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Abstract

This report develops an analytically validated chromogenic in situ hybridization (CISH) assay
using branched DNA signal amplification (RNAscope) for detecting the expression of the 5
external transcribed spacer (ETS) of the 45S ribosomal (r) RNA precursor in formalin fixed and
paraffin embedded (FFPE) human tissues. 5"ETS/45S CISH was performed on standard clinical
specimens and tissue microarrays (TMAS) from untreated prostate carcinomas, high-grade
prostatic intraepithelial neoplasia (PIN) and matched benign prostatic tissues. Signals were
quantified using image analysis software. The 5"ETS rRNA signal was restricted to the nucleolus.
The signal was markedly attenuated in cell lines and in prostate tissue slices after pharmacological
inhibition of RNA polymerase | (Pol I) using BMH-21 or actinomycin D, and by RNAI depletion
of Pol I, demonstrating validity as a measure of Pol I activity. Clinical human prostate FFPE tissue
sections and TMAs showed a marked increase in the signal in the presumptive precursor lesion
(high-grade prostatic intraepithelial neoplasia/PIN) and invasive adenocarcinoma lesions
(p=0.0001 and p=0.0001, respectively) compared with non-neoplastic luminal epithelium. The
increase in 5"ETS rRNA signal was present throughout all Gleason scores and pathological stages
at radical prostatectomy, with no marked difference among these. This precursor rRNA assay has
potential utility for detection of increased rRNA production in various tumor types and as a novel
companion diagnostic for clinical trials involving Pol | inhibition.
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Introduction

An essential feature of tumor growth is the need for increased ribosome biogenesis. This is
required for protein synthesis to supplement cellular proteins requisite for a number of
cancer cell activities including cellular replication. In keeping with this, abundant literature
has shown that alterations in the size and number of nucleoli as measured by silver staining
(AgNOR), which correlates with nucleolar transcriptional activity, are common in many
human cancers and is commonly found to be of prognostic significance in different cancer
types (1-4). The first and rate-limiting step of ribosome biogenesis is transcription of the
47S precursor ribosomal RNA by RNA polymerase | (Pol I). Pol | transcription is controlled
by three mechanisms: transcription initiation by preinitiation complex assembly determined
by metabolic, proliferation and differentiation signals; transcription elongation determined
by elongation and chromatin factors; and epigenetic marking of the active and inactive gene
repeats (5, 6). Pol | transcription is activated by most known oncogenes and oncogenic
pathways (such as MYC, mTOR, Akt/PKB, MEK/ERK), and suppressed by predominant
tumor suppressor pathways (such as p53, Rb, ARF, Pten)(7-13). Given the highly frequent
alterations of these pathways in human cancers, deregulation of Pol | is expected to be
pervasive. However, only few studies have used analytical tools to assess the overall levels of
Pol | activity or mature rRNA levels in clinical specimens (14, 15).

Pol I transcription is compartmentalized into the nucleolus leading to the synthesis of a 13
kb (47S/45S) rRNA precursor that is rapidly processed into the 28S, 5.8S and 18S mature
rRNA forms (5, 16). The 5" external transcribed spacer (5’ETS) of the precursor transcript
is very short lived and thus the levels can be used as a surrogate for rRNA transcription
activity (16, 17). Notably, in actively growing cells, rRNA transcription constitutes up to
60% of total cellular transcription, making this process, and the ensuing building of
ribosomes, the most energy-consuming process in cells (18). Given the predicted
deregulation of rRNA synthetic activity in cancers, a number of groups have suggested that
Pol I inhibition may be a therapeutic target in cancer (7, 19). A number of new compounds
and existing cancer drugs, such as actinomycin D and topoisomerase poisons have been
shown to intervene with Pol | transcription (20-22). In a recent study by members of our
group, Peltonen et al. (23), identified BMH-21 as: i) a potent and novel inhibitor of Pol | that
resulted in markedly decreased levels of the 5"ETS rRNA; ii) an activator of nucleolar stress
leading to altered localization of nucleolar proteins; and iii) an inducer of degradation of the
Pol | catalytic subunit RPA194.

Prostate cancer appears particularly well suited to assess changes in Pol | transcription. For
example, it has been known for decades that a key diagnostic feature in histopathological
tissue sections is an increased size (and number) of the nucleolus, and this feature is present
in nearly 100% of prostate cancers (24-26). More recent studies have shown that this
increased size correlates with increased levels of the 45S/5 ETS as well as 5.8S, 18S and
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28S rRNA levels (15). Further, prostate cancers have frequent overexpression of MYC
which regulates nucleolar size, and common loss of PTEN, which can also activate Pol |
transcription and effect nucleolar size and function (27-29).

Here we describe the development of a novel /n situ hybridization based assay for functional
measurement of Pol | activity using a probe targeting the 5"ETS rRNA precursor transcript.
Improved technologies for performing RNA /n situ hybridization have been commercially
introduced recently (30). These assays rely on the simultaneous hybridization of a number of
pairs of adjacent probes (so called Z-pairs) for enhanced specificity and utilize a branched
DNA amplification technique to increase sensitivity (30, 31). We apply here this assay to
studies of Pol | activity in cancer cell lines and prostate cancer and benign tissues to
demonstrate its promise as a marker of rRNA synthesis, and, as a novel pharmacodynamic
biomarker for monitoring inhibition of Pol | /n vive.

Materials and Methods

Cell lines and treatments

A375 (CRL-1619) human melanoma cell line was obtained from American Type Culture
Collection, maintained in DMEM with 10% fetal bovine serum and was authenticated using
STR analysis by the Johns Hopkins Genetic Resources Core Facility and tested periodically
for Mycoplasma using qPCR with negative results.

For embedding of cultured cells to paraffin, approximately 40 million cells were harvested,
resuspended in 10% neutral-buffered formalin and pelleted by gentle centrifugation on top
of 2% agarose in PBS (32). Fixed cell pellets were placed in histology cassettes and
processed for paraffin embedding. Actinomycin D was obtained from Sigma. BMH-21 was
synthesized in-house and verified for purity by mass spectrometry and NMR (23).

Prostate tissue cultures

Radical prostatectomy specimens were cored and sliced at 300 um as detailed before (33,
34). The tissue slices were cultured with RPMF-4A medium (35) supplemented with growth
factors in a humidified tissue culture incubator at 37°C. Following treatments, tissue slices
were fixed with 10% formalin, embedded in paraffin and cut to 4 um. Prostate tissues were
obtained with approval of the Institutional Review Boards of the Johns Hopkins Medical
Institutions (Baltimore, MD, USA) and the Helsinki University Central Hospital (Helsinki,
Finland).

Immunohistochemistry

Sections were deparaffinized, rehydrated, and antigen retrieval was conducted in citrate
buffer at pH 6.1 (Dako). Slides were blocked with 3% hydrogen peroxide and incubated with
primary antibodies overnight at 4°C. The slides were stained with PowerVision detection
system (Leica Biosystems) for 30 min at room temperature followed by development with
DAB solution (Invitrogen). Nuclei were counterstained with hematoxylin, and slides were
visualized under brightfield microscope (Nikon Eclipse 50i) and imaged using Nikon DS-
Fil color CCD camera. The following primary antibodies and dilutions were used: mouse
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anti-RPA194 (1:10,000; Santa Cruz Biotechnology), NPM (1:80,000; Abcam) and NCL
(1:10,000; Abcam).

RNA was isolated using TRIzol and RT-gPCR was conducted essentially as in ref. 23.
Analyses were normalized against GAPDH and conducted using AACt method. Primer
sequences for 5'ETS were GAACGGTGGTGTGTCGTT (forward) and
GCGTCTCGTCTCGTCTCACT (reverse).

In situ hybridization

In situ hybridization for 5"ETS precursor rRNA using locked nucleic acid (LNA)-probe was
conducted as previously described (36, 37). Digoxigenin-labeled 5'ETS LNA probe
(GACGTCACCACATCGATCGAAG) was from Exiqon (Vedbaek, Denmark). The cells
were counterstained for DNA using Hoechst 33258 and mounted in VECTASHIELD
mounting medium (Vector Laboratories, Burlingame, CA, USA). Images were captured
using Axioplan2 fluorescence microscope (Zeiss) equipped with AxioCam HRc CCD-
camera and AxioVision 4.5 software using EC Plan-Neofluar 40x/0.75 objective (Zeiss).

5’ETS/45S ISH assay

CISH studies demonstrating the presence of 5'ETS/45S rRNA were performed according to
the manufacturer’s instructions (ACD RNAscope 2.0 Brown Kit). FFPE slides were baked at
60°C for 1 hour, then deparaffinized with exposure to xylene twice, 10 minutes each time,
followed by stirring in 100% ethanol twice and air-drying, then rehydration with distilled
H,0 for 2 minutes. Pretreatment solution 1 was applied to the slides for 10 minutes at room
temperature. The slides were then boiled in Pretreatment solution 2 at 100°C for 15 minutes,
followed by protease digestion in pretreatment solution 3 for 30 minutes at 40°C to allow
target accessibility. ACD target probe (Hs-45S rRNA, # 410401, 1/10 for human tissues,
1/40 for cell lines) was applied and the slides were incubated in a HybEZ TM Oven at 40°C
for 2 hours. Slides were washed twice with 1X wash buffer for 2 min at room temperature.
Signal amplification steps were as follows: amplification reagents 1 and 3 were incubated
for 30 minutes, amplification reagents 2 and for 15 minutes; amplification steps 1, 2 and 4
took place in the oven at 40°C. Slides were washed with the 1x wash buffer between each
amplification step. DAB solution was applied for 10 minutes at room temperature, and the
slides were washed with distilled H,0. 50% Gill’s hematoxylin was applied for 2 minutes
for counterstaining, and the slides were rinsed in 0.01% ammonia for 10 seconds. Slides
were passed through 100% ethanol, then xylene and mounted with Cytoseal mounting
medium.

Whole-section slides and image analysis

Nine standard slide/whole-section slides of different prostatectomy specimens were used for
the demonstration of 5"ETS/45S signal in different lesions. 5" ETS/45S and hematoxylin-
eosin stained slides were scanned with a 40x objective using the Aperio imaging system
(Leica Biosystems, Nussloch, Germany), annotated and the annotations were analyzed using
the Aperio ImageScope software (Leica Biosystems, Nussloch, Germany). Regions of
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atrophy, normal appearing benign prostatic epithelium, high-grade prostatic intraepithelial
neoplasia (PIN), and carcinoma foci were annotated as separate regions. The ratio of the
number of positive (brown) pixels over the total number of nuclear pixels (brown + blue)
was calculated per annotation.

Patient selection, TMA construction and image analysis

Tissues were obtained from untreated patients undergoing radical retropubic prostatectomy
(RRP). These 66 radical prostatectomies obtained at Johns Hopkins Hospital (Baltimore,
MD, USA) were used for the construction of 3 TMAs (tissue microarrays) as described (38).
All patients were treated by RRP in 2012 - 2014 and the patient ages ranged from 41-71
(mean 59.31, median 60) and the race of the patients were 82% white (52 patients), 9%
African American (6 patients) and the rest were unknown. Per patient, the area of tumor
with the highest Gleason score was spotted 3-5 times for TMA construction with a 0.6 mm
core size. 1-5 spots of benign prostate per patient were evaluable in each TMA. A spectrum
of normal tissues was spotted multiple times in each TMA as controls.

Both hematoxylin-eosin stained and 5 ETS/45S CISH assay slides were scanned at x40
using the Aperio imaging system and viewed using the TMAJ-FrIDA software (an ImageJ
plugin) (http://tmaj.pathology.jhmi.edu/)(28, 39). Hematoxylin-eosin slides of TMAS were
assessed by a pathologist (G.G.) to determine the presence/absence of prostate carcinoma,
benign glands, atrophy, and high grade PIN. A Gleason score was given to each spot of
tumor, and areas of tumor were annotated by the pathologist using the TMAJ-FrIDA
software. TMAJ-FrIDA was used to determine the number of pixels and the intensity of the
pixels in the annotated areas that had 5" ETS/45S signal. The area of brown pixels over total
annotation area (brown+blue) was calculated. Means of these ratios per case were used in
analyses. A median of 5 tumor cores was assessed per patient (mean 5.5, range 1-8). This
study was approved by the Institutional Review Board of Johns Hopkins Medical Institutions
(Baltimore, MD, USA).

Statistical analysis

Results

The Kruskal-Wallis test was used to compare the 5"ETS/45S signals between different
diagnostic categories and between different grades and stages of disease. STATA (version
14, StataCorp, TX) was used for analysis.

5’ETS/45S probe localizes exclusively to nucleoli and its signal is markedly reduced by Pol
| inhibition in cancer cells and human prostate tissues

Our earlier work has shown that BMH-21 profoundly inhibits Pol I transcription and nascent
rRNA synthesis and decreases the nucleolar abundance of RPA194, the Pol I large subunit.
To develop probes for detection of nucleolar rRNAs, we first designed a LNA probe against
the short-lived 5"ETS rRNA precursor, and used the probe to detect changes in its
abundance and localization. Co-staining of RPA194 was used to mark the nucleolus, and to
detect cellular responses to two Pol | inhibitors, BMH-21 and actinomycin D. The 5'ETS
signal perfectly co-localized with that of RPA194 within nucleoli (Fig. 1). Following short
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(3 hours) incubation times with the drugs, the 5"ETS signal was abolished, and RPA194 was
markedly decreased by BMH-21. Actinomycin D caused the relocalization of RPA194 to
nucleolar caps, a hallmark feature of Pol | transcription stress (Fig. 1) (40). The changes in
RPA194 and Pol | activity are consistent with those we have shown before (23). These
findings document that the 5"ETS precursor rRNA can be used as a marker for dynamic
changes in Pol | transcription.

Optimization of the conditions for 5'ETS chromogenic /7 situ hybridization (referred to as
5’ETS/45S) was performed using RNAscope technology relying on the manufacturer’s
recommendations with the only change relating to the dilution of the probe concentration.
The chosen probe locations on an rRNA copy is shown in Fig. 2A. We first tested the
specificity of the probe using the cultured human A375 melanoma cell line. The cells were
left untreated, or treated with BMH-21 for 3 hours. Additionally, we transfected the cells
with siRNAs that target RPA194, the catalytic subunit of Pol I, and which we have shown to
decrease RPA194 protein expression, inhibit nascent rRNA synthesis and reduce cancer cell
growth (23). Fig. 2B shows that the 5" ETS/45S hybridization signal is localized exclusively
within nuclei, with signals showing a stereotypic nucleolar pattern. Treatment of the cells
with BMH-21 or depletion of RPA194 using RNAI largely abolished the 5"ETS/45S signal.

To test the applicability of the probe for formalin-embedded samples, we cultured A375
cells in the presence of increasing concentrations of BMH-21 for 3 hours followed by
trypsinizing the cells and fixing them in formalin followed by paraffin embedding (FFPE) to
simulate human clinical tissue sections. The paraffin-embedded specimens were then
hybridized with the 5"ETS precursor probe or stained for RPA194 using IHC. The
5’ETS/45S signal decreased in a concentration-dependent manner in the BMH-21-treated
samples and correlated with the reduction of staining in RPA194, as anticipated (Fig. 2C).

We further compared the 5"ETS/45S CISH assay to the measurement of Pol | transcription
activity using RT-qPCR. Cells were treated with increasing concentrations of BMH-21,
paraffin-embedded as above and hybridized with the 5"ETS/45S probe, or RNA was isolated
and analyzed by RT-qPCR for 5'ETS rRNA. As shown in Figure 2D and E, the 5'ETS/45S
signal by Jn situ hybridization and the levels of 5"ETS rRNA both decreased in a BMH-21-
dose dependent manner response. The two assays also correlated with each other (Pearson
correlation coefficient = 0.77, p= 0.043; Supplementary Fig. 2). These approaches
demonstrate the specificity and overall linearity of the assay for the detection of active rRNA
transcription and its inhibition in FFPE sections.

We then used the 5"ETS/45S CISH assay to detect Pol | activity in human prostate tissues
derived from radical prostatectomies cultured ex vivo (33, 34). The prostate tissues were
treated with or without BMH-21. The tissues were processed by FFPE and hybridized with
the 5"ETS/45S precursor probe, or stained with antibodies against nucleolar proteins NPM,
NCL and RPA194. NPM and NCL were included as well-established markers of Pol |
transcription stress that occurs in response to BMH-21 (23, 41). We found a marked
reduction in 5"ETS/45S signal by BMH-21 in the tissue sections concomitant with the
translocation of NPM and NCL from the nucleoli to the nucleoplasm, and reduction in the
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abundance of RPA194 (Fig. 3A and B). This demonstrates the potential of the 5’ ETS/45S
CISH assay to function as a pharmacodynamic biomarker in human tissue sections.

5’ETS/45S CISH signal is markedly increased in human PIN and adenocarcinomas in FFPE

sections

We next performed 5 ETS/45S CISH on a number of prostate cancer tissues using standard
sections (n = 30 areas each of carcinoma and benign from n = 9 patients) from radical
prostatectomy specimens. Hybridization signals were consistent with nucleolar localization
in all cell types and there was a clear increase in signal in cancer cells and PIN cells as
compared with normal luminal cells (Table 1; Supplementary Fig. 1; Fig. 4). Quantification
of these results using Aperio image analysis software showed a marked increase in staining
area within PIN and carcinoma cell nuclei (Table 1; p=0.0001, Kruskal-Wallis).

To get a more comprehensive look across primary prostate cancer specimens, we next
performed CISH and quantitative image analysis on a number of tissue microarrays (TMAS;
Fig. 5) from RRP specimens containing benign epithelium, high grade PIN and invasive
adenocarcinoma. Supplementary Table 1 shows the breakdown of cases on the TMAS by
Gleason score grade groups (42) and pathological stage and Table 2 shows the number of
overall TMA spots of each diagnostic category (normal, atrophy, PIN and carcinoma) as
well as their median scores and p values as compared with benign. The results in carcinoma
(0 =10.0001 vs. benign) are consistent with prior studies that have shown an increase in
levels of 45S rRNA in human prostate cancer specimens compared to matched normal
specimens using qPCR (15). The result in PIN (p= 0.0001 vs. benign) demonstrates for the
first time the apparent increase in levels of Pol I activity in this lesion in humans /n vivo.
Quantification of 5"ETS/45S CISH signals across histological grade by Gleason score, or by
pathological stage at radical prostatectomy, showed that the levels were consistently
increased in all cancer grades and stages, with no significant differences among the various
groups (Table 2 and Fig. 5).

DISCUSSION

The pharmacological inhibition of RNA Pol | is becoming a potentially important
therapeutic strategy in cancer (7, 19, 23). The therapeutic index using Pol I inhibition relies
at least in part on the fact that tumor cells are often found to be in an anabolic state, with
higher levels of ribosome biosynthesis than their corresponding normal counterparts (7, 9,
43). A validated assay that can determine whether there is indeed an increase in Pol | activity
in routinely obtained tissue specimens, as well as a similarly applicable pharmacodynamic
marker of target inhibition would be a valuable companion diagnostic for such therapeutic
trials.

We developed a CISH assay to examine the level of expression of the 5'ETS/45S rRNA
gene in routinely processed human clinical tissue FFPE specimens. In contrast to the highly
stable 185/28S rRNA, the 5'ETS region is processed co-transcriptionally and is short-lived,
and hence well suited for use as a marker for Pol | transcription activity (17). As of now, we
are not aware of alterations in the 5"ETS processing rate by the cancer cells that might affect
the abundance of the 5"ETS transcript. The specificity and general linearity of the assay was
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confirmed by pharmacological treatments of cells and /n vitro cultivated prostate tissue
specimens, as well as, by the exclusive nucleolar localization of the signal. Further, the
5’ETS/45S signal was abolished by depletion of the Pol | catalytic subunit. Prior studies
have shown increased 5’ ETS/45S in prostate cancer tissue, as compared with matched
benign tissues, using real time RT-PCR (15). Thus, the present results showing increased
levels of 5"ETS/45S are consistent with these findings but extend the applicability with ease
of detection in routine FFPE specimens. The precise method of quantification of the signal
(e.g. computerized image analysis vs. more traditional visual estimations as in HER2/Neu
IHC and FISH in breast cancer) that may be predictive of response to Pol I inhibition
therapies, or that may serve as a pharmacodynamics marker in clinical FFPE specimens
awaits additional clinical validation studies.

We have recently found that tissue block age has a major effect on RNA /n situ hybridization
assays resulting in markedly decreased signals, starting as soon as 1 year of age (J. Baena,
Q. Zheng, A.M. De Marzo, manuscript in process) and thus were precluded from examining
whether 5 ETS/45S levels are associated with poor outcome overall. While we did not find a
correlation between pathological risk factors of poor outcome and 5 ETS/45S levels, it was
clear that in primary prostate cancer, levels were increased through all grades and disease
stages.

Pol | transcription is the rate-limiting step in ribosome biogenesis, and is activated by many
prominent oncogenic drivers such MYC, Akt/PKB, mTOR, ERBB2 (7-13). Since a number
of pathways commonly altered in many different cancers also result in increased rRNA
synthesis, it is likely that enhanced rRNA transcription will be a common finding in multiple
different cancer types. Surprisingly, despite the global efforts of cataloguing cancer genome-
wide changes, the contribution of Pol | transcription program to the cancer phenotype has
not been captured. No systematic approaches have been implemented for the detection of
alterations in ribosomal RNA synthesis in human cancers. With the assay described here,
these analyses now become possible and facilitate the probing of Pol | activity in diverse
cancer types using routine FFPE sections and TMAs.

Overexpression of rRNA levels, including increased transcription and processing may be
explained at least in part by the well-known common overexpression of MYC in human PIN
and prostate cancer as well as MYC’s known function in regulating Pol | and a number of
nucleolar related genes (28, 29, 44). In fact, overexpression of MYC in the mouse prostate
luminal epithelial cells results in highly prominent nucleolar size enlargement and numerical
increase, as well as increases in rRNA levels, including 45S rRNA (29, 44).

In summary, we describe here a simple, robust and sensitive assay for the detection rRNA
synthesis applicable to human cancer specimens. The assay should be useful for the broad
analyses of changes in rRNA transcription in human cancers and monitoring biodynamic

treatment responses in Pol | targeted preclinical and clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Increased rRNA production, a possible therapeutic target for multiple cancers, can be
detected with a new, validated assay that also serves as a pharmacodynamic marker for

Pol I inhibitors.

Implications
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Figure 1. Co-localization of 5"ETSrRNA precursor and Pol |
Cells were treated with or without BMH-21 (1 pM) or actinomycin D (40 nM) for 3 hours,

fixed and hybridized with a LNA probe against 5'ETS rRNA precursor (greer), stained for
RPA194 (red) and counterstained for DNA (b/ue). Scale bar 10 pm.
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Figure 2. Validation of 5’ETS/45S CI SH assay
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A, rRNA locus and location of probes for CISH in the 5’ETS. B, A375 cells were treated
with BMH-21 (1 uM) for 3 hours, or transfected with RPA194 siRNAs and incubated for 48
h, followed by CISH for 5"ETS rRNA. Original magnification, x 400. C, A375 cells were
treated either with vehicle (DMSO) or the indicated concentrations of BMH-21. Cells were
pelleted and processed for paraffin blocks. Upper panel shows CISH for 5'ETS/45S and
lower panel shows IHC for RPA194. The signals were quantified and are plotted as
compared to the controls (righi). r, Pearson correlation. Original magnifications, x 200. D,
Cells were treated with increasing concentrations BMH-21 for 3 hours, and the cells were
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either processed for paraffin blocks for 5"ETS/45S CISH, or RNA was isolated and analyzed
by RT-gqPCR using 5"ETS rRNA primers. /= 2 biological replicates for CISH assay and N/
= 3 biological replicates for RT-gPCR. Scale bar, 100 pm. E, The CISH signals were
quantified using TMAJ-FriDA. RT-gPCR was normalized using AACt method against
GAPDH. Data represent mean and s.e.m.
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Si_gure 3. Suppression of 5'ETS/45S CISH signal after BMH-21 treatment of prostate tissue
Ices

Tissue slices were treated with either vehicle or BMH-21 (2 uM) for 24 hours, and fixed. A,
Staining of tissue slices for nucleolar markers NPM, NCL and RPA194. B, CISH for
5’ETS/45S was performed on tissues after fixing in formalin and paraffin embedding. Note
marked reduction in CISH signals after BMH-21 treatment. Original magnifications, x 400;
insets represent 2.8 fold magnifications.
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Figure 4. 5’ETS/45S CISH in human prostate whole tissue sections
A, Left panel shows box plot results of quantification of D, normal, C, high grade PIN and

B, carcinoma regions (n=30). Original magnifications, x 200. Boxes are bounded by 25t
and 75" percentiles, with median shown as line. Whiskers are 2x the interquartile range and
outliers are shown as individual data points. Y-axis shows the ratio of the area of positive
pixels over the area of total nuclear pixels (positivity).
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Figure5.5'ETS/45S CISH signalsin TMA spots and quantification of region with Fr1DA
software

A, Image on left shows representative tumor spot and upper right shows the whole TMA
section at very low power. Region of interest in this TMA spot (tumor) is highlighted by the
black area mask and the nucleolar 5"ETS/45S CISH signal mask is highlighted in red.
Nuclei are highlighted in the blue mask. B, Box plot of quantified staining data from
indicated diagnostic categories showing marked increase in PIN and carcinoma. Lower
panels (C, D) show that signals were not quantitatively different across different Gleason
score and pathological stages.
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Table 1

5’ETS/45S signal positivity ratios among different diagnoses in sections of whole-mount prostatectomies.

Histologic type Number of regionsannotated ~ Mean 45S positivity pvalue*
(number of patients) (SD)

Benign prostate epithelium 43 (7) 0.04 (0.003) -

Atrophy 87 (6) 0.03 (0.002) 0.1876

PIN 13 (4) 0.12 (0.012) 0.0001

Carcinoma 85 (9) 0.11 (0.011) 0.0001

*
p values show comparison of 45S signals to that of benign/normal epithelium by Kruskal-Wallis.
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Table 2

Histopathology of TMA cores and their 45S signal positivity ratios.

Histologic type Number of cores annotated Mean 455 p value’
(number of patients) positivity (SD)

Benign prostate epithelium 165 (60) 0.04 (0.007) -

Atrophy 28 (17) 0.04 (0.006) 0.5572

Total PIN 24 (21) 0.07 (0.005) 0.0001

Carcinoma 352 (64) 0.08 (0.004) 0.0001

*
p values show comparison of 45S signals to that of benign epithelium by Kruskal-Wallis.

Mol Cancer Res. Author manuscript; available in PMC 2018 May 01.

Page 20



	Abstract
	Introduction
	Materials and Methods
	Cell lines and treatments
	Prostate tissue cultures
	Immunohistochemistry
	RT-qPCR
	In situ hybridization
	5′ETS/45S ISH assay
	Whole-section slides and image analysis
	Patient selection, TMA construction and image analysis
	Statistical analysis

	Results
	5′ETS/45S probe localizes exclusively to nucleoli and its signal is markedly reduced by Pol I inhibition in cancer cells and human prostate tissues
	5′ETS/45S CISH signal is markedly increased in human PIN and adenocarcinomas in FFPE sections

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2

