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Abstract
To evaluate the clinical usefulness of genomic markers for the detection of aggressive prostate tumors with metastatic potential and to understand the dynamics of genomic alterations during progression, we used  three multicolor  fluorescence in situ hybridization probe panels targeting six gene changes previously identified by array CGH, i.e. – TBL1XR1, CTTNBP2, MYC, PTEN, MEN1, and PDGFB – and visualized copy number patterns in single cell assays of six non-progressive and  seven progressive prostate carcinomas. Progression was defined as clinical or biochemical recurrence. Centromere probes for chromosomes 8 and 10 and an ERG break-apart probe to detect TMPRSS2-ERG fusions were also included.  There were no significant differences in the average instability index and the average percentage of cells with TMPRSS2-ERG fusion between samples with or without progression. Progressors exhibited a higher average of gains and losses per case (1.9 vs. 0.5) and larger major clone populations (24.6% vs. 16.5%) indicating a higher number of genomic imbalances, but also a higher degree of clonal selection. The loss of PTEN was the most frequent aberration in progressors (57%), followed by gain ofTBL1XR1 (29%) and CTTNBP2 (14%) and loss of CTTNBP2 (14%). MYC gain was observed in one progressor, the only lesion with an ERG gain but no TMPRSS2-ERG fusion. None of these aberrations was observed in non-progressors. MEN1 and PDGFB did not show any differential aberration patterns.  A probe set consisting of PTEN, MYC and TBL1XR1 detected 6 out of 7 progressors with 86% sensitivity and 100% specificity  and will be evaluated in a larger study.	Comment by heselmek: Yue, is there any way to put a statistical value to that? 
 

Introduction

Nothing yet…






Material and Methods

Material
Formalin-fixed paraffin-embedded surgery specimens of prostate carcinomas from six patients with non-progressive disease (no biochemical failure or metastasis) and seven patients with progressive disease (biochemical failure and/or metastasis) were retrieved from the archives of the tissue core facility of the Helen Diller Family Comprehensive Cancer Center, University of California, San Francisco. The patients had enrolled in an IRB-approved study and given informed consent. The material for the current study has been coded and an exemption has been issued by the NIH Office of Human Subjects Protection for use of the coded data. 
The material was prepared using a sectioning procedure that has been described previously (AJP 2012).  The hematoxylin and eosin (H&E ) sections were used to verify that each section consisted of at least 50% tumor material. The 50μm unstained sections were then disintegrated and cytospins were prepared using a method previously described (AJP 2012).  
Fluorescence in situ hybridization (FISH)
The cytospins were evaluated by FISH with probes for centromeres 8 and 10 (Abbott Molecular Inc; Des Plains, IL) and 6 gene probes: TBL1XR1 (3q26.23), CTTNBP2 (7q31.2), MYC (8q24.21), PTEN (10q23.1), MEN1 (11q13), and PDGFB (22q13.1) ( Abbott Molecular Inc.).  The centromere probes, PTEN and MYC were labeled in Spectrum Aqua or Spectrum Green.  CTTNBP2 and MEN1 were labeled in Spectrum Red while PDGFB and TBL1XR1 were labeled in Spectrum Gold.  The FISH probes were combined into two panels; the panel for the first hybridization consisted of CEP10, PTEN, CTTNBP2 and PDGFB.  The panel for the second, subsequent hybridization contained CEP8, MYC, MEN1, and TBL1XR1.  The samples were also evaluated for their TMPRSS2-ERG fusion status with an ERG break-apart probe (Perner et al., 2006) in a third subsequent hybridization.  The ERG probe hybridization was recorded in three- digit patterns for each cell, with the first digit registering the number of normal ERG alleles (red and green signal on top of each other), the second digit registering the number of telomeric ERG probe signals (single green signals), and the third digit registering the number of centromeric ERG probe signals (single red signals). A 200 pattern would be indicative of a normal diploid status of ERG, while a 111 or a 101 pattern would be indicative of a fusion of TMPRSS2-ERG by insertion/translocation or deletion (Perner et al. 2006).    
Prior to hybridization the samples were pretreated with 0.05% pepsin for 2 to 4 hours until the nuclei were translucent.  After pretreatment, the slides were dehydrated in an ethanol series (70%, 90%, and 100%) for 5 minutes each and allowed to air dry.  The slides were denatured in 70% FA/SSC for 2 minutes at 80C on a ThermoBrite StatSpin (Abbott Laboratories, Abbott Park, IL) and placed in a cold ethanol series (70%, 90%, and 100%) for 3 minutes each and allowed to air dry.  The probe mix was denatured and applied to the denatured cytospin sample, cover slipped and sealed with rubber cement.  The samples were placed in a humid chamber and incubated at 37C overnight.  Signals were detected by removing the rubber cement and coverslips and by washeding the slides in pre-warmed 2XSSC/0.3% NP40 at 48C, for 2 minutes, while gently shaking the slides.  The slidesy were then washed in 2XSSC/0.1% NP40 for 1 minute at room temperature, followed by 2XSSC for 10 seconds, and dehydrated (70%, 90%, 100% ethanol for 2 minutes).  A drop of Vectashield with DAPI (Vector Laboratories) was added to the air-dried slides and cover slipped.  The slides were analyzed on a Leica DMRXA epifluorescent microscope (Leica, Wetzlar, Germany) with custom optical filters for DAPI, SpAqua, SpGreen, SpRed, and SpGold (Chroma Technologies, Brattleboro, VT) with a 40x Plan Apo (NA1.25) objective.  The microscope was connected to a CoolSNAP fx CCD camera (Roper Scientific, Ottobrunn, Germany).  Leica CW 4000 FISH software was used to acquire the images for each filter, about 40 images were taken and stage relocation was utilized so that the same cells could be imaged for all three probe panels.  After imaging the slides were stripped and rehybridized as described previously (AJP2012).  

All 13 samples were evaluated for all the probes hybridized. This resulted in an eight probe signal pattern plus a three digit TMPRSS2-ERG pattern for each cell analyzed with an average of 316 (range 197-372) interphase nuclei counted for each case.  As previously described (ref), for each cell, a ploidy value (diploid, triploid, tetraploid) was assigned to each signal pattern based on the assessment of the pattern. Then a software developed to assign gain and loss patterns by comparing signal counts to the ploidy value (Wangsa 2009) was applied, and the patterns were sorted according to their frequency and displayed in color charts giving an overview of the clonal populations and the overall heterogeneity observed in the tumors (see Figure 1) (compare to Fig. 4 in AJP 2012). 

Reanalysis of array CGH data
The array CGH data for regions containing the genes used in our FISH analysis were reanalyzed using two methods described previously (Paris2010) for the purpose of comparing by correlation analysis the copy number estimates obtained by aCGH and by FISH.
Analysis of tumor heterogeneity
To explore the possibility that progressor tumors are more or less heterogeneous than non-progressor tumors, we compared three measures of the diversity in the distribution of cells count patterns: instability index, Shannon index, and Simpson index (see Park 2010b). The indices were computed for each sample and then we compared the progressor vs. non-progressor distributions either by comparing the mean or by a Wilcoxon rank-sum test. The instability index is defined as 100 times the number of cell count patterns divided by the number of cells. To define the other two indices, let pi be the probability of the ith cell count pattern. Then, the Shannon index, which is commonly used in information theory and also known as entropy, is -Σpilog2(pi). The Simpson index, which is commonly used in population genetics, is Σpi2.
Modeling tumor progression and analysis of node depth
For each of the 13 tumors, we modeled the progression of copy number changes using the software FISHtrees (Chowdhury 2013), which infers phylogenetic trees describing progression among the observed cell types as distinguished by their probe copy numbers.  A tree is found frorm the data for each data settumor so as to heuristically seek to minimize the total number of copy number changes across the tree.  We refer to this vector of copy numbers of probes in a cell as a “cell count pattern.”  In this analysis, we used the six gene probes and we used the break-apart probe to assess the copy number of ERG. We did not use the fusion status or the centromere probes. For each tumor, FISHtrees produced a tree model in which the normal state (2, 2, 2, 2, 2, 2, 2) is at the root and each edge moving away from the root to a new node corresponds to a change in copy number of one gene.  For each node, we also stored the number of cells observed to match the 7-component cell count pattern for that node. 
The number of steps away from the root is usually called the “depth” of a node.  Our prior work on cervical cancer progression trees (Chowdhury 2013) have shown showed that the distribution of cells by depths provides a measure of tree topology that is predictive of progression potential.  TIn order to test whether this characterization of tree topology is similarly predictive of prostate progression, we performed an analogous test here. We computed the percentages of cells represented by nodes at depths 1, 2, 3,…, as described previously (Chowdhury 2013). We used percentages of cells at each depth rather than total cells because the number of cells analyzed for each tumor varies. We visualized the distribution of the depths of cells in progressors vs. non-progressors by a bar graph.  We then tested for significance of the difference between average depths for non-progressors vs. progressors by a Wilcoxon rank-sum test. Since we hypothesized that the trees derived from progressor samples would have greater average depth, the Wilcoxon p-values were one-sided.












Results
In a previously published array CGH study (ref), we identified genes that were differentially gained or lost in primary prostate cancers from patients with non-progressive or progressive disease. A subset of these genes was validated by TaqMan analysis. Based on these results, we hybridized FISH probes targeting the six most promising markers, i.e. TBL1XR1 (3q26.23), CTTNBP2 (7q31.2), MYC (8q24.21), PTEN (10q23.1), MEN1 (11q13), and PDGFB (22q13.1), together with centromere probes for chromosomes 8 and 10 and an ERG break-apart probe (Perner 2006) for the determination of the TMPRSS2-ERG fusion status of the cells to evaluate their potential as progression markers.  The probes were sequentially hybridized to interphase cells prepared as cytospins from six primary prostate carcinomas from patients that had no biochemical failure or metastasis (non-progressors) and seven primary prostate carcinomas from patients that experienced biochemical failure and/or metastasis (progressors). Signal patterns were counted in 197-372 nuclei per sample (average 316 nuclei) excluding nuclei with 2 signals for all probes and a 200 pattern (indicating two normal alleles) for the ERG break-apart probe. The procedure of subsequent hybridizations and relocation of nuclei allowed us to establish the copy numbers of the same eight probes plus the TMPRSS2-ERG fusion status and ERG copy number in individual interphase nuclei. 

Clinical Features

Pertinent clinical parameters are summarized in Table 1. Eleven of the 13 samples had a Gleason score of 7. Two of the non-progressing lesions had a Gleason score of 8. Therefore, the Gleason score is not useful to distinguish progressors from non-progressors in this set of samples. Two of the progressors had a positive margin status, two had seminal vesicle involvement and two had lymph node involvement while all non-progressors showed negativity for these parameters. Four of the progressing lesions had an extra-capsular extension, while only one of the non-progressors was positive for that feature.



Table 1. Clinical patient data.
	 
	Patient
	PreOp     PSA
	Gleason  Primary
	Gleason Secondary
	Gleason  Sum
	Surgical   Year
	Follow-up duration or time to recur
	Margin     Status
	Seminal vesicle Involvement
	Lymph node Involve ment
	Extra-capsular extension

	Non-Progressors
	1
	7.2
	3
	5
	8
	1994
	72.16
	Neg
	No
	Neg
	No

	
	2
	19.4
	3
	4
	7
	1996
	30.81
	Neg
	No
	Neg
	No

	
	3
	7.3
	3
	4
	7
	2000
	78.18
	Neg
	No
	Neg
	Yes

	
	4
	5.1
	3
	5
	8
	1998
	65.59
	Neg
	No
	Neg 
	No

	
	5
	6
	3
	4
	7
	1995
	63.16
	Neg 
	No
	Neg
	No

	
	6
	4.5
	4
	3
	7
	2001
	55.82
	Neg 
	No
	Neg
	No

	Progressors
	7
	11.1
	3
	4
	7
	1996
	5.03
	Pos
	No
	Neg 
	Yes

	
	8
	10.2
	3
	4
	7
	2000
	2.56
	Neg
	No
	Neg 
	No

	
	9
	15.7
	3
	4
	7
	2000
	3.72
	Neg 
	No
	Neg 
	Yes

	
	10
	10.9
	4
	3
	7
	2002
	1.38
	Pos
	Yes
	Neg
	Yes

	
	11
	14.3
	4
	3
	7
	2003
	9.11
	Neg 
	No
	Neg 
	No

	
	12
	5.5
	3
	4
	7
	2003
	45.7
	Neg 
	No
	Pos
	No

	
	13
	24
	4
	3
	7
	2003
	1.84
	Neg
	Yes
	Pos
	Yes
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Figure 1. Summary of imbalance clones in six cases of primary prostate carcinoma without progression (cases 1-6) and seven cases with progression (cases 7-13).
gains; red, losses; blue, unchanged. The organization of the graphs is the same for all cases and is explained for case 1 in detail from left to right. 
The “Locus” column shows the chromosome arm. Each vertical thick line separates the most common imbalance clones
The row above the imbalance clones displays the percentages at which the clones were found.
For example, the most  frequent clone in case 1 comprised 19.4% of the cells with an ERG break-apart fusion pattern of 111, indicating fusion by insertion, but exhibited no other gains or losses. The second most frequent clone comprised 9.0% of the cells and had the same ERG pattern 111 but showed in addition to that change a gain of MEN1. Two clones which each comprised 3.2% of the tumor cell population followed. Both showed also the 111 pattern for fusion but one of them had a loss for PTEN and the other displayed a loss for MEN1.
The “Marker” column shows the gene name. The “Gain” column shows that 25% of the cells had a gain of MEN1 which is the only gain or loss in this case which is above the threshold of 20%. The “sig. no.” column shows that the average signal count for MEN1 in the entire population was 2.2 (2.35 for DBC2, 3.06 for MYC, and 1.49 for CDH1). The percentage of gains or losses in greater than 20% of the cells is also indicated by red (loss) and green (gain). Two-hundred seventy-eight nuclei were counted for case 1. Average ploidy values were calculated from the ploidy values assigned to each nucleus (see Materials and Methods).  The ERG break-apart patterns are displayed in the bottom row. Fusion events are colored in yellow and patterns indicating normal ERG alleles are colored in light blue. The four most frequently observed ERG patterns are displayed in the bottom of the overall gain and loss table on the right hand-side of the displays.




Chromosomal Instability and Clonal Patterns

The FISH probe panels were hybridized sequentially to individual nuclei. Repeated hybridization and relocation of the cells afforded us the possibility of enumerating clonal aberration patterns on a cell-to-cell basis for all six gene probes, the two centromere probes and the ERG break-apart probe. We then assigned the FISH signal patterns to two groups: patterns for which each cell fitting the pattern has an identical count for all signals, termed signal pattern clone, and patterns for which each cell fitting the pattern matches each other cell in the direction of change (gain, loss, or normal) of each signal but not necessarily in the exact counts, termed imbalance clone. For example, in case 10, the major imbalance clone is gain of TBL1XR1, gain of CTTNBP2, normal for MYC, loss of PTEN, normal for MEN1, normal for PDGFB, and break-apart probe pattern 101. To visualize and compare major imbalance clones in prostate carcinomas with or without progressive disease we displayed each cell of the lesion according to its ERG break-apart patterns and its gain, loss, or unchanged (normal) status, with the gene probes sorted according to their chromosomal location from the top to the bottom of the chart and with the patterns observed displayed from left to right sorted by frequency. In addition, we calculated the frequency of gained and lost status for each of the gene loci and each ERG break-apart pattern in percentages of the total cell population, the average ploidy of the lesion, and the average signal number for each gene locus. The results are displayed in Figure 1.

The most frequent imbalance clone in each tumor comprised on average 20.8% of the cell population with a range ofrom 11-44%. (Fig. 1 and Table 2) Interestingly, the average size of the major imbalance clone in the progressors was 24.6% (average size for major signal pattern clone 20.6%), while the average size in non-progressors was only 16.5% (14% for major signal pattern clone), indicating that progressors have a higher degree of selection. However, there were only slight differences in the average instability index (52 vs. 47) and the average percent cells with fusion for TMPRSS-ERG (68% vs. 66%) between samples with or without progression .(Table 2). Wilcoxon tests of the instability index, Shannon index, and Simpson index comparing non-progressors to progressors showed no statistically significant differences in these measures of heterogeneity. 
The major clones of all lesions showed fusion events, except for one progressor which was the only case that displayed MYC and CEP8 gains, indicating a broader gain of chromosome 8. (Fig. 1, case 7).  This case was also the only case with gains of a normal ERG allele and might follow a different pathway to progression. Four progressors, cases 9, 10, 11 and 12 (Fig. 1), revealed major clones with PTEN loss, which was not observed in any of the non-progressors. Additionally, case 9 had a major clone with a fusion event for TMPRSS2-ERG only. The remaining two progressors had major clones with a fusion event only (Fig. 1, case 8), or a fusion event with a TBL1RX1 gain (Fig. 1, case 13), respectively. The aberrations in the major clones of non-progressing tumors were fusion events only (Fig. 1, cases 1, 3 and 4), a fusion event with a MEN1 gain (Fig. 1, case 2) and fusion events with CEP8 loss (Fig. 1, cases 5 and 6). The displays of Fig. 1 also show that overall more genomic imbalances were found in carcinomas from the progressor group while carcinomas of the non-progressing patients showed very few changes, mainly involving gain or loss of MEN1. 





Table 2. Instability index, percentage of diploid cells, percentage of cells with a TMPRSS2-ERG fusion and major clonal imbalance and signal pattern clones observed for primary prostate carcinomas with and without progressive disease.
	 
	Case no.
	Total no. of cells counted
	Total no. of signal patterns observed
	instability index     (no. of patterns x 100 / no. of cells
	%    diploid cells
	% cells with TMPRSS2 -ERG fusion
	Major clonal imbalance patterns
	Major clonal signal patterns

	Non-Progressors
	1
	278
	139
	50
	100.0%
	85.5%
	19% fusion, 9% fusion+MEN1 gain 
	19% 22222222111

	
	2
	382
	226
	59.2
	70.9%
	85.8%
	13% fusion+MEN1 gain, 11% fusion 
	7% 22222232011, 4% 22222232101, 2% 22222242011

	
	3
	197
	85
	43.1
	100.0%
	26.9%
	12% fusion, 11% no fusion+MEN1 loss, 8% no fusion+MEN1 gain 
	12% 22222222101

	
	4
	336
	208
	61.9
	67.0%
	64.5%
	11% fusion, 5% no fusion+MEN1 gain, 4% fusion +MEN1 gain 
	7% 22222222101, 3% 44444444202

	
	5
	381
	159
	41.7
	92.1%
	82.9%
	28% fusion+CEP8 loss, 4% fusion+CEP8 loss+MEN1 gain 
	28% 21222222111

	
	6
	257
	139
	54.1
	77.8%
	63.0%
	16% fusion+CEP8 loss, 5% no fusion+CTTNBP2 loss, 4% fusion+CEP8 loss+CTTNBP2 gain 
	11% 12222222101, 5% 24444444202, 

	
	average
	305.2
	159.3
	51.7
	84.6%
	68.1%
	average size of major imbalance clone = 16.5%
	average size of major signal pattern clone = 14.0%

	Progressors
	7
	330
	212
	64.2
	88.7%
	5.7%
	24% ERG gain +CEP8 gain+MYC gain, 6% ERG gain +CEP8 gain+MYC gain+MEN1 gain 
	9% 42225222300, 4% 32225222300, 3% 42224222300 

	
	8
	372
	96
	25.8
	97.6%
	54.3%
	30% fusion, 14% no fusion+CEP8 loss, 9% no fusion+PDGFB loss 
	30% 22222222111

	
	9
	340
	158
	46.5
	95.3%
	85.9%
	15% fusion, 11% fusion+PTEN loss, 7% fusion+CEP10 gain+PTEN loss 
	15% 22222222111

	
	10
	278
	157
	56.5
	96.4%
	74.2%
	24% fusion+TBL1XR1 gain+CTTNBP2 gain+PTEN loss, 4% fusion+CTTNBP2 gain+PTEN loss 
	23% 22332022101

	
	11
	287
	161
	56.1
	94.8%
	80.1%
	22% fusion+CEP8 loss+CTTNBP2 loss+PTEN loss, 3% no fusion+CEP8 loss+CTTNBP2 loss+PTEN loss 
	11% 12212122111, 11% 12212122101

	
	12
	365
	87
	23.8
	99.5%
	92.6%
	44% fusion+PTEN loss, 16% fusion 
	44% 22222022111

	
	13
	306
	164
	53.6
	99.7%
	70.9%
	13% fusion+TBL1XR1 gain, 6% fusion+TBL1XR1 gain+MEN1 gain 
	12% 22322222101

	
	average
	325.4
	147.9
	46.6
	96.0%
	66.2%
	average size of major imbalance clone = 24.6%
	average size of major signal pattern clone= 20.6%

	Average for all cases
	316.1
	153.2
	49.0
	90.8%
	67.1%
	average size of major clone = 20.8%
	average size of major signal pattern clone = 17.5%

	
	
	
	
	
	
	
	
	


Order of probes in the signal patterns: CEP8, CEP10, TBL1XR1, CTTNBP2, MYC, PTEN, MEN1, PDGFB, overlapping centromeric and telomeric ERG probe indicating a normal ERG allele, telomeric ERG probe, centromeric ERG probe.

TMPRSS2-ERG Fusion
Twelve of 13 lesions showed TMPRSS2-ERG fusion patterns and there was no significant difference in the average percentage of cells with fusion (68% vs. 66%) between samples with or without progression, i.e., the TMPRSS-ERG fusion status did not distinguish between non-progressors and progressors (Table 2). 
Fig. 1 shows that most cases exhibited tumor cell populations that were heterogeneous for the ERG break-apart probe, often including a population with two normal alleles for ERG (pattern 200). However, seven of the 13 cases showed a specific fusion pattern in over 60% of their tumor cell population, indicating that in those tumors there was a strong selection for one specific pattern. There was no significant difference in the distribution of fusions by insertion/translocation (pattern 111) and deletion (pattern 101) in the progressors and the non-progressors.  Two non-progressors but none of the progressors revealed clones with a double deletion of the sequences between ERG and TMPRSS2 (Fig. 1, cases 4 and 6), however, the double deletion pattern 202 was observed in tetraploid cells, indicating a duplication of a diploid cell with the single deletion pattern 101. 
There was one progressor with a gain of a normal ERG allele (case 7). This case was also the only case with a MYC gain. 
Various studies have suggested that the ERG-TMPRSS2 fusion is an early event in tumor development (e.g., Mosquera 2008);, therefore, it is of interest to evaluate this hypothesis in our data.  There were six cases (Fig. 1, cases 1, 5, 9, 10, 12, 13) that revealed clones with the same ERG break-apart pattern but different gain and loss patterns for the other genes analyzed indicating that the TMPRSS2-ERG fusion happened as the first event followed by specific gains and losses. However, four cases (Fig. 1, cases 2, 7, 8, 11) showed clones with the same gain and loss patterns, but different ERG break apart patterns, which might indicate that the cells first acquired a specific gain or loss and that the TMPRSS2-ERG fusion happened as a later event. In the remaining three cases (Fig. 1, cases 3, 4, 6) there were different ERG break-apart patterns with different gain and loss patterns, most likely indicating a parallel development of different clones. This is surprising since it was thought that within one tumor focus, fusion status should be clonal and homogeneous, although interfocal heterogeneity in the TMPRSS2-ERG fusions of multifocal prostate tumors had been reported (Yoshimoto 2013). The 202 pattern in case 6 can be explained with a tetraploidization of the genome which resulted in a duplication of the 101 pattern seen in the major clone of this case.
   



Correlation of array CGH and FISH
The correlation between gains and losses called by array CGH or by FISH was 83.3% when using a floating call and 93.6% when using a floating and fixed call for CGH and a threshold of >30% of the cells with gain or loss for FISH. Most of the discrepant calls are due to CTTNBP2 gains called by array CGH but not seen by FISH and MEN1 gains seen by FISH but not called by array CGH. 

Performance of the FISH probes as progression markers
Figures 2 and 3 and Table 3 give a summary of the overall performance of the six gene markers and the two centromere probes tested with regards to differential gain and loss patterns in progressive and non-progressive prostate carcinomas. Figure 2 shows the average gain and loss frequencies for all the gene markers and two centromere probes observed in all prostate carcinoma cells analyzed grouped by patients with or without progression.  The most frequent change observed is PTEN in the progressive disease group with a loss in over 40% of the cells, compared to only 11% of the non-progressor cells. TBLX1R1, CTTNBP2 and MYC show a 10-15% higher percentage of cells with gain in the progressor group compared to the non-progressor cells. However, MEN1 and PDGFB show similar percentages for progressor and non-progressor cells.  In fact, MEN1 gain was more frequently observed in the cells of non-progressing carcinomas.

 When using a threshold of >30% of the cells showing the aberration, lesions from patients with progressive disease had an average of 1.9 gains/losses for the probes tested, compared to a substantially lower average of 0.5 for tumors from patients without progression (see Figure 3). Using the same threshold, the loss of PTEN was the most frequent aberration in the progressors (4/7= 57%), and was not observed in non-progressors confirming its potential as a marker for aggressive disease. TBL1XR1 was gained in two out of the seven progressors (29%) while none of the non-progressors showed changes in this gene. One progressor had a gain ofwas gained for CTTNBP2 and another progressor had a loss offor this gene, while none of the non-progressors showed CTTNBP2 aberrations.  One progressor revealed a CEP8 and MYC  gain, indicative of a chromosome 8 gain. Again none of the non-progressors exhibited a MYC gain. MEN1 was gained in one progressor and one non-progressor lesion, while PDGFB  was not changed in any of the lesions indicating that these two genes are not differentially gained or lost in progressors. Table 3, which summarizes the gains and losses observed per individual case using a threshold of >30% of the cells, shows that  Using a threshold of >30% cells positive for an aberration, a probe set consisting of PTEN, MYC and TBL1XR1 would have detected six out of the seven progressors analyzed (case no. of cases detected by this test are shaded in gray) which is equivalent to a (86%  test sensitivity).  The one progressor case that would not have been detected (case 8) had a major clone with a TMPRSS2-ERG fusion pattern of 111 and two minor clones, one comprising 12% of the cell population with an unusual ERG loss and a loss of CEP8 indicating an 8p loss and another clone comprising around 10% of the cell population revealing a rare loss of PDGFB on a normal diploid background without a TMPRSS2-ERG fusion (see Fig. 3). All non-progressors would have been negative for the test (100% specificity), indicating that the combination of these three markers might have a good potential to predict progression in prostate carcinomas. 
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Fig 2.   Average gain and loss frequencies for all the gene markers and two centromere probes observed in prostate carcinoma cells of patients with and without progression . Percentages of cells with gains are shown above the 0% line and with losses below the 0% line.	Comment by SchafferPC: There was a font change change here from the sans serif Calibri used in the text and other legends to the with-serifs Garamond here and in the legend of Figure 3. I slightly prefer to use with-serifs fonts for text and that is the prevailing wisdom in typesetting. I strongly prefer not to have a font mixture for different text pieces in the same document.

Figure 3. Specific gains and losses observed in non-progressive and progressive prostate cancer disease. Note that CEP8, CTTNBP2 and MEN1 were  gained and lost. The thicknesses of the arrows reflect the percentage of change from non-progressive to progressive disease. The increase of lesions with a loss of PTEN was the most pronounced.

		Table 3. Overview of gains and losses observed in more than 30% of tumor cells of the six non-progressors and seven progressors.

	 
	case no.
	CEP8
	CEP10
	TBL1XR1
	CTTNBP2
	MYC
	PTEN
	MEN1
	PDGFB

	Non-progressors
	1
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral

	
	2
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Gain
	Neutral

	
	3
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral

	
	4
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral

	
	5
	Loss
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral

	
	6
	Loss
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral

	Progressors
	7
	Gain
	Neutral
	Neutral
	Neutral
	Gain
	Neutral
	Neutral
	Neutral

	
	8
	Loss
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral

	
	9
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Loss
	Neutral
	Neutral

	
	10
	Neutral
	Neutral
	Gain
	Gain
	Neutral
	Loss
	Neutral
	Neutral

	
	11
	Loss
	Neutral
	Neutral
	Loss
	Neutral
	Loss
	Neutral
	Neutral

	
	12
	Neutral
	Neutral
	Neutral
	Neutral
	Neutral
	Loss
	Neutral
	Neutral

	
	13
	Neutral
	Neutral
	Gain
	Neutral
	Neutral
	Neutral
	Gain
	Neutral









Although the instability index of the prostate carcinomas with or without progression is very similar, the frequency of genomic imbalances is substantially higher in the progressor group, with 1.9 gains or losses per case versus 0.5 gains or losses in the non-progressors. To visualize the pattern of progression in each case, we constructed tree models of progression using the software FISHtrees (Chowdhury 2013; supplementary figures 1-13). To evaluate whether there were statistically significant differences between the trees of non-progressors vs. progressors, we calculated the cell distribution across tree levels (Figure 4).  The analysis showed that in the non-progressors, 70% of all cells were distributed within the first three tree levels, which was true for only 44% of the cells of the lesions that progressed.  This observation indicates that the progressor cells on average deviate more from the normal diploid status compared to cells from non-progressing lesions. This observation can be formalized statistically  by computing  weighted average depth of the nodes up to level L for the 6 non-progressors and the 7 progressors. The weighted average depths for L=5,…12 for the two sets (non-progressors vs. progressors) were compared by a Wilcoxon rank-sum test, which shows that the weighted average depth in the progressors is statistically significantly greater (Supplementary Table depth). For example for L=10, the P-value of the test is 0.018. The node depth is the distance away from the normal cell count pattern (2,….,2) expressed in terms of the count of copy-number changes. Thus, the cells in the progressor samples have in general a trend towards more total changes. This trend is not captured by previously proposed measures of diversity (Shannon index, Simpson index) (Park 2010b). 

Figure 4: Distribution of cells across different levels of tumor progression trees for non-progressor and progressor cases.
Table Depth. Rank-sum test of weighted average node depth.
	Number of Levels Used
	1-sided P-value of test on weighted-average level

	5
	0.067

	6
	0.018

	7
	0.011

	8
	0.011

	9
	0.018

	10
	0.018

	11
	0.037

	12
	0.037




Discussion

Prostate cancer is the most commonly diagnosed non-cutaneous neoplasm among American males (238,590 estimated cases in 2013) and is the second leading cause of cancer-related death (29,720 estimated deaths) (Siegel 2013).  That the number of cases exceeds the number of deaths by a factor of 10 indicates that a large proportion of prostate cancers do not progress to be life-threatening. Methods to distinguish patients with aggressive prostate carcinomas from those patients with more indolent tumors are needed to enable clinicians to tailor therapies to the specific needs of the patient, including watchful waiting, to avoid over- or under-treatment. 

In this study, we used single-cell genetic analysis based on interphase cytogenetics (FISH) to understand genome dynamics in prostate tumors with or without progression. This allowed us to identify pathways of carcinogenesis and patterns of genomic imbalances and clonal evolution in these tumors. We used three FISH probe panels targeting six genes identified by array CGH to be differentially gained and lost in tumors that progressed quickly compared to tumors that did not. In addition, the TMPRSS2-ERG fusion status was assessed in the same cells with a FISH ERG break-apart probe, and two centromere probes were hybridized as control probes. The sequential hybridization of these panels to intact nuclei prepared from prostate carcinomas that either progressed or did not progress enabled us to enumerate all probe counts in single, individual cells to determine nonrandom chromosomal gains and losses of genes selected to assess prostate cancer progression in cells with known TMPRSS2-ERG fusion status, to analyze the degree of intratumor heterogeneity, and to understand clonal differences and developments within these lesions.

Interestingly, the non-progressing prostate carcinomas revealed a slightly higher average chromosomal instability index calculated as number of different signal patterns per 100 cells with an average of 52 patterns (range of 41.7-59.2), compared to the progressing lesions with an average of 46.6 patterns (range of 23.8-64.2). Of note, the range in the non-progressing lesions was tighter, while in the progressors two lesions showed substantially lower indices (23.8 and 25.8) than the rest of the group (46.6-64.2) reflecting the fact that these two lesions had large populations of a major stable clone comprising 44% and 30% of the total tumor population. We have previously observed a higher average chromosomal instability index in a similar study of breast ductal carcinoma in situ (DCIS) with synchronous invasive ductal carcinomas (IDC). In this study, we observed 62.3 patterns (range, 14.5–93.3) in the DCIS and 70.6 (range, 49.7–98.0), patterns in the IDC (AJP 2012). In the breast lesions, we never observed any signal pattern clone comprising more than 22% of the tumor cell population with seven out of 26 cases showing no stable signal pattern clone (i.e., less than 4% of the cells have the same signal pattern), while in the prostate carcinomas four out of 13 cases showed signal pattern clones comprising more than 22% of the cells with a range from 7 to 44% cells (average size 17.5%) for the major signal pattern clones in all cases.  

Although the higher instability indices and smaller clone populations observed in the breast tumors could be due to the fact that a different set of genes was analyzed, there are indications for a generally higher intratumor heterogeneity in breast tumors, especially as certain breast tumors showed major clones with aberrations in all eight breast cancer specific genes assessed. None of the prostate cancers showed major clones with more than three aberrations in the six genes assessed for prostate cancer progression which might indicate less genetic heterogeneity in prostate tumors. Our goal is to follow up on this observation by analyzing additional prostate cancer specific genes to minimize any bias due the selection of genes. On another note, we are currently analyzing cervical cancers and cervical intraepithelial neoplasias 3 (CIN 3) with eight genes specific for cervical cancer and have observed so far much lower instability indices in these tumors compared to the breast tumors and the prostate tumors.  Taken together, these observations might indicate that there are major differences in clonality and tumor heterogeneity between different tumor entities and individual tumors. 

Although the instability index between the prostate carcinomas with or without progression is very similar, the frequency of genomic imbalances is substantially higher in the progressor group with 1.9 gains or losses per case versus 0.5 gains or losses in the non-progressoers. U
Using the same threshold of more than 30% of the tumor cell population exhibiting the aberration, breast tumors showed much higher gain and loss frequencies with an average of 3.5 gains and losses per DCIS case and 4.6 gains and losses per IDC case (AJP 2012). As already discussed earlier, although the selection of genes for breast and prostate is different and might influence these numbers, there seems to be a trend that the breast lesions in general harbor a higher number of aberrations than the prostate lesions. However, the increase of aberrations in the more advanced disease stages shows that in both tumor entities additional aberrations are acquired during progression of the disease.

Of note, twelve of the thirteen prostate cancers investigated had major clonal cell populations with TMPRSS2-ERG fusion and there was no significant difference in the average number of cells with TMPRSS2-ERG fusion between prostate carcinomas with or without progression. TMPRSS2-ERG fusion status could therefore not be used to discern progressors from non-progressors. This observation is in concordance with previous publications that did not find any correlation between the presence of the fusion and patient outcome (Gopalan 2009, FitzGerald 2008). One progressor lesion (case 7) did not have any fusion event, but instead accomplished the goal to overexpress ERG through another mechanism, i.e., by acquiring extra copies of a normal ERG allele. This case was also the only case with CEP8 and MYC gains, indicating that this cancer followed a different pathway than the other cancers investigated in this study. Interestingly, Toubaji et al. (2011) observed that increased gene copy number of ERG and not TMPRSS2-ERG fusion predicts outcome in prostate cancers. They found that the presence of extra copies of the ERG gene is significantly associated with recurrence, which is consistent with the observation that our only case with ERG gain (case 7) was actually a lesion that progressed. 

Two non-progressors but none of the progressors revealed clones with a double deletion of the sequences between ERG and TMPRSS2 (Fig. 1, cases 4 and 6) an ERG pattern which was reported to correlate with worse outcome (G Attard, Oncogene 2008). In our cases the double deletion pattern 202 happened in tetraploid cells, so the dosage effect in these cells is most likely similar to pattern 101 in diploid cells. No clear correlation between presence and type of TMPRSS2-ERG fusion and poor outcome has been established so far (Liesel FitzGerald, BMC Cancer 2008, need to add more ref) which is in concordance with our ERG break-apart FISH data in non-progressive and progressive prostate carcinomas.

The most frequent aberration that we observed in prostate carcinomas that progressed was the loss of PTEN (Figure 3). Four out of seven progressors had cell populations with more than 30% showing this loss, while none of the non-progressing lesions reached this threshold. Loss of PTEN has been frequently shown to be associated with tumor progression, aggressiveness and recurrence (Krohn et al. AJP2012, Chaux et al.  Modern Pathol. 2012) and appears to be a promising marker to distinguish between progressing and non-progressing prostate carcinomas. Other gene markers that we tested showing differential gain and loss patterns between progressors and non-progressors were TBL1XR1 on 3q26, CTTNBP2 on 7q31 and MYC on 8q24, however, to a much lesser degree than PTEN (Figure 3). Of note, two of the markers identified by array CGH and validated by TaqMan assays did not show any differential gain and loss between progressors and non-progressors in our FISH analysis, namely, MEN1 on 11q13 and PDGFB on 22q13. MEN1 was gained in one non-progressor and one progressor while none of the lesions showed PDGFB aberrations in more than 30% of the tumor cell population (Figure 3). Though the current study comprises only a limited number of cases, it seems unlikely that these two markers would show drastically different results in a larger study, and should therefore be excluded from future probe panels for progressive prostate disease.

In the current study, a probe set consisting of PTEN, MYC and TBL1XR1 would have detected six out of the seven progressors analyzed (86% sensitivity) using a threshold of >30% cells carrying the aberration. The only progressor case that would not have been detected had a major clone with a TMPRSS2-ERG fusion pattern of 111 only, so additional markers might be needed to pick up similar cases. However, the test would not have detected any of the non-progressors, which is equivalent to a test specificity of 100%. The combination of these three markers shows therefore potential to predict progression in prostate carcinomas with high specificity and sensitivity. We plan to evaluate this probe panel in a larger study, together with other potential candidate genes for prostate cancer progression, to further develop a FISH test for the identification of patients with prostate carcinomas with poor prognosis.






Distribution of Cells Across Tree Levels
Non-Progressor	18.556223970384082	29.199444701526989	20.129569643683485	10.226746876446144	3.933364183248496	2.4062933826931978	1.2031466913465978	1.2031466913465978	1.3419713095788979	2.3137436372049978	2.036094400740398	2.036094400740398	1.8509949097639979	1.2956964368347978	0.87922258213789994	0.87922258213789994	0.41647385469690001	9.2549745488200025E-2	0	0	0	0	0	0	0	Progressor	8.8391038696537674	22.403258655804535	13.03462321792262	18.696537678207729	12.464358452138468	8.6761710794297358	6.4358452138492863	2.8513238289205698	1.8737270875763739	1.1812627291242381	0.97759674134419505	0.65173116089613103	0.36659877800407537	4.0733197556008557E-2	0.40733197556008238	0.12219959266802402	0	0.12219959266802402	0.12219959266802402	0.16293279022403301	0.28513238289205789	8.146639511201699E-2	4.0733197556008557E-2	8.146639511201699E-2	8.146639511201699E-2	Tree Level
Percentage of Cells



1

image1.png
278 nuclei average ploidy= 2.0| Marker Gain Loss Ayerage

Locus 19.4% 9.0% sig. no.
CEP 8 3.8% 12.7% 1.9
[ cepi0 | 26% | 94% 19
3q 3.9% 11.3% 1.8
CortB 5.7% 9.8% 1.9
1.9
1.8

382 nuclei average ploidy= 2.7| Marker Gain Loss Ayerage
Locus 8.9% 5.8% 5.2% 39% | 3% 24% | 2%]2%] 1% | 10% | 0.8% 55.5% sig. no.
CEP 8 CEP 8 41% | 15.5% 2.6
CEP 10 CEP 10 3.8% | 12.6% 2.6
3q IRAL 3.6% 6.1% 2.7
7q | ] | CortB 4.8% 7.6% 2.7
~
M 8q [ ] | wvc 6.1% 5.2% 2.8
8 10q | PTEN 4.8% 8.8% 2.7
11q 11 1) | MEN1 12.3%
229 PDGFB 45% | 161% 2.5
8 8 8|8
& £ K
197 nuclei average ploidy= 2.0] Gain Loss | Average
Locus 12.2% 11.2% 8.1% 7.6% 4% 2.0% sig. no.
CEP 8 2.0% 9.6% 1.9
CEP 10 2.0% 3.5% 2.0
% | we% [ o | 18
7q CortB 2.0% 6.6% 1.9
o«
9 8q 1.8
8 10q
11q
22q
= = = = I=slsls
S =] =] =1 SI<K|=<





image2.png
336 nuclei

average ploidy= 2.8|

7.4%

Marker Gain Loss Ayerage
sig. no.

8.4% 15.3% 2.8

7.5% 16.4% 2.7

8.1% 12.6% 2.8

9.6% 12.9% 2.8

10.2% 2.8

12.3% 2.7

17.3% 2.9

2.7

[381 nuclei

Marker

[257 nuclei

1.2%

46.6%

average ploidy= 2.5 Marker Gain Ayerage
sig. no.
CEP 8
CEP 10 4.7% 18.1% 2.3
IRAL 3.6% 7.1% 2.5
CortB 12.6% 22.7% 2.4
Myc 7.8% 8.3% 2.5
PTEN 1.6% 20.0% 2.2
MEN1 7.1% 7.0% 2.5
PDGFB 4.7% 13.4% 2.4
200 28.8%
100 7.0%





image3.png
r330 nuclei average ploldy=2.3-| Marker Gain Loss Ayerage
Locus 23.9% 6.7% 6.1% 3% 2.1% 2% 1.2% 0.9% 43.5% sig. no.
CEP 8 CEP 8 0.6%
CEP 10 CEP 10 3.9% 9.3% 2.2
3q |  rA1 12.1% | 8.1% 2.4
7q CortB 12.7% | 6.9% 2.4
E 8q MYC 0.3%
8 10q PTEN 7.2% 5.7% 2.4
11q ] 1 | IR 8.1%
229 PDGFB 3.6% | 13.8% 2.2
300 54.5%
g g 8 IR HHEEE o 1“;‘;‘;‘,"
500 4.2%
372 nuclei

average ploidy= 2.2|

Marker

340 nuclei Average ploidy: 2.19| Marker Gain Loss Ayerage
Locus 14.7% 10.9% | 6.5% | 59% | 44% |21]2] 1.2% 0.9% 0.6% 31.5% sig. no.
CEP 8 CEP 8 3% 7.1% 2.2
CEP 10 CEP 10 2.7%
3q IRAL 9.5% 3.8% 2.3
7q CortB 3.3% 8.3% 2.1
% 8q MYC 3.3% 4.4% 2.2
8 10q | PTEN 15%
Tiq 1 | MENT 5.3%
229 PDGFB 8.9% 5.3% 2.3
200 13.2%

200
200





image4.png
278 nuclei

average ploidy= 2.1[ Marker Gain Loss | Average
Locus 24.1% a3% | 3% Ta% Ta% T1% 52.2% sig. no.
= TP aa% | 122% |20
CEP 10 CEP 10 Za% | 11.9% | 20
3q TRAL 8.0%
o 7q CortB. 5.0%
9 £ mYC 19% | 137% | 19
3 10q | PTEN 1.5%
EET MENT 50% | 185% | 19
229 PDGFB 50% | 13.4% | 20
sls 200 14.7%
S 100 10.1%
286 nuclei average ploidy= 2.2 B Average
Marker Gain | Loss [
Locus 115% 108% 5% | 2% 17% 1% 10% 527% sig. no.
CEPs CEPs 0.3%
CEP 10 CEP 10 6.3%
3 TRAL 85% | 100% | 23
. 7q Corts 2.6%
g 8 mve Ta8% | 7.0% 2.5
& 10g PTEN 0.9%
1iq MENT Ta6% | 68% 25
22q PDGFB 85% | 82% 23
8 8 8|
= s & 200 17.8%
365 nucler average ploidy= arker can | toss | Averase
Locus (03 5% 5% 5% [ 2% 1a% | oax 1% sig. no.
CEPs CEPs T9% | 3.0% 20
CEP 10 CEP 10 13% | 3.0% 20
3 TRAL 6% | 49% 70
7q Corts 25% | 3.6% 2.0
9 8q Il mYC 53%
& 10q 1 PTEN 0%
g 1 | ER 8.0%
22q PDGFB 10%
200 6.8%

Case 13

[307 nuclei

average ploidy= 2.0]

12.7%

Marker

Average
sig. no.

BRRERt

T,

[

2.0

CEP 10

22

ul
Il

v ] [ ]
[roors | to% [ aox | 21 |

2%




image5.jpeg
Percentages of cells

30.0%
25.0%
20.0%
15.0%
10.0%
5.0%
0.0%
-5.0%
-10.0%
-15.0%
-20.0%
-25.0%
-30.0%
-35.0%
-40.0%
-45.0%

B Gain non-progessors

% Gain progessors

m Loss non-progessors

& Loss progessors





image6.png
No. of lesions with >30% of cells with
specific marker gain or loss

Marker

IPDGFB gain/loss

Chrom.
location

Non-progressors
(n=6)

Progressors
(n=7)

cen8

0

1

cen8

cen 10

3926.3

7931.2

7931.2

8q24.2

10923.2

11q13.1

11q13.1

22q13.1

o|lo|lr |  O|lOO |00 |O|N

oclo|r|a|r|r|(rR[N|[Oo|N

Average gain/loss
per lesion

o
3]

[
o





