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Abstract 

Background Prostate cancer is one of the most frequently diagnosed cancers in men. Prostate tumor staging 
and disease aggressiveness are evaluated based on the Gleason scoring system, which is further used to direct 
clinical intervention. The Gleason scoring system provides an estimate of tumor aggressiveness through quantita‑
tion of the serum level of prostate specific antigen (PSA) and histologic assessment of Grade Group, determined 
by the Gleason Grade of the tumor specimen.

Methods To improve our understanding of the proteomic characteristics differentiating low‑ versus high‑grade pros‑
tate cancer tumors, we performed a deep proteomic characterization of laser microdissected epithelial and stromal 
subpopulations from surgically resected tissue specimens from patients with Gleason 6 (n = 23 specimens from n = 15 
patients) and Gleason 9 (n = 15 specimens from n = 15 patients) prostate cancer via quantitative high‑resolution liquid 
chromatography‑tandem mass spectrometry analysis.

Results In total, 789 and 295 grade‑specific significantly altered proteins were quantified in the tumor epithelium 
and tumor‑involved stroma, respectively. Benign epithelial and stromal populations were not inherently differ‑
ent between Gleason 6 versus Gleason 9 specimens. Notably, 598 proteins were exclusively significantly altered 
between Gleason 9 (but not Gleason 6) tumor‑involved stroma and benign stroma, including several proteins 
involved in cholesterol biosynthesis and nucleotide metabolism.

Conclusions Proteomic alterations between Gleason 6 versus Gleason 9 were exclusive to the disease microenviron‑
ment, observed in both the tumor epithelium and tumor‑involved stroma. Further, the molecular alterations meas‑
ured in the tumor‑involved stroma from Gleason 9 cases relative to the benign stroma have unique significance in dis‑
ease aggressiveness, development, and/or progression. Our data provide supportive evidence of a need for further 
investigations into targeting stromal reservoirs of cholesterol and/or deoxynucleoside triphosphates in PCa tumors 
and further highlight the necessity for independent examination of the TME epithelial and stromal compartments.

Keywords Prostate cancer, Proteomics, Laser microdissection, Tumor microenvironment

Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution‑NonCommercial‑NoDerivatives 4.0 
International License, which permits any non‑commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by‑ nc‑ nd/4. 0/.

Clinical Proteomics

*Correspondence:
Thomas P. Conrads
thomas.conrads@inova.org
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12014-025-09534-8&domain=pdf


Page 2 of 12Hunt et al. Clinical Proteomics           (2025) 22:14 

Background
Prostate cancer (PCa) is one of the most common cancers 
diagnosed in men, with 313,780 new cases and 35,770 
deaths predicted to occur in the United States in 2025 [1]. 
Staging of PCa employing the American Joint Commis-
sion on Cancer TNM system depends on a description 
of tumor extent (TNM) and Gleason Grade Group (GG), 
and serum prostate specific antigen (PSA) quantitation 
[2, 3]. Assignment to a GG is determined by assessment 
of the extent of histologic abnormality of the two most 
dominant morphologies in the cancer specimen, with 
Gleason scores consisting of two individual scores [3] 
which are then summed to assign the GG. Tumors in GG 
1 have low malignant potential and do not require imme-
diate therapeutic intervention [2], whereas tumors in GG 
5 have a high propensity for progression and spread.

Several previous studies have examined the prote-
ogenomic differences between cellular subpopulations 
isolated from low- versus high-grade PCa tumors [4–8]. 
Prostatic stromal contributions toward malignant trans-
formation and disease aggressiveness are widely appreci-
ated, thus recent proposals have recommended grading 
the “reactive stroma” in addition to the classical Glea-
son scoring of the tumor epithelial component [9–11]. 
A marked phenotypic alteration in the tumor microen-
vironment (TME) occurs in which the normal prostatic 
stroma is predominated by smooth muscle cells with low 
abundances of fibroblasts, vascular cells, nerve cells, and 
infiltrating immune populations [12], whereas the tumor-
transformed PCa stroma contains a high proportion of 
fibroblasts, extensive extracellular matrix remodeling, 
and an immunologically “cold” phenotype [7, 13].

To characterize proteomic drivers of aggressive PCa, 
we performed a deep proteomic characterization of laser 
microdissection (LMD) enriched epithelial and stromal 
subpopulations from low (Gleason 6) and high (Gleason 
9) grade PCa tissue specimens using quantitative high-
resolution liquid chromatography-tandem mass spec-
trometry (LC–MS/MS) analysis.

Methods
Tissue specimens
Surgically resected formalin-fixed paraffin-embedded 
(FFPE) tumor specimens (n = 38) were obtained from 
patients with PCa (n = 30) who underwent radical pros-
tatectomy. An up-to-date evaluation of representative 
hematoxylin and eosin (H&E) stained sections from 
each specimen was performed using current Interna-
tional Society of Urological Pathology (ISUP) guide-
lines by a board-certified pathologist. Specific Gleason 6 
or 9 regions of interest were annotated to inform LMD 
enrichment. All specimens were acinar adenocarcino-
mas; no foamy cell variants were included. All Gleason 

6 specimens were scored as 3 + 3 = 6 (n = 23 specimens 
from n = 15 patients; 1–2 specimens/patient). All Glea-
son 9 specimens (n = 15 specimens from n = 15 patients) 
were scored as 4 + 5 = 9, with one exception (patient 
J4255, Gleason 5 + 4 = 9). Serial consecutive tissue thin 
Sects.  (8  µm) were placed onto polyethylene napthalate 
(PEN) membrane slides (Leica Microsystems, Wetzlar, 
Germany) and H&E-stained prior to LMD.

Laser microdissection
Glandular tumor epithelium with associated intralumi-
nal proteomic secretions (LMD enriched tumor; ET) 
was enriched using the LMD7 (Leica Microsystems). 
For the Gleason 9 tissue specimens, regions of Gleason 
4 and Gleason 5 were collectively harvested into the sam-
ple collection tube for analysis. Areas containing high 
immune infiltration, necrosis, or blood were avoided. 
Benign epithelium (BE) was harvested when sufficiently 
present. Stroma surrounding the tumor and benign epi-
thelium (tumor-involved stroma (ES) and benign stroma 
(BS), respectively) were additionally harvested when suf-
ficiently present. Pre- and post-LMD micrographs were 
imaged using the Aperio ScanScope XT slide scanner 
(Leica Microsystems).

Liquid chromatography‑tandem mass spectrometry
LMD-harvested samples were digested, quantitated, 
and labeled (10  µg peptide digest/sample) using iso-
baric tandem mass tags (TMT11, Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA), as previously described 
[14]. Two sets of TMT multiplexes were generated con-
taining either the epithelial (ET and BE) samples (n = 6 
multiplexes) or stromal (ES and BS) samples (n = 7 mul-
tiplexes). The multiplexes were fractionated by basic 
reversed-phase liquid chromatography (bRPLC), pooled 
into 24 concatenated fractions, and resuspended in 
25  mM ammonium bicarbonate. Approximately 1.5  µg 
from each resuspended pooled fraction was analyzed by 
LC–MS/MS employing a nanoflow LC system (EASY-
nLC 1200, Thermo Fisher Scientific, Inc.) coupled 
online with either an Orbitrap Fusion Lumos Tribrid MS 
(Thermo Fisher Scientific, Inc.) for the epithelial sample 
set, or a Q Exactive HF-X Orbitrap MS (Thermo Fisher 
Scientific, Inc.) for the stromal sample set, as previously 
described [15]. Protein-level roll-up was performed as 
previously described [14].

Bioinformatic and statistical analyses
Unsupervised hierarchical clustering was performed 
using 100 proteins with the highest median absolute 
deviation (MAD) across all samples and clustered 
using pheatmap (version 1.0.12) in R (version 4.3.2) 
using a “correlation” distance metric and “ward.D” 
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clustering. Differential analyses were performed 
using limma (version 3.58.1 [16]) in R. Proteins pass-
ing a limma adjusted (adj.) p < 0.05 were prioritized 
for downstream comparative and pathway analyses. 
Functional pathway annotation was performed using 
Ingenuity Pathway Analysis (IPA, Qiagen Sciences, 
LLC, Germantown, MD, USA). Specifically, analyses of 
alterations in ET versus BE were performed using the 
IPA “Spring release 2021”. Analyses of alterations in ES 
versus BS was performed using IPA “Winter release 
2023”. Known or putative drug targets were cross-ref-
erenced against a list of 150 FDA-approved anticancer 
drugs reported by Sun et  al. [17]. Spearman correla-
tions were calculated co-altered proteins in each of 
the following datasets: our Gleason 6 versus 9 ET and 
Staunton et  al. Table  S1.3 [4], our Gleason 6 versus 9 
ES and Staunton et  al. Table  S1.4 [4], our Gleason 6 
versus 9 ES and Tyekucheva et al. Table 2 [5], our Glea-
son 6 ET versus BE and Sun et  al. Table  S2A [8], and 
our Gleason 9 ET versus BE and Sun et al. Table S2A 
[8]. Immune cell type deconvolution was performed 
using xCell [18] and ProteoMixture [19]. Fold-change 
values of differentially enriched xCell signature types 
in Gleason 6 versus Gleason 9 samples were calculated 
using Welch’s two sample t-test.

Results
LMD enriched TME subpopulations exhibit Gleason 
score‑specific molecular profiles
Surgically-resected formalin-fixed paraffin-embedded 
(FFPE) prostate tissue specimens from patients with 
high (Gleason 9; n = 15 specimens from n = 15 patients) 
or low-grade (Gleason 3 + 3 = 6; n = 23 specimens from 
n = 15 patients) PCa were serially sectioned to support 
LMD enrichment of tumor epithelium (ET; n = 34 unique 
LMD samples), benign epithelium (BE; n = 21), tumor-
involved stroma (ES; n = 28), and benign stroma (BS; 
n = 34) for LC–MS/MS analysis (Fig.  1, Supplemental 
Table 1). A total of 8,010 and 6,326 proteins were meas-
ured in the epithelial and stromal multiplexes, respec-
tively, from which 6,818 (Supplemental Table  2) and 
4,685 (Supplemental Table 3) proteins were co-quantified 
across all epithelial or stromal samples.

Unsupervised hierarchical cluster analysis revealed 
independent clustering of ET within both Gleason 6 
and Gleason 9 specimens from BE, with one excep-
tion (Fig.  2A). Stromal sample (ES and BS) clustering 
was broadly driven by tumor-involvement, though less 
stringently (Fig.  2B). Differential analyses (limma adj. 
p < 0.05) of LMD enriched populations from Gleason 6 
versus Gleason 9 specimens (Fig. 3A) identified 789 and 
1,244 significantly altered proteins in ET (Supplemen-
tal Table 4) and ES (Supplemental Table 5), respectively. 

Fig. 1 Workflow diagram. Pre‑ and post‑LMD images of representative Gleason 6 (J4256_461858; top) and Gleason 9 (J4255_461843; bottom) 
specimens
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Only two significantly altered proteins (PDZ and 
LIM domain protein 1 (PDLIM1) and polypeptide 
N-acetylgalactosaminyltransferase 12 (GALNT12)) 
were measured in the BE from Gleason 6 versus Glea-
son 9 samples. No significantly altered proteins were 

measured in the BS of Gleason 6 versus Gleason 9 
samples.

The tumor-related specificity of proteomic alterations 
was examined by comparing tumor-involved versus 
benign subpopulations enriched from epithelium and 

Fig. 2 Unsupervised heatmaps using the most variably abundant proteins (top 100 MAD) in the A epithelial (ET and BE) and B stromal (ES and BS) 
samples
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Fig. 3 Differential analyses (limma adj. p < 0.05) of LMD enriched sample populations from PCa tissue specimens. A Pairwise limma analyses 
of proteomic abundances from LMD enriched samples. B The top five (by z‑score) IPA canonical pathways and FDA‑approved drug targets 
identified using differentially abundant proteins between Gleason 6 BE versus Gleason 6 ET, and from Gleason 9 BE versus Gleason 9 ET. C The top 
five IPA canonical pathways and FDA‑approved drug targets identified using differentially abundant proteins between Gleason 6 ES versus Gleason 
6 BS, and from Gleason 9 ES versus Gleason 9 BS. Pairwise differential analyses used for the (B) epithelial and (C) stromal comparative analyses are 
colored red in the upset plot (A)
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stroma. A total of 1,558 and 1,015 significantly altered 
proteins (Fig. 3A) were measured in the ET versus BE of 
Gleason 6 (Supplemental Table  6) and Gleason 9 (Sup-
plemental Table  7) samples, respectively. No significant 
alterations were measured between Gleason 6 ES versus 
BS, while 1,332 significantly altered proteins were meas-
ured in Gleason 9 ES versus BS (Supplemental Table 8).

Comparative analysis revealed 903 and 360 proteins 
which were significantly altered in ET versus BE exclu-
sively in Gleason 6 or Gleason 9 samples, respectively, 
while 655 proteins were co-altered between ET and BE 
in both grades. Pathway analysis identified the greatest 
enrichment in RhoGDI signaling, apoptosis signaling, 
PPAR signaling, and necroptosis signaling in Gleason 
9 ET relative to Gleason 9 BE (Fig.  3B, Supplemental 
Table  9). Comparatively, GP6 signaling, tRNA charging, 
oxidative phosphorylation, intrinsic prothrombin activa-
tion, and leucine degradation were enriched in Gleason 
6 ET relative to Gleason 6 BE. Pathways elevated in both 
the Gleason 6 and Gleason 9 ET (relative to their respec-
tive BE) included RhoGDI signaling, salvage pathways of 
pyrimidine ribonucleotides, cardiac β-adrenergic signal-
ing, and sirtuin signaling.

Gleason 9 ET (relative to Gleason 9 BE) had elevated 
abundance of proteins representing FDA-approved 
therapeutic targets [17] (either directly or indirectly 
through cytotoxic activity) of azacitidine, daunorubicin 
hydrochloride, decitabine, etoposide, gemcitabine, and 
hydroxyurea (Fig. 3B, Supplemental Table 10). Gleason 6 
ET (relative to Gleason 6 BE) had elevated abundance of 
FDA-approved targets of bortezomib, carfilzomib, pazo-
panib hydrochloride, pemetrexed disodium, regorafenib, 
sorafenib tosylate, and sunitinib malate. TUBB, targeted 
by vincristine sulfate, vinblastine sulfate, and vinorelbine 
tartrate, was commonly elevated in the ET of both Glea-
son 9 and 6 samples (Fig. 3B, Supplemental Table 10).

Tumor‑involved stroma from Gleason 9 specimens 
has unique significance in disease development and/
or progression
While substantial grade-specific epithelial alterations 
existed, 1332 significantly altered proteins between ES 
and BS were unique to Gleason 9 (and not altered in 
Gleason 6) (Fig. 3A, C). The most enriched pathways in 
Gleason 9 ES relative to BS included processing of capped 
intron-containing pre-mRNA, neutrophil degranulation, 
major pathway of rRNA processing in the nucleolus and 
cytosol, eukaryotic translation initiation, and nonsense-
mediated decay (NMD) (Fig. 3C, Supplemental Table 9). 
The most enriched pathways unique to the Gleason 9 
BS included coronavirus pathogenesis (largely through 
quantification of COPI coatomer complex proteins 
involved in intracellular retrograde transport from the 

Golgi apparatus to the endoplasmic reticulum), ROBO 
SLIT signaling, sumoylation pathway, Huntington’s dis-
ease signaling, and PPARα/RXRα activation. Proteins tar-
geted directly and/or indirectly by azacitidine, decitabine, 
omacetaxine mepesuccinate, gemcitabine, and hydroxyu-
rea were uniquely enriched in the Gleason 9 ES, but not 
enriched in Gleason 6 ES or the BS from either grade 
(Fig. 3C, Supplemental Table 10).

Given the known significance of cholesterol biosyn-
thesis in PCa disease [7], we examined the abundance 
of cholesterol pathway-related proteins in our LMD 
enriched samples and identified several were enriched 
in Gleason 9 ES relative to BS (Fig.  4A, Supplemental 
Table 9). Comparatively, in the epithelial compartments, 
cholesterol biosynthetic pathways were elevated in the 
BE of both Gleason 9 and Gleason 6 cases relative to their 
respective ET.

Several pathways relating to pyramidine and purine de 
novo biosynthesis were enriched in Gleason 9 ES rela-
tive to BS, while only the salvage pathway of pyramidine 
ribonucleotides (and no pathways involved in de novo 
synthesis) was enriched in Gleason 9 ET relative to BE 
(Fig. 4B, Supplemental Table 9). Comparatively, pathways 
relating to nucleotide metabolism and/or salvage were 
enriched in Gleason 6 ET relative to BE.

Correlation of molecular alterations in LMD enriched 
samples and historical study precedents
Proteomic alterations observed in our datasets corre-
lated positively with study precedents [4, 5] investigat-
ing proteomic and/or transcriptomic signatures of LMD 
enriched cellular subpopulations (Supplemental Fig.  1). 
Proteins significantly co-altered in our samples and simi-
lar analyses of LMD enriched PCa tissue specimens by 
Staunton et  al. [4] were strongly positively correlated 
(Spearman ρ = 0.724, p < 0.001) when comparing Gleason 
6 ET versus Gleason 9 ET. Comparison of Gleason 6 ver-
sus Gleason 9 ES in our dataset against the Staunton [4] 
dataset showed positive correlation (Spearman ρ = 0.285, 
p = 0.015), while a similar comparison using data by 
Tyekucheva et  al. [5] was negatively correlated (Spear-
man ρ = −  0.586, p = 0.015), likely owing to fewer co-
quantified protein-transcript pairs. Alterations between 
ET and BE were strongly correlated with those in Sun 
et  al. [8] for Gleason 9 specimens (Spearman ρ = 0.874, 
p < 0.001), but not correlated for Gleason 6 (Spearman 
ρ = 0.005, p = 0.993), suggesting that their PPS1/PPS2 sig-
natures only performed well in our high-grade specimens 
after LMD enrichment of tumor epithelium.

Immune infiltration differences in TME subpopulations
Immune infiltration into prostate tumors primarily 
involves quiescent immune populations which do not 
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Fig. 4 Boxplots depicting enrichment of IPA canonical pathways relating to A cholesterol biosynthesis and B nucleotide metabolism. The plots 
represent the differential analysis  log2‑transformed FC values for each pathway‑related protein in the notated subsets from comparative analysis. 
The highlighted number above each box‑and‑whisker plot represents the IPA z‑score for pathway activation. Positive z‑scores are enriched 
in the first LMD cell type comparator (i.e. ET or ES). Negative z‑scores are enriched in the second LMD cell type comparator (i.e. BE or BS). Analysis 
was performed using proteins passing limma adj. p < 0.05 and selected IPA pathways passing p < 0.05
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become activated, with the exception of tumor-promot-
ing M2 macrophages, activated mast cells, and neutro-
phils, and occurs in a Gleason score-dependent manner 
[20]. We therefore examined the performance of tran-
script-derived xCell [18] and protein-derived Proteo-
Mixture [19] signatures for characterizing the immune 
infiltration in our LMD enriched samples (Fig. 5). Of the 
10,808 xCell signature genes, 4,992 (46.2%) and 3,628 
(33.6%) were measured at the proteomic level in the LMD 
enriched epithelial and stromal samples, respectively. 
A total of 25 unique xCell signatures had grade-specific 
alterations (p < 0.05) in at least one sample type. In con-
cordance with prior studies, most differentially abundant 
immune populations were elevated in LMD enriched 
collections from Gleason 6 tissues relative to Glea-
son 9. CD8 + naïve T cells, Th2 cells, endothelial cells, 
and microvascular endothelial cells were significantly 
elevated in the Gleason 9 ET. Th1 cells, class-switched 
memory B cells, and CD4 + memory T cells were elevated 
in the Gleason 9 ES. Proportionally higher coverage of 
the ProteoMixture immune signature was achieved with 
242/268 (90.3%) and 210/268 (78.4%) signature proteins 
quantified in the epithelial and stromal samples, respec-
tively. The median ProteoMixture immune scores in the 
epithelial and stromal samples were 367 (range = -207 
to 1,192) and 213 (range = -314 to 1,321), respectively, 
representing overall low levels of immune cell infiltrate 
within the LMD enriched samples.

Tumor epithelial expression of proteins relating to steroid 
hormone pathways
Androgen deprivation therapy (ADT) is the primary 
treatment for patients with advanced PCa [21], targeting 
the aberrant activation of androgen signaling and related 
steroid hormone metabolic pathways which contribute 
to the dysregulated proliferation of the tumor [22]. Given 
the importance of androgen signaling in PCa pathogen-
esis, we performed a focused analysis of proteins relating 
to androgen receptor (AR) signaling, androgen metabo-
lism and biosynthesis, and CYP450 family proteins [22–
24]. AR, TMPRSS2, MTOR, RPS6KB1, EIF4E, EIF4EBP1, 
and TSC2 were quantified in ET from Gleason 6 and 9 
specimens (Supplemental Table  2), though their abun-
dances were not grade-specific (all p > 0.05). SRD5A2 
was significantly enriched in the ES from Gleason 6 
specimens relative to Gleason 9 (limma adj. p < 0.05; Sup-
plemental Table  5). Loss of CYP27A1 in PCa leads to 
dysregulated cholesterol homeostasis and correlates with 
shorter disease-free survival and higher Gleason score 
[25]. Concordantly, significantly lower CYP27A1 abun-
dance was measured in Gleason 9 ET relative to Gleason 
6 ET (limma adj. p < 0.05; Supplemental Table 4).

Discussion
This study represents a deep proteomic characterization 
of enriched epithelial and stromal subpopulations from 
the TME of high- and low-grade PCa tumors. Proteome 
alterations in our LMD enriched samples correlated 
positively with previous studies [4, 5, 7]. Benign cellular 
subpopulations (BE and BS) did not exhibit significant 
alterations between Gleason 6 versus 9 samples; instead, 
the grade-specific differences between Gleason 6 versus 9 
tumors were exclusive to the TME (ET and ES).

Differential analysis revealed 1,332 proteins exclusively 
altered between Gleason 9 ES and BS, and not Gleason 
6 ES and BS, suggesting that ES from Gleason 9 tumors 
uniquely contributes to disease development, progres-
sion, and/or aggressiveness. Grade-specific stromal 
enrichment of genes relating to cholesterol homeostasis 
in PCa tumors was previously measured at the transcript-
level [7]. We similarly demonstrate protein-level stromal 
enrichment of cholesterol biosynthesis from Gleason 
9 specimens. Statin use in PCa patients correlates with 
reduced mortality, Gleason grade, and/or prolonged time 
to progression [26–30], though some evidence suggests 
that the benefit of statins may be specific to PCa patients 
receiving ADT [31, 32], likely owing to the role of choles-
terol as a precursor for steroid hormone synthesis.

Several mechanisms describing how cholesterol con-
tributes to PCa disease have been proposed [33–36]. 
One model demonstrated that the import of extracel-
lular cholesterol into the cytoplasm via low density 
lipoprotein receptor (LDLR) [33] and further influx of 
cytoplasmic cholesterol into the nucleus correlates with 
increased cyclin E expression (34) and tumor cell prolif-
eration [35]. The high bioavailability of cholesterol syn-
thesized in the Gleason 9 stroma may therefore represent 
a stimulus for PCa tumor cell division. As cholesterol 
becomes imported from the stroma, tumor cell cyclin E 
levels increase [34] causing entry into the S-phase of the 
cell cycle [36]. Collectively, our data provide supportive 
evidence of a need for further investigations into concur-
rent clinical administration of ADT and statins in PCa 
patients for reducing stromal cholesterol pools, with 
independent proteomic analysis of the TME epithelial 
and stromal compartments.

Several pathways relating to de novo biosynthesis of 
nucleotides (an energy-intensive process) were exclu-
sively enriched in Gleason 6 ET relative to Gleason 6 
BE, while not also enriched in Gleason 9 ET relative to 
Gleason 9 BE. Comparatively, de novo synthetic path-
ways were instead enriched in Gleason 9 ES relative to 
BS. Only pyrimidine ribonucleotide salvage pathways, 
which are more energy-efficient, were enriched in Glea-
son 9 ET. The salvage pathway was not exclusive to the 
Gleason 9 ET as it was further identified using additional 
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subsets of pathway-related proteins in the ET and/or 
ES of Gleason 6 and Gleason 9 cases, likely indicating 
that all TME subpopulations rely to some degree on the 

availability and conversion of endogenous salvaged bases 
from natural nucleic acid turnover and/or dietary sup-
plementation. Collectively, these data suggest that the 

Fig. 5 Characterization of immune cell signatures in LMD enriched PCa samples. A xCell [18] immune cell types significantly differing (Welch’s two 
sample t‑test p < 0.05) in TME cellular subpopulations from Gleason 6 versus Gleason 9 specimens. FC = fold change. % Coverage = the percentage 
of marker genes in the xCell cell type signature which were measured at the proteomic level in LMD enriched samples. B ProteoMixture immune 
scores of LMD enriched epithelial (top) and stromal (bottom) samples
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Gleason 9 tumor cells may rely on the salvage of stromal 
deoxynucleoside triphosphate (dNTP) reservoirs to meet 
replication requirements [37]. Nucleotide deficiency con-
tributes to replication stress and DNA damage [38–42], 
which are patho-genomic characteristics of advanced 
PCa. Degradation of pyrimidines promotes epithelial-to-
mesenchymal transition (EMT) [43, 44]. Spindle-shaped 
mesenchymal tumor cells are a morphological charac-
teristic of advanced PCa [45]. The FDA-approved direct 
and/or indirect targets [17] of gemcitabine, decitabine, 
and azacytidine (which interfere with the incorporation 
of nucleotides into DNA [46, 47]) were enriched in both 
Gleason 9 ET and ES. Future studies should examine the 
clinical efficacy of drugs targeting stromal dNTP reser-
voirs as well as nucleotide salvage pathway mediators in 
the tumor cells [48], with additional considerations when 
examining the combinatorial use of chemotherapy and 
immunotherapy in PCa. Interestingly, alterations in DNA 
metabolism are correlated with clinical response to neo-
adjuvant chemotherapy (NACT) in HGSOC patients; 
as patients who were excellent responders had higher 
enrichment of proteins relating to DNA metabolism [14], 
including elevation of several of the relevant pathway-
related proteins quantified here.

ADT remains the primary treatment for patients with 
advanced PCa [21]. While several proteins involved in 
androgen metabolism and/or biosynthesis were quan-
tified in the ET of both Gleason 6 and Gleason 9, their 
abundances were not grade-specific. The enrichment of 
CD8 + naïve T cell and Th2 cell signatures in Gleason 9 
ET, and CD4 + memory T cell and Th1 cell signatures in 
Gleason 9 ES support a positive role for T cell-promot-
ing immunotherapies, in agreement with previous clini-
cal trials. Three FDA-approved immunotherapy options 
are available for qualifying patients with advanced stage 
PCa. Sipuleucel-T is an autologous vaccine which targets 
prostatic acid phosphatase and promotes activation of 
antigen presenting cells and CD8 + T cells [49, 50]. Pem-
brolizumab and dostarlimab are monoclonal antibodies 
for immune checkpoint inhibition and improve T cell 
activation [51, 52].

Conclusions
Collectively, we demonstrate grade-specific alterations 
in both the epithelial and stromal compartments of PCa 
tumors, with many exclusive alterations in Gleason 9 
ES. While some of these observations have been previ-
ously described in  vitro or at the transcript-level, the 
quantification of grade-specific protein-level alterations 
in distinct cellular compartments of the TME highlights 
the necessity for upfront sample processing and LMD 
enrichment, as disease-relevant PCa contributors are 
present in both tumor epithelium and stroma.
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cation of malignant tumors
TMT  Tandem mass tag
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