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Abstract

Multiparametric magnetic resonance imaging (mpMRI) has transformed management of localized 

prostate cancer by improving identification of clinically significant disease at diagnosis. 

Approximately 20% of primary prostate tumours are invisible to mpMRI, and we hypothesize 

that this invisibility reflects fundamental molecular properties of the tumour. We therefore profiled 

the genomes and transcriptomes of 40 ISUP Grade 2 tumors: 20 mpMRI invisible (PI-RADSv2 < 

3) and 20 mpMRI visible (PI-RADSv2 5). mpMRI visible tumours were enriched for hallmarks 
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of nimbosus, an aggressive pathological, molecular and microenvironmental phenomenon 

in prostate cancer. These hallmarks included more genomes with more somatic mutations, 

increased prevalence of IDC/CA pathology and altered abundance of 102 transcripts, including 

overexpression of non-coding RNAs like SCHLAP1. Multiple snoRNAs were identified, and a 

snoRNA signature synergized with nimbosus hallmarks to discriminate visible from invisible 

tumours. These data suggest a confluence of aggressive molecular and microenvironmental 

phenomena underlie mpMRI visibility of localized prostate cancer.

Patient summary

We examined the correlation of tumor biology and MRI visibility in a group of patients with 

low-intermediate risk prostate cancer. We found that MRI findings are associated with biological 

features of aggressive prostate cancer.
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Improved clinical risk-stratification remains a pressing concern for localized prostate 

cancer, with current treatment guidelines leading to both over- and under-treatment for 

many patients. One promising solution to this challenge is mpMRI diffusion-weighted 

imaging with dynamic contrast enhancement. High Prostate Imaging Reporting and Data 

System version 2 (PI-RADSv2) provides international standardized guidelines for scoring 

images on a five-point scale reflecting the likelihood of clinically significant disease, i.e. 
PI-RADSv2 1 and 5 represent very low and very high likelihood of disease, respectively1. 

PI-RADSv2 scores accurately predict clinically significant disease2,3. Despite many tumours 

being invisible to mpMRI, insight into the molecular hallmarks of mpMRI visibility is 

sparse. The presence of mpMRI visible ISUP grade 1 tumors and mpMRI invisible ISUP 

grade 5 tumors suggests functional differences between otherwise histologically-similar 

tumours. We therefore hypothesized that mpMRI visibility of individual tumors is driven by 

specific genomic features, with high PI-RADSv2 tumors preferentially harboring molecular 

hallmarks of aggressiveness4.

We therefore profiled the transcriptomic and copy number profile of 40 clinically 

significant invisible and visible tumors, all with ISUP Grade 2 disease and treated by 

radical prostatectomy. Each had a pre-surgical mpMRI and final pathology revealing a 

solitary ISUP Grade 2 lesion larger than 1.5 cm. Twenty tumors were mpMRI invisible 

(PI-RADSv2: 1–2) and 20 tumors were mpMRI visible (PI-RADsv2: 5; Figure 1A; 

Supplementary Table 1). To avoid confounding by zonal origin, tumours of peripheral (PZ) 

and transition (TZ) zones were equally represented in both groups (12 PZ and 8 TZ in per 

group; Table 1; Supplementary Table 1). Prostate and tumor volume were weakly correlated 

within the two visibility states (ρ=0.35 & 0.54 for invisible and visible, respectively; 

Supplementary Figure 1). Indeed, clinical characteristics alone could not predict tumour 

visibility (AUC=0.60, 95% CI: 0.41–0.80; Supplementary Figure 1). The groups did not 

differ in tumor cellularity (P=0.5; Mann Whitney test; Supplementary Table 1). As expected, 

the percentage of Grade 4 architecture in mpMRI visible tumours was larger than that 
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of mpMRI invisible ones (P < 0.001; Mann Whitney test; Table 1; Supplementary Table 

1). This is consistent with literature demonstrating that MRI visibility correlates with, but 

does not explain, Gleason Score5,6. Retrospective blinded review identified five patients 

with PI-RADSv2 3 lesions and one with a PI-RADSv2 4 lesion (Supplementary Table 1), 

reported inter-observer variability (κ = 0.42–0.63) for PI-RADSv27,8. No mpMRI invisible 

tumors were re-graded as PI-RADSv2 5.

To identify molecular hallmarks of mpMRI visibility, copy number aberrations (CNAs) 

and mRNA abundance were profiled for each tumor; these recapitulated known subtypes 

(Supplementary Figure 2). RNA and CNA profiling was highly concordant with 69% of 

recurrently deleted genes showing decreased mRNA abundance (Supplementary Figure 3). 

Our sample size provided power to detect differential abundance between visibility states of 

11,604 genes (power > 0.80 at |log2FC| ≥ 1; Supplementary Figure 3). Univariate analysis 

identified 102 transcripts differentially abundant between visible vs invisible tumors, with 

61% more abundant in visible tumors (FDR < 0.05; Figure 1B; Supplementary Table 

2). Next, we investigated if these differentially abundant transcripts were enriched in a 

particular pathway and determined these transcripts were not enriched in any one particular 

pathway. This suggests mpMRI may be a result of dysregulation of multiple pathways 

rather than a single one; indeed the differentially abundant transcripts included many 

genes involved in prostate cancer progression. For example, ANKRD30A (NY-BR-1), was 

~200-fold more abundant in visible tumors (log2FC=7.6; FDR < 0.001; Figure 1C), and 

is a tumor specific antigen present in ~30% of prostate tumors that selectively activates 

CD8+ T-cells9. Similarly, the peptide hormone Relaxin 1 was ~4-fold more abundant 

in visible tumors (log2FC=2.4; FDR=0.02; Figure 1D), and promotes prostate cancer 

progression via increased cell motility and androgen receptor activity10. Conversely, the 

histone methyltransferase KMT2D (log2FC=−0.60; FDR = 0.04) and the hypoxia inducible 

factor EGLN2 (log2FC=−0.86, FDR=0.02) were significantly more abundant in invisible 

tumors (Supplementary Figure 3).

Unexpectedly, non-coding transcripts comprised the majority of differentially abundant 

RNAs (57/102). In particular, snoRNAs were significantly more likely to have elevated 

abundance in visible tumors (OR=4.4; FDR=0.002; Fisher’s Exact test; Figure 1E). Altered 

snoRNAs were drawn from multiple families, including three C/D box (SNORD33, 
SNORD3A and SNORD68), three H/ACA box (SNORA12, SNORA37 and SNORA54) 
and one small Cajal body-specific RNA (SCARNA5; Supplementary Figure 4). snoRNA 

enrichment was independent of host gene abundance (Supplementary Figure 4). We created 

a snoRNA signature that accurately discriminated PI-RADs invisible tumors (AUC=0.76, 

95% CI: 0.60–0.92; Figure 1F). This snoRNA signature follows a pan-cancer report 

that snoRNAs are significantly more abundant in tumour than matched normal tissue11. 

Moreover, independent efforts have highlighted the role of snoRNAs in tumorigensis, 

specifically snoRNA U5012,13 and snoRNA 9314. Indeed, 2/7 of the identified snoRNAs, 

SNORA37 and SNORA12, were prognostic with high abundance associated with rapid 

biochemical recurrence in an independent intermediate risk prostate cancer cohort (HR = 

2.00 & 2.00, P = 0.053 & 0.051; EGAS00001000900; Supplementary Figure 4). Finally, 

several other key non-coding transcripts were associated with mpMRI visibility. In particular 

TERC, which encodes the telomerase RNA component and contains a H/ACA snoRNA-
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like domain at its 3’ end15, was enriched in visible tumors (log2FC=1.6; FDR=0.04; 

Supplementary Figure 4).

Perhaps most provocatively, SCHLAP1, a lncRNA linked to prostate cancer progression16, 

was more abundant in visible tumors (log2FC=3.2, FDR=0.03; Figure 2A) and the increased 

abundance could not be explained by CNAs (log2FC=−0.39, P=0.7; Supplementary Figure 

4). SCHLAP1 abundance fell within the expected range for ISUP grade 2 prostate 

tumours (EGAS00001000900; Supplementary Figure 4), however, it alone could not 

accurately predict mpMRI visibility (AUC=0.60; 95% CI: 0.41–0.80; Supplementary 

Figure 4). Therefore, we next considered nimbosus, a phenomenon characterized by the co-

occurrence of pathological, molecular and microenvironmental events, including intraductal 

carcinoma and cribriform architecture (IDC/CA), genomic instability, SCHLAP1 expression 

and hypoxia17. This co-occurrence results in an aggressive tumor phenotype, with poor 

patient outcome. SCHLAP1 enrichment in visible tumors suggested that nimbosus might 

be associated with mpMRI visibility, leading us to investigate its other hallmarks. We 

quantified genomic instability as the percentage of the genome altered via CNAs (PGA). 

PGA was elevated in visible tumors (P=0.03; β = 0.6 adjusted for tumour purity; Figure 2B), 

driven by longer average length of individual amplifications and deletions (Supplementary 

Figure 5). Concordantly, IDC/CA was enriched in visible tumors (OR = 7.0; P=0.03; Figure 

2C). Cribriform architecture and intraductal carcinoma subsets were of particular interest 

as their visibility on mpMRI has been debated18,19, and are associated with advanced 

disease18,20 and worse disease specific survival21,22. Interestingly, there was no difference 

in hypoxia levels between the groups, regardless of gene signature used to quantify hypoxia 

(Figure 2D; Supplementary Figure 5). Both PGA and hypoxia measurements fell within 

the expected range for ISUP grade 2 prostate cancer tumors23 (Supplementary Figure 

5). These hallmarks were not driven by the five tumors with upgraded PI-RADSv2 

scores upon blinded retrospective review or by the percentage of Gleason 4 in the tumor 

(Supplementary Figure 5). Indeed, SCHLAP1 mRNA abundance was still significantly 

enriched in PI-RADSv2 5 tumors after removing the upgraded invisible tumors (log2FC 

= 2.75, P=0.03, Mann-Whitney test), and SCHLAP1 mRNA and PGA were only weakly 

correlated with percent grade 4 in visible tumors (ρ = 0.33 & 0.19, P = 0.15 & 0.4, 

respectively, Spearman correlation; Supplementary Figure 5). Finally, because hallmarks 

were not strongly correlated (Supplementary Figure 6), we looked at synergy between 

them, and found the odds of visibility to be 10-fold higher with co-occurrence of ≥2 

hallmarks (OR=10; P=5.7×10−3; Figure 2E). These are exploratory analyses requiring 

further validation. Nevertheless, nimbosus hallmarks synergized with snoRNA levels to 

predict visibility with 87% accuracy, superior to the 60% accuracy of a clinical signature 

(Supplementary Figure 1), suggesting elevated snoRNA abundance may be a novel hallmark 

of nimbotic tumors (AUC=0.87, 95% CI: 0.75–0.99; Figure 2F). This comprises a promising 

preliminary signature of mpMRI visibility for future validation studies.

Together, this work points to a novel model for the origin of mpMRI visibility involving 

the co-occurrence of multiple aggressive hallmarks, reminiscent of nimbosus. These 

hallmarks include IDC/CA pathology, increased PGA and overexpression of key non-coding 

transcripts, such as SCHLAP1 and snoRNAs. We note that our cohort size was limited 

to detecting large transcriptomic alterations (log2FC ≥ 0.6; Supplementary Figure 3), and 
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that our single-region sampling does not fully represent the spatial heterogeneity of the 

tumor. The tumor area of interest were selected with the guidance of a uropathologist 

to reflect architecture representative of the tumor as a whole and the relevant areas 

of tissue were macro-dissected for nucleic acid extraction. While an entire tumor may 

not be visible (even in those tumors with PI-RADSv2 5 lesions), and invisible portions 

of PI-RADSv2 5 tumors included in this analysis will lead to underestimation of the 

molecular differences. Thus this work serves as a lower bound on the differences between 

visible and invisible tumours. Similarly, our study has higher power for events earlier in 

evolution -- those common to invisible and visible regions of tumor -- which again under-

estimates true molecular differences. Finally, it is important to note that characterization 

of hypoxic microenvironment was conducted on surgically resected tissue. Molecular 

signatures of hypoxia do not account for variable operative time that could lead to non-

uniform molecular degradation. in vivo quantification techniques, such as ultrasound-guided 

transrectal needle Eppendorf electrode24, are required for more accurate characterization 

of hypoxic microenvironment. This work highlights the clinical utility of integrated 

radiogenomic models for stratifying indolent vs aggressive disease and presents a novel 

model for mpMRI visibility. These data suggest a confluence of aggressive transcriptomic, 

genomic and pathological hallmarks required for mpMRI visibility, providing a molecular 

basis for the observation that visible tumours are clinically more aggressive.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Take home message

Genome-wide CNA and transcriptomic profiling of invisible and visible mpMRI tumors 

identified a confluence of aggressive transcriptomic, genomic and pathological hallmarks 

correlated with mpMRI visibility. This work provides a molecular basis for the 

observation that visible tumours are clinically more aggressive.
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Figure 1 - Transcriptomic basis of mpMRI visibility
A) Outline of study design, highlighting criteria for patient inclusion and exclusion. 

B) Differentially abundant RNAs in PI-RADSv2 5 vs 1–2 tumors as determined from 

negative binomial generalized log-linear model. Horizontal dotted line indicates FDR=0.05. 

ANKRD30A (C) and RLN1 (D) are upregulated in PI-RADSv2 5 tumors. Fold change and 

FDR from negative binomial generalized log-linear model and boxplots show 25% quartile, 

median and 75% quartile. E) snoRNAs were enriched in the subset of differentially abundant 

RNAs. The top barplot indicates the number of each non-coding RNA in the subset and the 
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dotmap indicates the enrichment of each RNA. The size of the circle reflects the odds ratio 

in log2 space for easier visualization while the colour of the circle reflects if the raw odds 

ratio is > 1 (red) or < 1 (blue). Finally, the background shading indicates the FDR (Fisher’s 

Exact test). F) A snoRNA signature accurately predicted PI-RADSv2 5 tumors with 76% 

accuracy.
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Figure 2 - Nimbosus drives mpMRI visibility
A) SCHLAP1 was upregulated in PI-RADSv2 5 tumors as determined from negative 

binomial generalized log-linear model. Boxplot shows 25% quartile, median and 75% 

quartile. B) PGA was upregulated in PI-RADSv2 5 tumors. P-value from logistic regression 

adjusting for tumour purity. C) IDC/CA was enriched in PI-RADSv2 5 tumors. OR and 

p-value from Fisher’s Exact test. D) Hypoxia, quantified using the Ragnum signature34, 

was not significantly different between conditions. P-value from Mann-Whitney test. E) 
The co-occurrence of two or more nimbosus hallmarks increased the odds of PI-RADSv2 

5 tumor. OR and p-value from Fisher’s Exact test. F) Nimbosus hallmarks synergize with 

snoRNA signature to accurately predict PI-RADSv2 5 tumours with 87% accuracy.
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Table 1 -
Patient characteristics

Summary of patient characteristics selected for mpMRI “invisible” and “visible” groups. P-value from Mann-

Whitney test with the exception of pathologic staging and tumor location (Fisher’s exact test). Of the 

characteristics reported, only tumor volume and percent Gleason 4 pattern statistically differ between two 

groups.

Variables Invisible lesions (PI-RADSv2≠3–5) N=20 Visible lesions (PI-RADSv2 5) N=20 P-value

Age (years) 0.38

 median (IQR) 60.5 (54–67) 64 (56–71)

PSA (ng/mL) 0.35

 median (IQR) 6.5 (4.5–7.4) 6.6 (5.0–9.7)

PSA Density (ng/mL2) 0.47

 median (IQR) 0.15 (0.10–0.2) 0.16 (0.10–0.26)

Pathologic prostate volume (mL) 0.98

 median (IQR) 41 (34–53) 45 (32–52)

Tumor size (cm) 0.12

 median (IQR) 2.1 (1.8–2.7) 2.8 (2.0–3.3)

Tumor volume (mL) 0.03 *

 median (IQR) 4.3 (2.4–7.8) 6.5 (4.5–10.1)

Pathologic staging (%) 0.05

 T2 16 (80) 9 (45)

 T3 4 (20) 11 (55)

Tumor location (%) 1.00

 Peripheral zone 12 (60) 12 (60)

 Transitional zone 8 (40) 8 (40)

% Gleason 4 pattern (%) 1.0 × 10−5*

 1< 5% 5 (25) 0 (0)

 5–10% 12 (60) 5 (25)

 11–30% 3 (15) 8 (40)

 >30% 0 (0) 7 (35)

% Cribriform architecture (%) 0.09

 < 5% 18 (90) 11 (55)

5–10% 2 (10) 7 (35)

 11–30% 0 2 (10)

% Intraductal carcinoma (%) 0.42

 < 5% 20 (100) 18 (90)

 5–10% 0 1 (5)

 11–30% 0 1 (5)
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