gkx1037


Cancers 2021, 13, 5158 18 of 21

28. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef] [PubMed]

29. Jassal, B.; Matthews, L.; Viteri, G.; Gong, C.; Lorente, P.; Fabregat, A.; Sidiropoulos, K.; Cook, J.; Gillespie, M.; Haw, R.; et al. The
reactome pathway knowledgebase. Nucleic Acids Res. 2020, 48, D498–D503. [CrossRef] [PubMed]

30. Liberzon, A.; Birger, C.; Thorvaldsdóttir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures Database (MSigDB)
Hallmark Gene Set Collection. Cell Syst. 2015, 1, 417–425. [CrossRef]

31. Fabregat, A.; Sidiropoulos, K.; Viteri, G.; Forner-Martinez, O.; Marin-Garcia, P.; Arnau, V.; D’Eustachio, P.; Stein, L.; Hermjakob,
H. Reactome pathway analysis: A high-performance in-memory approach. BMC Bioinform. 2017, 18, 1–9. [CrossRef]

32. Fu, Z.; Wen, D. The Emerging Role of Polo-Like Kinase 1 in Epithelial-Mesenchymal Transition and Tumor Metastasis. Cancers
2017, 9, 131. [CrossRef] [PubMed]

33. Shahid, M.; Kim, M.; Lee, M.Y.; Yeon, A.; You, S.; Kim, H.L.; Kim, J. Downregulation of CENPF Remodels Prostate Cancer Cells
and Alters Cellular Metabolism. Proteomics 2019, 19, e1900038. [CrossRef]

34. Luo, F.; Wang, Y.; Lin, D.; Li, J.; Yang, K. Exonuclease 1 expression is associated with clinical progression, metastasis, and survival
prognosis of prostate cancer. J. Cell. Biochem. 2019, 120, 11383–11389. [CrossRef] [PubMed]

35. Song, Z.; Huang, Y.; Zhao, Y.; Ruan, H.; Yang, H.; Cao, Q.; Liu, D.; Zhang, X.; Chen, K. The Identification of Potential Biomarkers
and Biological Pathways in Prostate Cancer. J. Cancer 2019, 10, 1398–1408. [CrossRef] [PubMed]

36. Chen, Y.; Liang, Y.; Yang, J.; Yuan, D.; Li, J.; Zheng, S.; Wan, Y.; Wang, B.; Han, Z.; Zhong, W. Upregulation of Holliday junction
recognition protein predicts poor prognosis and biochemical recurrence in patients with prostate cancer. Oncol. Lett. 2019, 18,
6697–6703. [CrossRef] [PubMed]

37. Su, W.; Han, H.H.; Wang, Y.; Zhang, B.; Zhou, B.; Cheng, Y.; Rumandla, A.; Gurrapu, S.; Chakraborty, G.; Su, J.; et al. The
Polycomb Repressor Complex 1 Drives Double-Negative Prostate Cancer Metastasis by Coordinating Stemness and Immune
Suppression. Cancer Cell 2019, 36, 139–155.e10. [CrossRef]

38. Chakravarthi, B.V.S.K.; Chandrashekar, D.S.; Agarwal, S.; Balasubramanya, S.A.H.; Pathi, S.S.; Goswami, M.T.; Jing, X.; Wang, R.;
Mehra, R.; Asangani, I.A.; et al. miR-34a Regulates Expression of the Stathmin-1 Oncoprotein and Prostate Cancer Progression.
Mol. Cancer Res. 2017, 16, 1125–1137. [CrossRef]

39. Li, Q.; Ye, L.; Guo, W.; Wang, M.; Huang, S.; Peng, X. Overexpression of TACC3 is correlated with tumor aggressiveness and poor
prognosis in prostate cancer. Biochem. Biophys. Res. Commun. 2017, 486, 872–878. [CrossRef] [PubMed]

40. Zhang, B.; Zhang, M.; Li, Q.; Yang, Y.; Shang, Z.; Luo, J. TPX2 mediates prostate cancer epithelial-mesenchymal transition through
CDK1 regulated phosphorylation of ERK/GSK3β/SNAIL pathway. Biochem. Biophys. Res. Commun. 2021, 546, 1–6. [CrossRef]

41. Labbé, D.; Sweeney, C.J.; Brown, M.; Galbo, P.; Rosario, S.; Wadosky, K.; Ku, S.-Y.; Sjöström, M.; Alshalalfa, M.; Erho, N.; et al.
TOP2A and EZH2 Provide Early Detection of an Aggressive Prostate Cancer Subgroup. Clin. Cancer Res. 2017, 23, 7072–7083.
[CrossRef] [PubMed]

42. Wen, M.; Kwon, Y.; Wang, Y.; Mao, J.-H.; Wei, G. Elevated expression of UBE2T exhibits oncogenic properties in human prostate
cancer. Oncotarget 2015, 6, 25226–25239. [CrossRef]

43. Gu, P.; Yang, D.; Zhu, J.; Zhang, M.; He, X. Bioinformatics analysis identified hub genes in prostate cancer tumorigenesis and
metastasis. Math. Biosci. Eng. 2021, 18, 3180–3196. [CrossRef] [PubMed]

44. Liu, K.; Zheng, M.; Lu, R.; Du, J.; Zhao, Q.; Li, Z.; Li, Y.; Zhang, S. The role of CDC25C in cell cycle regulation and clinical cancer
therapy: A systematic review. Cancer Cell Int. 2020, 20, 1–16. [CrossRef] [PubMed]

45. Watanabe, N.; Arai, H.; Nishihara, Y.; Taniguchi, M.; Watanabe, N.; Hunter, T.; Osada, H. M-phase kinases induce phospho-
dependent ubiquitination of somatic Wee1 by SCF -TrCP. Proc. Natl. Acad. Sci. USA 2004, 101, 4419–4424. [CrossRef]

46. Li, R.; Ravizzini, G.C.; Gorin, M.A.; Maurer, T.; Eiber, M.; Cooperberg, M.R.; Alemozzaffar, M.; Tollefson, M.K.; Delacroix, S.E.;
Chapin, B.F. The use of PET/CT in prostate cancer. Prostate Cancer Prostatic Dis. 2017, 21, 4–21. [CrossRef] [PubMed]

47. Edge, R.; Picheca, L. PET Diagnostic Imaging with Prostate-Specific Membrane Antigen for Prostate Cancer: A Review of Clinical Utility,
Cost-Effectiveness, Diagnostic Accuracy, and Guidelines; CADTH Rapid Response Reports; CADTH: Ottawa, ON, USA, 2020.

48. Najy, A.J.; Day, K.C.; Day, M.L. ADAM15 Supports Prostate Cancer Metastasis by Modulating Tumor Cell—Endothelial Cell
Interaction. Cancer Res. 2008, 68, 1092–1099. [CrossRef]

49. Wang, J.; Chong, K.K.; Nakamura, Y.; Nguyen, L.; Huang, S.K.; Kuo, C.; Zhang, W.; Yu, H.; Morton, D.L.; Hoon, D.S. B7-H3
Associated with Tumor Progression and Epigenetic Regulatory Activity in Cutaneous Melanoma. J. Investig. Dermatol. 2013, 133,
2050–2058. [CrossRef] [PubMed]

50. Mourskaia, A.A.; Amir, E.; Dong, Z.; Tiedemann, K.; Cory, S.; Omeroglu, A.; Bertos, N.; Ouellet, V.; Clemons, M.; Scheffer, G.L.;
et al. ABCC5 supports osteoclast formation and promotes breast cancer metastasis to bone. Breast Cancer Res. 2012, 14, R149.
[CrossRef] [PubMed]

51. Silverstein, R.L.; Baird, M.; Lo, S.K.; Yesner, L.M. Sense and antisense cDNA transfection of CD36 (glycoprotein IV) in mela-noma
cells. Role of CD36 as a thrombospondin receptor. J. Biol. Chem. 1992, 267, 16607–16612. [CrossRef]

52. Tse, B.; Volpert, M.; Ratther, E.; Stylianou, N.; Nouri, M.; McGowan, K.; Lehman, M.; McPherson, S.; Roshan-Moniri, M.;
Butler, M.; et al. Neuropilin-1 is upregulated in the adaptive response of prostate tumors to androgen-targeted therapies and is
prognostic of metastatic progression and patient mortality. Oncogene 2017, 36, 3417–3427. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
http://doi.org/10.1093/nar/gkz1031
http://www.ncbi.nlm.nih.gov/pubmed/31691815
http://doi.org/10.1016/j.cels.2015.12.004
http://doi.org/10.1186/s12859-017-1559-2
http://doi.org/10.3390/cancers9100131
http://www.ncbi.nlm.nih.gov/pubmed/28953239
http://doi.org/10.1002/pmic.201900038
http://doi.org/10.1002/jcb.28415
http://www.ncbi.nlm.nih.gov/pubmed/30775798
http://doi.org/10.7150/jca.29571
http://www.ncbi.nlm.nih.gov/pubmed/31031850
http://doi.org/10.3892/ol.2019.11061
http://www.ncbi.nlm.nih.gov/pubmed/31814851
http://doi.org/10.1016/j.ccell.2019.06.009
http://doi.org/10.1158/1541-7786.MCR-17-0230
http://doi.org/10.1016/j.bbrc.2017.03.090
http://www.ncbi.nlm.nih.gov/pubmed/28336437
http://doi.org/10.1016/j.bbrc.2021.01.106
http://doi.org/10.1158/1078-0432.CCR-17-0413
http://www.ncbi.nlm.nih.gov/pubmed/28899973
http://doi.org/10.18632/oncotarget.4712
http://doi.org/10.3934/mbe.2021158
http://www.ncbi.nlm.nih.gov/pubmed/34198380
http://doi.org/10.1186/s12935-020-01304-w
http://www.ncbi.nlm.nih.gov/pubmed/32518522
http://doi.org/10.1073/pnas.0307700101
http://doi.org/10.1038/s41391-017-0007-8
http://www.ncbi.nlm.nih.gov/pubmed/29230009
http://doi.org/10.1158/0008-5472.CAN-07-2432
http://doi.org/10.1038/jid.2013.114
http://www.ncbi.nlm.nih.gov/pubmed/23474948
http://doi.org/10.1186/bcr3361
http://www.ncbi.nlm.nih.gov/pubmed/23174366
http://doi.org/10.1016/S0021-9258(18)42046-7
http://doi.org/10.1038/onc.2016.482
http://www.ncbi.nlm.nih.gov/pubmed/28092670


Cancers 2021, 13, 5158 19 of 21

53. Li, X.; Fan, S.; Pan, X.; Xiaokaiti, Y.; Duan, J.; Shi, Y.; Pan, Y.; Tie, L.; Wang, X.; Li, Y.; et al. Nordihydroguaiaretic acid impairs
prostate cancer cell migration and tumor metastasis by suppressing neuropilin 1. Oncotarget 2016, 7, 86225–86238. [CrossRef]
[PubMed]

54. Gordon, J.A.; Noble, J.W.; Midha, A.; Derakhshan, F.; Wang, G.; Adomat, H.H.; Guns, E.S.T.; Lin, Y.-Y.; Ren, S.; Collins, C.C.; et al.
Upregulation of Scavenger Receptor B1 Is Required for Steroidogenic and Nonsteroidogenic Cholesterol Metabolism in Prostate
Cancer. Cancer Res. 2019, 79, 3320–3331. [CrossRef] [PubMed]

55. Zhao, J.; Zhu, D.; Zhang, X.; Zhang, Y.; Zhou, J.; Dong, M. TMEM206 promotes the malignancy of colorectal cancer cells by
interacting with AKT and extracellular signal-regulated kinase signaling pathways. J. Cell. Physiol. 2019, 234, 10888–10898.
[CrossRef]

56. Barton, R.; Khakbaz, P.; Bera, I.; Klauda, J.B.; Iovine, M.K.; Berger, B.W. Interplay of Specific Trans- and Juxtamembrane Interfaces
in Plexin A3 Dimerization and Signal Transduction. Biochemistry 2016, 55, 4928–4938. [CrossRef] [PubMed]

57. Barderas, R.; Mendes, M.; Torres, S.; Bartolome, R.A.; López-Lucendo, M.; Villar-Vázquez, R.; Peláez-García, A.; Fuente, E.;
Bonilla, F.; Casal, J.I. In-depth Characterization of the Secretome of Colorectal Cancer Metastatic Cells Identifies Key Proteins in
Cell Adhesion, Migration, and Invasion. Mol. Cell. Proteom. 2013, 12, 1602–1620. [CrossRef]

58. Feng, Y.-H.; Chen, W.-Y.; Kuo, Y.-H.; Tung, C.-L.; Tsao, C.-J.; Shiau, A.-L.; Wu, C.-L. Elovl6 is a poor prognostic predictor in breast
cancer. Oncol. Lett. 2016, 12, 207–212. [CrossRef] [PubMed]

59. Ruan, B.; Feng, X.; Chen, X.; Dong, Z.; Wang, Q.; Xu, K.; Tian, J.; Liu, J.; Chen, Z.; Shi, W.; et al. Identification of a Set of Genes
Improving Survival Prediction in Kidney Renal Clear Cell Carcinoma through Integrative Reanalysis of Transcriptomic Data. Dis.
Markers 2020, 2020, 1–20. [CrossRef] [PubMed]

60. Nourigat, C.; Badger, C.C.; Bernstein, I.D. Treatment of Lymphoma with Radiolabeled Antibody: Elimination of Tumor Cells
Lacking Target Antigen. J. Natl. Cancer Inst. 1990, 82, 47–50. [CrossRef]

61. Demirci, H.; Reed, D.; Elner, V. Tissue-Based Microarray Expression of Genes Predictive of Metastasis in Uveal Melanoma and
Differentially Expressed in Metastatic Uveal Melanoma. J. Ophthalmic Vis. Res. 2013, 8, 303–307. [PubMed]

62. Balázs, K.; Antal, L.; Sáfrány, G.; Lumniczky, K. Blood-Derived Biomarkers of Diagnosis, Prognosis and Therapy Response in
Prostate Cancer Patients. J. Pers. Med. 2021, 11, 296. [CrossRef]

63. Hendriks, R.J.; Van Oort, I.M.; Schalken, A.J. Blood-based and urinary prostate cancer biomarkers: A review and comparison of
novel biomarkers for detection and treatment decisions. Prostate Cancer Prostatic Dis. 2017, 20, 12–19. [CrossRef] [PubMed]

64. Podgórska, M.; Diakowska, D.; Pietraszek-Gremplewicz, K.; Nienartowicz, M.; Nowak, D.; Gremplewicz, P. Evaluation of Apelin
and Apelin Receptor Level in the Primary Tumor and Serum of Colorectal Cancer Patients. J. Clin. Med. 2019, 8, 1513. [CrossRef]
[PubMed]

65. Munakata, S.; Ueyama, T.; Ishihara, H.; Komiyama, H.; Tsukamoto, R.; Kawai, M.; Takahashi, M.; Kojima, Y.; Tomiki, Y.; Sakamoto,
K. Angiopoietin-2 as a Prognostic Factor in Patients with Incurable Stage IV Colorectal Cancer. J. Gastrointest. Cancer 2021, 52,
237–242. [CrossRef] [PubMed]

66. Xu, Y.; Zhang, Y.; Wang, Z.; Chen, N.; Zhou, J.; Liu, L. The role of serum angiopoietin-2 levels in progression and prognosis of
lung cancer. Medicine 2017, 96, e8063. [CrossRef]
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