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Abstract

Individual colorectal adenomas have different propensities to progress to invasive disease. In this 

study, we explored whether these differences could be explained by gene copy number alterations. 

We evaluated 18 adenomas of patients without synchronous or subsequent carcinoma (6.5 years 

follow-up), 23 adenomas of carcinoma patients, and 6 related carcinomas. All samples were 

measured for their DNA ploidy status. Centromere probes for chromosomes 17 and 18, as well as 

gene-specific probes for SMAD7, EGFR, NCOA3, TP53, MYC, and RAB20 were assessed by 

multicolor fluorescence in situ hybridization. An increased genomic instability index of CEP17, 

SMAD7, and EGFR, as well as TP53 deletions and MYC amplifications defined adenomas of 

patients with synchronous carcinoma (P<0.05). Diploid NCOA3 signal counts were associated 

with longer adenoma recurrence-free surveillance (P = 0.042). In addition, NCOA3, MYC, EGFR, 

and RAB20 amplifications, as well as TP53 deletions correlated with increased DNA stem line 

values and/or aneuploidy in adenomas (P<0.05). Furthermore, aberrations of NCOA3, MYC, and 

RAB20 were associated with histopathologically defined high-risk adenomas (P<0.05). RAB20 
amplifications were also correlated with high-grade dysplastic adenomas (P = 0.002). We conclude 

that genomic instability in colorectal adenomas is reflected by EGFR, MYC, NCOA3, and RAB20 
amplifications that do correlate with histomorphological features and are indicative for adenoma 

recurrence and the presence of synchronous carcinomas.
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Colorectal carcinomas are the third leading cause of death from cancer in industrialized 

countries.1,2 Most of these tumors are based on genetic alterations of single mucosal cells 

that develop to invasive carcinomas according to the ‘adenoma–carcinoma sequence’.3 

However, not all adenomas necessarily progress to invasive carcinomas, and the risk of 

malignant transformation depends on, for example, their histopathological subtype.4

Approximately 80% of all colorectal carcinomas show aneuploidy.5 Cytogenetic and 

molecular cytogenetic analyses have revealed that tumor-specific gains and losses of entire 

chromosomes or chromosome arms are early genome mutations.6–9 The genomic 

imbalances show a strikingly conserved recurrent pattern that is characteristic for colorectal 

carcinomas and is distinct from other solid tumors.6 For a comprehensive overview, please 

see http://cgap.nci.nih.gov/Chromosomes/Mitelman. Bomme et al10 could show that such 

specific chromosomal aberrations — especially, a gain of chromosomes 7 and 13 — already 

exist in adenomas. These aberrations are faithfully conserved in carcinomas and are 

accompanied by gains of chromosomes and chromosomal arms 6, 8q, and 20, as well as 

losses of 4q, 8p, 17p, and 18q.6 We could further show that introduction of trisomic 

chromosomes in an otherwise diploid genome increases the average gene expression level of 

the resident genes independent of cell type or chromosome.11 This effect was validated in a 

clinical cohort of colorectal carcinomas in which we could identify a correlation between 

chromosome amplifications and increased expression levels of the genes resident on the 

affected chromosomes.6 Therefore, it seems reasonable to assume that genes located on 

chromosomes that are affected by amplification or deletion do have an important role for 

colorectal carcinogenesis.

In this study, we report the use of three composite fluorescence in situ hybridization (FISH) 

panels to identify sequential oncogene amplifications and tumor-suppressor gene deletions 

during adenoma progression and a correlation of specific copy number changes with general 

genomic instability. We also queried whether the FISH cocktails would be useful for 

predicting individual progression risk by analyzing copy number changes in adenoma 

specimens of 23 patients with synchronous carcinoma and of 18 patients without 

malignancy. Six related colon carcinomas were analyzed as positive controls.

Materials and methods

Clinical Data

We obtained paraffin-embedded adenoma specimens from 18 patients without synchronous 

or subsequent carcinoma and from 23 patients with synchronous carcinoma, as well as 6 

related carcinoma samples. All patients were diagnosed with at least one colorectal adenoma 

at the University Clinic Schleswig-Holstein, Campus Lübeck, between 1995 and 2000. The 

average observation time after polyp extirpation amounted to 6.5 years follow-up period 

(range 4–9 years; clinical data, Table 1a). All patients could be divided into four groups 
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(Table 1b): patients in group A (n=8) did not present any additional adenoma, whereas 

patients in group B (n=10) presented at least one additional adenoma (recurrence) within the 

follow-up period. Group A and B patients did not develop a subsequent carcinoma during 

follow-up and were summarized as group C (n=18). In contrast, groups D and E included 

patients also presenting colorectal carcinoma in addition to adenoma. Group D (n=9) 

patients did not present adenoma recurrence, whereas group E patients (n=14) did. Groups D 

and E were summarized as group F (n=23).

Histomorphology

Classification of the degree of dysplasia was performed by an experienced pathologist 

without knowledge of clinical data. The degree of dysplasia was rated as suggested by 

Riddell et al (none, low grade, and high grade).12

Immunohistochemistry

Immunohistochemistry was performed using the standard peroxidase avidin–biotin–complex 

technique (Vector, Elite Standard Kit, cat. PK-6100). The sections were deparaffinized, 

rehydrated, and microwave treated in 0.01 M sodium citrate buffer (pH 6) for 10 min at 500 

W. After rinsing in Tris-buffered saline solution (pH 7.6), endogenous peroxidase activity 

was blocked by slide immersion in 0.5% hydrogen peroxidase for 30 min. Unspecific 

staining was prevented by application of 1% bovine serum albumin (BSA) for 20 min. For 

laminin-5 immunohistochemistry, a polyclonal antibody was raised in rabbits against a 

fusion protein containing the C terminus of the laminin γ2 chain (containing amino-acid 

residues 1017–1178).13 This antibody was used for overnight incubation at 4°C in 1% BSA 

1:200, followed by a biotinylated anti-rabbit IgG (diluted 1:200) for 30 min. Cyclin A 

analysis was performed using a monoclonal mouse antibody against human cyclin A protein 

(Novocastra Laboratories, Newcastle Upon Tyne, UK) diluted 1:100 in 1% BSA. This was 

followed by incubation with the avidin–biotin–peroxidase complex for an additional 30 min. 

The peroxidase reaction was visualized using DAB (diaminobenzidine tetrahydrochloride, 

0.6 mg/ml with 0.03% H2O2 for 6 min). After counterstaining with hematoxylin, slides were 

dehydrated and mounted with a xylene-soluble mounting medium. As negative controls, 

primary antibodies were replaced by BSA. Cells were regarded as laminin-5 

immunoreactive when a distinct staining of the cytoplasm was visible. Cyclin A 

immunoreactivity was confined to the cell nuclei. The percentage of stained cells was 

calculated in each specimen. On the basis of a semiquantitative scoring system, 

immunoreactivity for both laminin-5 γ2 chain and cyclin A was recorded as follows: 

category 0 = no specific antibody expression, category 1 = <20%, category 2 = 20–50%, and 

category 3 = >50% immunoreactivity of all mucosal cells.14 The slides were evaluated 

independently by two investigators (JKH and GA), and all cases with discrepant scores were 

reviewed until a conclusive judgment was reached.

Hedley Method and Cytospin Preparation

A modified Hedley method was used for isolating nuclei from formalin-fixed, paraffin-

embedded tissues for multicolor FISH analysis on a single-layer preparation.15,16 Two 50-

μm-thick sections from each of the formalin-fixed, paraffin-embedded tissues were 

deparaffinized in xylene, rehydrated in ethanol series and dH2O, and disintegrated in 500 μl 
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of 0.1% protease/1 × phosphate-buffered saline (PBS) (protease: Type XXIV, Bacterial, 

P8038, Sigma, St Louis, MO, USA; Dulbecco’s 1 × PBS, Life Technologies, Rockville, 

MD, USA) at 45°C for 45–70 min. The reaction was stopped by adding 500 μl 1 × PBS at 

room temperature. The samples were filtered through a 30-μm nylon membrane (CN 051, 

Dako, Glostrup, Denmark), centrifuged, and resuspended in 1 × PBS. Cytospin slides were 

prepared by the Shanndon Cytospin and fixed in an ethanol series. These single-layer nuclei 

preparations were then used for ploidy assessment by image cytometry and for multicolor 

FISH analysis.

Ploidy Assessment

Image cytometry was performed on Feulgen-stained cytospins of paraffin-embedded tissue 

samples (see the section ‘Hedley Method and Cytospins’). The staining procedure, internal 

standardization, tumor cell selection, and analysis were based on methods described 

previously.17 DNA distribution profiles (histograms) were based on 200 interphase nuclei for 

each specimen. In brief, all DNA values were expressed in relation to the corresponding 

staining controls, which were given the value 2c, denoting the normal diploid DNA content. 

DNA profiles were classified according to Auer (Figure 1a).17 Histograms characterized by 

a single peak in the diploid or near-diploid region (1.5c–2.5c) were classified as type I.

The total number of cells with DNA values exceeding the diploid region (>2.5c) was <10%. 

Type II histograms showed a single peak in the tetraploid region (3.5c–4.5c) or peaks in both 

the diploid and the tetraploid regions (>90% of the total cell population). The number of 

cells with DNA values between the diploid and tetraploid regions and those exceeding the 

tetraploid region (>4.5c) was <10%. Type III histograms represent highly proliferating near-

diploid cell populations and are characterized by DNA values ranging between the diploid 

and the tetraploid regions. Only a few cells (<5%) showed >4.5c. The DNA histograms of 

types I, II, and III characterize euploid cell populations. Type IV histograms show increased 

(>5%) and/or distinctly scattered DNA values exceeding the tetraploid region (>4.5c). These 

histograms reflect aneuploid cell populations. It has to be carefully considered though, that 

ploidy analysis is a crude measure of nuclear DNA content and that chromosomal instability 

by DNA cytometry alone can be hampered by balanced translocations or equal amounts of 

gains and losses, both leading to false-negative results in terms of chromosomal instability 

assessment. Against this background, genomic instability indices were calculated on signal 

enumeration of gene-specific probes by dividing the number of different signal patterns by 

the number of analyzed cells as described below.

Multicolor FISH

Multicolor FISH analysis was performed on each case using three different probe panels: 

Panel I consisted of one centromere probe specific for chromosome 18 (CEP18, labeled with 

Spectrum Aqua (SA)), one BAC contig that contains the SMAD7 gene on chromosome 

18q12.3 (labeled with Spectrum Green (SG)), and another BAC contig that contains the 

EGFR gene on chromosome 7p12 (labeled with Spectrum Orange (SO)). In total, 12 562 

nuclei were analyzed, 4503 nuclei of 17 adenomas of patients without carcinoma (Ø 265 

nuclei per sample) and 6090 nuclei of 23 adenomas of patients with carcinoma (Ø 265 per 
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sample). For 6 adenoma patients, the corresponding colorectal carcinoma was analyzed with 

a total of 1969 nuclei counts (Ø 328 per sample).

Panel II comprised one probe specific for centromere 17 (CEP17, labeled with SA), one 

BAC contig that contains the NCOA3 gene on 20q12 (labeled with SG), and another BAC 

contig that contains the TP53 gene on chromosome 17p13.1 (labeled with SO). In total, 

6726 nuclei were analyzed, 2889 nuclei of 17 adenomas of patients without carcinoma (Ø 

170 nuclei per sample) and 3139 of 21 adenomas of carcinoma patients (Ø 149 nuclei per 

sample). For 5 adenoma patients, the corresponding colorectal carcinoma was analyzed with 

a total of 698 nuclei counts (Ø 140 nuclei per sample).

Panel III summarized one centromeric probe specific for chromosome 17 (CEP17, labeled 

with SA), one BAC contig that contains the MYC gene on 8q24.12 (labeled with SG), and 

another BAC contig that contains the RAB20 gene on chromosome 13 (labeled with SO). In 

total, 10 335 nuclei were analyzed, 4230 nuclei of 17 adenomas of patients without 

carcinoma (Ø 249 nuclei per sample) and 4032 of 21 adenomas of carcinoma patients (Ø 

192 nuclei per sample). For 6 adenoma patients, the corresponding colorectal carcinoma was 

analyzed with a total of 2073 nuclei counts (Ø 346 nuclei per sample). An overview of the 

three probe panels including detailed information about the BAC contigs used is shown in 

Table 2a.

The centromeric probes (Vysis/Abbott Laboratories Inc., Downers Grove, IL, USA) were 

used as internal controls for signal enumeration. The performance of all three probe panels 

was evaluated on methanol/acetic acid-fixed peripheral lymphocyte cultures derived from 

karyotypically normal individuals. FISH was performed as follows: In brief, cytospin slides 

were incubated in a 2 × saline-sodium citrate (SSC) solution at room temperature for 5 min. 

The slides were digested in 200 μl pepsin (Sigma P6887) in 0.01M HCL at 37°C, washed 

twice in 1 × PBS, and fixed in an ethanol series. Slides were denatured in 70% deionized 

formamide/2 × SSC for 4 min at 80°C and dehydrated in an ethanol series at −20°C.

For hybridization, 5 μl of each probe panel was applied to the slides. After overnight 

hybridization at 37°C, coverslips were removed and slides were washed three times for 5 

min in 50% formamide/2 × SSC at 45°C and three times in 0.1 × SSC at 60°C. Followed by 

a 4 × SSC/0.1% Tween 20 wash (45°C), slides were incubated with 120 μl blocking solution 

(3%BSA/4 × SSC/0.1% Tween 20) for 30 min at 37°C. Two antibody layers were incubated 

separately for 45 min at 37°C as follows: the first layer comprised avidin-FITC (1:200) and 

mouse anti-digoxigenin (Sigma), and the second layer comprised rabbit anti-mouse-TRITC 

(Sigma). The slides were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and 

antifade was added (details of the experimental procedures can be retrieved from http://

www.riedlab.nci.nih.gov).

Signal Enumeration

Image analysis was performed using a Leica DMRXA fluorescence microscope (Leica, 

Wetzlar, Germany) equipped with custom optical filters for DAPI, SA, SG, and SO (Chroma 

Technologies, Rockingham, VT, USA) and a ×40 Plan Apo (NA 1.25) objective. Images 

were taken in areas of optimal cell density using the ORCA ER (IEEE1394 I/F) digital 
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camera (Hamamatsu, Bridgewater, NJ, USA). Leica Q-FLUORO was used to acquire multi-

focus images for each of the SA, SG, and SO optical filters. A total of 20 images were 

acquired, and signal enumeration was performed on these digital images for 100–500 nuclei 

for each probe per case. The counted signals were manually checked and then listed in an 

Excel-based format for further statistical analysis.

Statistical Analysis

Explorative data analysis was carried out using standard statistical methods such as χ2 test, 

Wilcoxon rank-sum test, and Spearman’s rank correlation coefficient, depending on the 

scaling of the 16 observed parameters, including multi-FISH gene-specific targets, ploidy 

assessment, and clinical data. Survival times of four clinical subgroups were described by 

Kaplan–Meier methods and compared with log-rank tests. The assumption of normal 

distribution of genetic instability indices was not violated (Shapiro–Wilks test), such that the 

increase from diploid over tetraploid to aneuploid cases could be compared by one-sided t-
tests. All other statistical tests were two sided. The level of significance was 0.05 and not 

adjusted for multiple comparisons, thus requiring careful interpretation of analysis data.

Results

Individual colorectal adenomas have different propensities to progress to invasive disease. In 

this study, we explored whether these differences could be explained by a different mutation 

spectrum. To study this question and to identify patterns of genome aberrations, we used 

FISH with probe sets that target commonly aberrant chromosomes, oncogene amplifications, 

and deletions of tumor-suppressor genes to a series of 18 adenomas of patients without 

synchronous or subsequent carcinoma, 23 adenomas of carcinoma patients, and 6 matched 

carcinomas. The probe sets included centromere probes for chromosomes 17 and 18, as well 

as gene-specific probes for SMAD7 (chromosome band 18q21), EGFR (7p12), NCOA3 
(20q12), TP53 (17p13), MYC (8q24), and RAB20 (13q34).

Comparison Between Adenomas with and without Synchronous Carcinoma

No significant differences regarding the two adenoma groups could be observed when 

assessing individual gene probes for SMAD7 deletions and EGFR amplifications of panel 1 

separately. However, an increased genomic instability index (the genomic instability index 

was measured by dividing the number of different signal patterns by the number of analyzed 

cells) of CEP18, SMAD7, and EGFR together could be observed in the adenoma samples of 

patients with carcinoma as compared with adenoma samples of patients without 

synchronous or subsequent carcinoma (P=0.037; Supplementary Figure 1a). NCOA3 
amplifications showed a trend of higher frequency in adenomas of patients with synchronous 

colorectal cancer (26.9%) as compared with adenomas of patients without malignancy 

(20.1%, P=0.144). Furthermore, TP53 deletion was more frequently observed in adenoma 

samples of patients with synchronous carcinoma (P=0.045; Supplementary Figure 1b). TP53 
deletions were found in 14.8% in adenomas of patients without and in 23.2% in adenomas of 

patients with synchronous colorectal cancer. MYC amplifications were found in 21.4% in 

adenomas of patients without malignancy and in 31.3% in adenomas of patients with 
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synchronous colorectal cancer (P=0.256). No differences could be observed regarding 

patient groups for RAB20 signal enumeration.

Evaluation of the Prognostic Potential of Gene Probes for Adenoma Recurrence

NCOA3 amplifications seemed to indicate patients with adenoma recurrence and/or 

synchronous carcinoma (P=0.058; Figure 2a). In turn, a diploid signal count for NCOA3 was 

associated with a longer adenoma recurrence-free observation time (P=0.042; Figure 2b). 

None of the other gene probes tested showed the prognostic potential for adenoma 

recurrence.

Comparison of Adenomas and Synchronous Carcinomas

Deletions of SMAD7 did not show any differences between adenoma groups, could be 

detected in 10.5% of adenomas overall, and were not significantly more frequent in 

carcinomas (11.3%). In contrast to expected deletions of SMAD7, we observed SMAD7 
gains. However, the average signal count of SMAD7 per patient group showed no 

differences between adenoma groups but was increased in carcinomas (Figure 3, panel I). 

These data point to an overall low frequency of SMAD7 aberrations during colorectal 

carcinogenesis and seem to indicate a rather late event during carcinogenesis. EGFR 
amplifications did not significantly vary between adenoma groups, were present in 36.2% of 

adenoma cells overall, and were even more frequently observed in carcinomas (44%). The 

presence of EGFR amplifications in more than one-third of adenomas shows its frequent 

involvement early during colorectal carcinogenesis. The manifestation of EGFR 
amplifications during disease progression goes in line with the subsequent increase of 

average signal counts from adenoma to carcinoma (Figure 3, panel I). NCOA3 
amplifications were found in 20.1% in adenomas of patients without malignancy, in 26.9% 

in adenomas of patients with synchronous colorectal cancer, and in 33.4% of synchronous 

colorectal carcinomas (P = 0.12/P = 0.278). Although NCOA3 amplifications are already 

frequently observed in adenomas overall, they seem to be particularly involved in the 

progression from adenoma to carcinoma. This is in line with the analysis of average NCOA3 
signal counts: on average, almost 3.5 NCOA3 gene copies can be detected in carcinomas. 

This is the highest average copy number alteration in carcinomas of all gene probes analyzed 

in this study (Figure 3, panel II). TP53 deletions increased from 14.8% in adenomas of 

patients without malignancy through 23.2% in adenomas of patients with synchronous 

carcinoma (P = 0.045); however, they were not significantly more frequent in the related 

carcinomas (20.2%, P = 0.057). TP53 deletions (Figure 3, panel II) seem to drive 

tumorigenesis mainly from adenoma to carcinoma progression. MYC amplifications were 

found in 21.4% in adenomas of patients without malignancy vs 31.3% in adenomas of 

patients with synchronous colorectal cancer (P = 0.256) and in 36.4% in colorectal 

carcinomas (P = 0.013). Despite their presence in 20% of adenomas, MYC amplifications 

seem to have a major role in the progression from adenoma to carcinoma. MYC had the 

second highest number of aberrant copy numbers in carcinomas of all gene probes tested 

(Figure 3, panel III).

No significant difference could be observed regarding patient groups for RAB20 
amplifications, which were found in 34.2% in adenomas overall and in 41.4% in carcinomas. 
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This observation places RAB20 amplifications as a late event during colorectal 

tumorigenesis. Average signal counts showed a slight increase in RAB20 copy number 

signals during malignant transformation (Figure 3, panel III). Increasing signal counts for 

MYC and RAB20 from adenoma to carcinoma within the same patient are exemplarily 

shown in Figure 4, hereby indicating a certain degree of clonality of aberrant gene signals.

Correlation of Gene Copy Numbers with DNA Ploidy Status

Overall, EGFR amplifications correlated with SMAD7 deletions (P<0.01) and an increased 

DNA stem line value (P=0.019). NCOA3 amplifications were more frequently observed in 

aneuploid adenomas (P=0.04; Figure 1c). This finding is also supported by the fact that 

increasing NCOA3 gene copy number signals correlated with higher DNA stem line values 

(P=0.023). An equal copy number count of TP53 as compared with CEP17 reflected 

genomic stability and was more frequently observed in diploid adenomas (P=0.04; 

Supplementary Figure 1c). In contrast, deletion of TP53 was more frequently observed in 

aneuploid adenoma samples overall (P=0.029; Figure 1b). For visualization of probe panel I 

staining in diploid and aneuploid adenomas, please see Figures 1e and g. MYC 
amplifications were more frequently observed in adenoma samples with increased DNA 

stem line values (P<0.01) and in adenoma samples that were assessed to be aneuploid 

(P=0.029; Figure 1d). In addition, RAB20 amplifications were correlated with increased 

DNA stem line values (P<0.05). Panel III staining of diploid and aneuploid adenomas is 

exemplarily shown in Figures 1f and h.

In addition to the correlation of individual gene probes with DNA ploidy status, we also 

evaluated the genomic instability indices of all three probe panels with respect to ploidy 

measurements. Genomic instability indices were calculated by dividing the number of 

observed signal patterns by the number of analyzed cells. This index was calculated for each 

probe panel separately while excluding the signal pattern 2/2/2. Genomic instability indices 

for all three probe panels increased from diploid over tetraploid to aneuploid cases (Tables 

2b and c). The most prominent increase could be observed comparing the diploid and/or 

tetraploid cases with the aneuploid cases. The comparison was particularly significant for 

panel II (CEP17, NCOA3, TP53; diploid vs aneuploid: P=0.0105; tetraploid vs aneuploid: 

P=0.0145) and panel III (CEP17, MYC, RAB20; diploid vs aneuploid: P=0.017).

The correlation of ploidy type and genomic instability indices prompted us to evaluate 

whether the ploidy status would be dependent on any clinical features. The diameter size of 

adenomas was on average 29.3 mm of diploid adenomas, 10.5 mm of tetraploid, and 24 mm 

of aneuploid adenomas. Thus, the size of adenomas did not affect the degree of genomic 

instability in our data set. When comparing the histological subtype with the averaged 

instability indices of panels I, II, and III, increased genomic instability could be observed for 

the tubular/villous and villous subtypes (tubular: x=0.2164; tubular-villous; and villous: 

x=0.2662). Moreover, a high genomic instability index of probe panel III was significantly 

associated with the tubular-villous/villous subtype (P=0.015; Supplementary Figure 2a). A 

similar trend became apparent with high-grade adenomas presenting increased genomic 

instability.
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Correlation of probes across panels—When comparing the signal enumeration of all 

tested probes across panels, the following correlation pattern became apparent at a 

significance level of P<0.05.

MYC, NCOA3, and RAB20 amplifications correlated with each other. In addition, NCOA3 
amplifications also correlated with those of EGFR. In summary, a close correlation of 

increasing copy numbers could be identified for those genes that are located on 

chromosomal regions that are frequently gained in adenomas and colorectal carcinomas. The 

chromosome arm 18q is frequently deleted in colorectal carcinomas, but seldom in 

adenomas. We could observe increased gene copy numbers of SMAD7 in larger adenomas 

(P=0.017) and when NCOA3 amplifications were evident (P<0.01). In contrast, decreased 

copy numbers of SMAD7 were correlated with increased RAB20 copy numbers (P<0.05) 

and TP53 deletions (P<0.01). The latter finding was further supported by the fact that signal 

enumeration for SMAD7 and TP53 showed a close correlation overall (P<0.01).

Correlation of Signal Enumeration and Clinical Data

Size—Larger adenomas were associated with SMAD7 amplifications (P=0.017) and 

increased DNA stem line values (P=0.044), whereas RAB20 amplifications were more 

frequently observed in small adenomas (P<0.01).

Histology—The sample cohorts presented in this study comprised 10 tubular, 29 tubular-

villous, and 2 villous adenomas. Thus, as villous adenomas were under-represented in our 

cohorts, villous and tubular-villous adenomas were combined into one group and compared 

with the tubular subtype. The tubular-villous/villous subtype was associated with NCOA3 
amplifications (P=0.024; Figure 2c) and a high genomic instability index of probe panel III 

(CEP17, MYC, RAB20) (P=0.015; Supplementary Figure 2a).

Grade of dysplasia—Comparing the grade of dysplasia with the histological subtype 

revealed a strong correlation of high-grade dysplasia with tubular-villous and villous 

samples (P=0.004; Supplementary Figure 2b): ~61% of tubular-villous and villous 

adenomas showed high-grade dysplasia or a carcinoma in situ vs 20% of tubular adenomas. 

Carcinoma in situ was detected in 32.3% of the tubular-villous/villous subgroup as 

compared with 20% in the tubular entities.

Location—We further assessed whether any dependency of the grade of dysplasia 

regarding the location of the adenoma could be identified. Therefore, the colorectum was 

divided into three sections: (1) cecum, ascendent colon, right flexure, and transverse colon; 

(2) left flexure, descendent colon, sigmoid colon; and (3) rectum. This distinct classification 

did not show any significant correlation. However, when all colon segments were combined 

into one group and compared with the rectum, high-grade adenoma and carcinoma in situ 
were more frequently observed in lesions of the rectum (83.3%; P=0.026; Supplementary 

Figure 3a). This observation was in line with the finding that adenoma with aneuploid DNA 

distribution patterns were more frequently detected in the rectum than in the colon (P=0.045; 

Supplementary Figure 3b).
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Proliferation and invasion—Adenoma samples were also assessed 

immunohistochemically for cyclin A and laminin-5 γ2-chain expression (Table 2b). 

Increased expression of both markers was observed predominantly in high-grade (P=0.001) 

and carcinoma in situ adenomas (P=0.002). In addition, low-to-moderate laminin-5 

expression (1–50% of cells show immunopositivity) was more commonly detectable in 

tubulo-villous/villous adenomas (87.1%) as compared with the tubular type (40%) (P=0.01; 

Supplementary Figure 2c). Strong laminin-5 immunoreactivity (>50% and up to 100% of 

cells showing expression) was observed only in the tubulo-villous/villous subtype. No 

difference could be detected between patient groups with and without synchronous 

colorectal cancer regarding cyclin A and laminin-5 immunoreactivity.

Discussion

Colorectal tumorigenesis is defined by the sequential acquisition of chromosomal 

aneuploidies. In an attempt to define such patterns and to investigate the dynamics of 

genome aberrations, we selected FISH probes specific for genes of known and supposedly to 

be importance in colorectal carcinogenesis (such as EGFR, MYC, TP53, and SMAD7, 

NCOA3, RAB20), which reside on recurrent aneuploid chromosomes. Copy number 

alterations of these six genes were then analyzed in interphase nuclei by triple-color FISH 

using three probe panels, each comprising two of the genes plus one centromere probe for 

chromosome 17 or 18. These probe cocktails were hybridized to cytospin preparations of 

adenomas of 41 patients. In 23 cases, synchronous carcinoma was present. A total of 18 

patients showed no sign of malignant disease, yet 10 of them presented with recurring 

adenomas. We also analyzed six matched pairs of adenomas and carcinomas.

Increased size, villous histology, and high-grade dysplasia of the adenoma samples 

investigated in this study correlated with increased DNA stem line values, an increased 

genomic instability index of probe panel III, and with amplifications of EGFR, MYC, 

NCOA3, and RAB20. However, histopathological features did not show any differences or 

predictive value for patients with increased adenoma recurrence and/or carcinoma risk.

We were then eager to test whether increased proliferation as assessed by cyclin A and/or 

enhanced malignancy potential by laminin-5 γ2 chain overexpression would indicate 

individual progression risk. Increased immunoreactivity of cyclin A and laminin-5 was 

predominantly observed in high-grade dysplastic and carcinoma in situ adenomas. 

Laminin-5 expression further correlated with villous subtypes. The cyclin A protein is 

complexed to the kinase subunit Cdk2 during the S phase of the cell cycle.18 It can be used 

as a proliferation marker for committed cells that will pass through the S and G2 phases.19 

Moreover, cyclin A overexpression has been associated with a poor prognosis of colorectal 

carcinoma patients.20 The laminin-5 isoform has an important role in epithelial cell adhesion 

to the basement membrane.21 Increased expression has been found not only at the invasion 

front of colorectal cancers but also in premalignant lesions, such as ulcerative colitis 

mucosa.14,22 In our data, increased cyclin A and laminin-5 immunoreactivity indicate 

adenoma cells with increased proliferative and malignancy potential, respectively. However, 

no differences could be observed for cyclin A or laminin-5 immunoreactivity regarding 

different patient groups.
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We then evaluated the copy numbers of the six genes within three probe panels with respect 

to the different patient groups. Although individual assessment of SMAD7 and EGFR 
aberrations did not show any distinction between adenomas with and without synchronous 

carcinoma, their genomic instability index did. This index was calculated by dividing the 

number of observed signal patterns (CEP18, SMAD7, EGFR) by the number of analyzed 

cells. This index was significantly increased in adenoma samples of patients with 

synchronous colorectal carcinoma. Activation of EGFR, a transmembrane protein with 

intrinsic tyrosine-kinase activity, leads to proliferation and cell integrity. However, 

overexpression causes apoptotic resistance and tumor propagation, especially in colorectal 

carcinogenesis.23,24 Therefore, our finding of EGFR amplifications seems to identify cells 

that drive tumor formation and propagation. Interestingly, such amplifications were 

accompanied by deletions of SMAD7.

Adenoma patients with synchronous carcinoma were also indicated by the increased 

genomic instability index of CEP17, NCOA3, and TP53. Aberrations of NCOA3 and TP53 
were also correlated with increased DNA stem line values and overall aneuploid DNA 

patterns. Deletions of the tumor-suppressor TP53 are known to appear late during colorectal 

carcinogenesis. They can be detected at early stages in 15% and up to 60% in advanced 

stage carcinomas.25 A substantial amount of adenoma cells did harbor TP53 deletions in the 

specimens analyzed in this study, indicating a yet underestimated role of TP53 deletions 

early during carcinogenesis. NCOA3 has been detected as being amplified in breast cancer 

(synonym AIB1).26 It has also been described to be amplified in endometrial, stomach, 

prostate, pancreatic, and hepatocellular carcinomas.27–29 NCOA3 is as transcription 

coactivator involved in cell proliferation, migration, differentiation, and growth.30 Henke et 
al31 could show that NCOA3 amplification seems to be an early event during pancreatic 

cancer development. In colorectal carcinomas, NCOA3 amplifications were detected by 

different groups in 10–32%.32,33 Interestingly, we could detect NCOA3 amplifications in 

20.1% of adenoma cells of patients without malignancy, in 26.9% of adenoma cells of 

patients with malignancy and in 33.4% of carcinoma cells. NCOA3 amplifications have also 

been described to correlate with the occurrence of lymph-node and liver metastases.34 Five 

of our six analyzed carcinoma samples showed lymph-node metastasis. In addition, aberrant 

NCOA3 copy numbers as compared with CEP17 in the adenoma samples were significantly 

associated with a shorter time period until adenoma recurrence was diagnosed. Thus, 

NCOA3 amplifications seem to have a high impact on adenoma development and 

progression of premalignant stages to malignancy. The importance of NCOA3 
amplifications for colorectal carcinogenesis is further corroborated by the fact that NCOA3 
amplifications overall correlated with amplifications of EGFR, MYC, and RAB20.

Although no differences between adenomas with and without synchronous carcinoma could 

be observed for RAB20, MYC amplifications were present more frequently in adenomas of 

patients with synchronous carcinoma. In addition, MYC amplifications were more 

frequently observed in aneuploid cells. Amplifications of the oncogene MYC are well 

known for their impact on colorectal carcinogenesis and are frequently detected in advanced 

stage carcinomas.35 Our data suggest that MYC amplifications already do seem to be of 

importance in premalignant lesions and characterize cell clones of increased malignancy 

potential. RAB proteins belong to the superfamily of RAS-GTPases.36 Their main function 
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is the control of endocytotic vesicle transport. RAB20 is mainly localized at the apical 

membrane of intestinal cells and is involved in endocytosis and recycling.37,38 RAB20 has 

not been associated with colorectal carcinogenesis so far. However, we revealed RAB20 
amplifications in ~34.2% of adenoma cells, which is comparable with the most frequent 

gene copy number alteration observed in our data set (gain of EGFR in 36.2% of adenoma 

cells). The high rate of RAB20 amplifications could cause an increased recycling process for 

growth factor receptors that are important for proliferation and disintegration during tumor 

progression.38 This would suggest RAB20 amplification to be an early event during 

colorectal carcinogenesis.

The results of our probe panel assessments showed that across samples and patient groups, 

gene-specific copy number alterations could be observed in a substantial number of cells. 

Interestingly, the most frequently observed alterations were a gain of EGFR (36.2%) and 

RAB20 (34.2%). Although the frequency of these two aberrations was increased in the 

carcinoma samples (EGFR, 44%/RAB20, 41.4%), there was no difference between patients 

with and without malignancy. Therefore, we conclude that amplifications of EGFR and 

RAB20 could trigger adenoma development. Individual risk assessment for adenoma 

recurrence and the presence of synchronous carcinoma could be improved through the 

evaluation of the probe panel I genomic instability index (CEP 18, SMAD7, EGFR) and the 

frequency of NCOA3 amplifications, MYC amplifications, and TP53 deletions.

In summary, genomic instability in colorectal adenomas is reflected by genomic 

amplification of the oncogenes EGFR, MYC, NCOA3, and RAB20 that correlate with 

histomorphological features. These amplifications are indicative for adenoma recurrence and 

for the presence of synchronous carcinomas. Detection of such amplifications using FISH 

can contribute to the assessment of individual progression risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) DNA histograms according to Auer. Type I, II, and III reflect euploid DNA distribution 

pattern, and type IV characterizes aneuploid cell populations. (b) Frequency of TP53 
deletions depending on the ploidy type. (c) Frequency of NCOA3 amplifications depending 

on the ploidy type. (d) Frequency of MYC amplifications according to ploidy types. 

Physiological copy numbers in diploid (e) and aberrant copy numbers in aneuploid 

adenomas (g) of probe panel II: CEP17, yellow/NCOA3, green/TP53, red. Physiological 
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copy numbers in diploid (f) and aberrant copy numbers in aneuploid (h) adenomas of probe 

panel III: CEP17, yellow/MYC, green/RAB20, red.
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Figure 2. 
(a) Frequency of NCOA3 amplifications according to patient groups (A, patients without 

adenoma recurrence and without carcinoma; (B) patients with adenoma recurrence but 

without carcinoma; (D) patients without adenoma recurrence but with carcinoma; (E) 

patients with adenoma recurrence and with carcinoma). (b) Adenoma recurrence-free 

survival time depending on NCOA3 copy numbers. (c) Frequency of NCOA3 copy numbers 

according to the histological subtypes.

Habermann et al. Page 17

Mod Pathol. Author manuscript; available in PMC 2020 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Average signal counts per gene probe, patient group, and hybridization panel without 2/2/2 

signal pattern. For MYC signal counts, one patient with up to 20–30 signals per cell was not 

included in the visualization to reflect the overall average of MYC signal counts within 

groups.
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Figure 4. 
Example of increasing copy numbers for MYC and RAB20 (panel III) from synchronous 

adenoma to carcinoma, indicating clonality of cells with aberrant copy number signals.
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Table 2c

Correlation between genomic instability indices and DNA ploidy type

DNA ploidy Panel I index, average Panel II index, average Panel III index, average

Diploid 0.2196 0.2343 0.2460

Tetraploid 0.2258 0.2346 0.2698

Aneuploid 0.2507 0.3100 0.3330

For the increase in panel I indices, significance level was not reached.

For panel II indices, differences between diploid and aneuploid (P = 0.0105) and tetraploid and aneuploid (P = 0.0145) were significant.

For panel III indices, the difference between diploid and aneuploid (P = 0.017) was significant, whereas the difference between tetraploid and 
aneuploid missed significance for a small margin (P = 0.0865).
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