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Abstract

Mantle cell lymphoma (MCL) shows a clinical aggressiveness that varies from patient to patient. 

Despite major advances in outcomes with current immunochemotherapy, the future development 
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of therapies requires risk stratification to tailor therapy intensity. Within the group of reference 

pathologists for the ongoing trials of the European MCL Network, we performed a round robin 

test on a tissue microarray, to evaluate the reproducibility in assessing the biomarkers of outcome 

in MCL. Cytological subtype, Ki67-index and expression of p53 and SOX11 were evaluated on 20 

diagnostic tumour samples by eight participating labs independently. We demonstrate that the 

assessment of the proliferation index by counting the Ki67 positive cells as well as assessment of 

SOX11 and p53 expression status are reproducible between labs. For the most established 

prognostic biomarker, Ki67, the intra-class correlation coefficient was very good when assessed as 

a continuous parameter (0.87). The agreement was lower when the values were analysed in a 

dichotomized way applying the commonly used cut-off of 30% [kappa=0.65, complete 

concordance of all labs in 13/20 (65%)]. Cases with discrepant results between labs in the 

dichotomized analysis showed mean values close to the cut-off of 30%. Centralized scoring and 

digital image analysis revealed results in line with the scores from individual labs. All cases in our 

cohort were additionally assessed for gene expression signatures and of TP53 gene alterations. 

Given the good reproducibility when guidelines of assessment are applied, the biomarker studied 

in this inter-laboratory test present potential candidates, to be enhanced for risk-stratification in the 

future clinical trials.
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Introduction

Mantle cell lymphoma (MCL) has been considered the paradigm of a clinically aggressive 

neoplasm with dismal prognosis in the past, but it is now regarded as a disease with inter-

tumour heterogeneity in response to treatment and survival, but also in its molecular 

features. The evolution of therapy regimens for this relatively rare lymphoid neoplasm has 

improved outcomes over the last decade [1]. However, despite the heterogeneity in outcome, 

MCL patients are currently not stratified by risk factors other than patient age before start of 

therapy, with the exception that the leukemic non-nodal variant of MCL is frequently 

managed differently than the “common” nodal MCL. However, the future development of 

MCL therapeutic regimens requires patient-specific tailoring of therapy (e.g. by biomarkers).

Currently, MCL is the sole lymphoid neoplasm for which a pathologic parameter is 

integrated within a prognostic index and retains its significance [2,3]. Indeed, risk 

assessment in MCL is best provided by the combined MCL International Prognostic Index 

(MIPI-c), developed within the European MCL Network [4], which aggregates the clinical 

parameters from previous MIPI with the evaluation of the antigen Ki67 by 

immunohistochemistry (IHC) as a measure of cell proliferation.

A prerequisite for the implementation of a biomarker into patient stratification is its 

reproducibility among laboratories. To address this issue, we conducted an inter-laboratory 

test among reference pathology labs of the European MCL Network, which presents a 

potential framework for future trials using risk adapted patient stratification. We aimed to 
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analyse prognostic biomarkers of MCL that have been well established in retrospective 

analysis. Our test included pathologic parameters, which have been recently proved helpful 

on retrospective series from clinical trials, such as Ki67, p53 and SOX11 protein expression 

and cytological variants [5–7] and which are potentially widely available in pathology labs. 

Our analysis was completed by assessment of the prognostic gene expression assay MCL35 

[8,9], a signature for leukemic non-nodal MCL (L-MCL16 assay) [10] and for TP53 gene 

alterations (mutations and deletions).

Methods

Samples and stainings

A series was provided by selecting 20 cases from the files of the Lymph Node Registry in 

Kiel, including all cytological and phenotypic features observed in MCL (table 1), regardless 

of clinical presentation. From each formalin-fixed, paraffin-embedded (FFPE) tissue, two 

cores of 0.6 mm in diameter were transferred into a tissue microarray (TMA). The TMA was 

cut into 3μm slides and immediately sent to the 8 participating pathology centres (Barcelona, 

Bergen, Copenhagen, Kiel, Lisbon, Milan, Toronto and Warsaw) within 24 hours. Each 

laboratory was requested to stain the slides for Hematoxylin-Eosin (H&E), Ki67, p53 and 

SOX11 according to their local protocols for immunohistochemistry (IHC, supplementary 

table 1).

Definition of variables

Cytological variant was assessed as small cell, classic, blastoid or pleomorphic [11]. For 

additional analysis, cytology variants were lumped into low grade (classic or small cell) and 

high grade (blastoid or pleomorphic).

Ki67 index was assessed as quantitative value, reflecting the percentage of Ki67 positive 

tumour cells according to the published guidelines [12]. For the analysis, the average of two 

manual counts of 100 cells each in separated representative areas (i.e. not containing 

residual germinal centers or hot spots of proliferation [12]) was calculated. Subsequently, 

Ki67 index was classified as low (<30%) or high (≥30%). p53 and SOX11 IHC were 

assessed by counting positive cells, regardless of intensity of staining, in a semi-quantitative 

manner at 10% intervals, as previously described [7]. Accordingly, for p53 a four-tiered 

score was assigned as negative (0% of lymphoma cells strongly positive), low (110%), 

intermediate (11–50%) and high (>50%). For SOX11, a 3-tiered score was assigned as 

negative (0%), low (1–10%) and positive (>10%). Scores were further transformed into two-

tiered systems: non-high (≤50%) vs high (>50%) for p53 and negative (≤10%) vs positive 

(>10%) for SOX11.

Centralized evaluation and image analysis

After assessment in each pathology centre, the slides were collected and a centralized score 

was performed by an independent pathologist (GC), both manually and by quantitative 

image analysis. The latter was carried out via TissueStudio 64 software (Definiens AG, 

80636 Munich, Germany). Scans from each section were acquired (Hamamatsu 

Nanozoomer; Hamamatsu Photonics, Herrsching am Ammersee, Germany) and processed. 
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Prior to analysis, the software requires staining thresholds to be set for nuclei and staining 

recognition, a task which was performed separately for Ki67, p53 and SOX11, arbitrarily on 

the slides from Kiel. For nucleus detection, a typical nucleus size was defined as 25 μm2, to 

allow the software to separate packed nuclei, and a size filter was applied to remove stained 

artefacts with a size ≤4 μm2. Finally, a chromogen threshold was set at 0.3 for assessment of 

positive cells. Prior to analysis, each single core from digital scans was reviewed and region 

of interest were manually selected, to exclude from the analysis hotspots of proliferation and 

areas with gross technical artefacts.

Molecular analysis

For each case, DNA and RNA were extracted from whole FFPE sections taken from the 

corresponding, paraffin embedded blocks using QIAGEN AllPrep DNA/RNA FFPE Kit 

(QIAGEN, Hilden, Germany) after deparaffinization. The NanoString platform (NanoString 

Technologies, Seattle, WA) was used to measure the proliferation signature (MCL35 assay) 

[8,9], and L-MCL16 assay [10]. Three samples did not pass the quality controls and were 

removed from subsequent analyses. TP53 mutations in the coding region were assessed by 

targeted next generation sequencing using Nextera Flex for enrichment protocol (Illumina) 

combined with custom DNA-probes from IDT (xGen Lockdown_probes) and run in a 

MiSeq sequencer. Determination of 17p deletion was performed with fluorescence in situ 

hybridization and a probe that includes a centromeric control (Vysis Abbott, USA).

Statistical analysis

The data originated from the assessment of 4 markers (cytology, SOX11, p53, Ki67 index) 

by 8 scorers (Labs A-H) on 20 samples. Samples with missing values were excluded for the 

respective assessment of agreement. For quantitative and ordered categorical data, intra-class 

correlation coefficient (ICC) was calculated using two-way ANOVA (considering samples 

and labs as random samples of larger populations), estimating agreement and using single 

scorer values. For binary and unordered categorical data, Fleiss Kappa (k value) was 

evaluated. ICC and k reflect the ratios of observed agreement in relation to agreement by 

chance and vary between −1 (complete disagreement of observers), 0 (agreement by chance) 

and 1 (all observers agree). As additional sensitivity analyses, each lab was omitted once 

from every analysis, in order to check the stability of the results. BlandAltman-Plots were 

produced for Ki67 index by manual counting at each lab in comparison to Kiel lab as 

reference.

The statistical analysis was performed using the package irr in R version 3.5.1 (www.r-

project.org). Spearman’s correlation was used to measure the association between the 

MCL35 score and Ki67 staining. The mean L-MCL16 score between SOX11 negative and 

positive cases was compared with a Welch’s t-test.

Results

Detailed ICC and kappa values are listed in supplementary table 2.
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Cytology

Agreement between observers in cytology assessment was moderate when analysing all 

categories (small-cell, classical, pleomorphic, blastoid; kappa=0.39; supplementary figure 

1). Omitting one lab resulted in ICC values ranging between 0.36 and 0.46. Complete 

concordance among all eight centres was reached in only 6/20 (30%) of cases. A slightly 

better agreement was achieved when cytology subtypes were combined into low grade 

(classical+small cell) and high grade (pleomorphic and blastoid) categories, respectively 

(kappa=0.57, with full concordance in 11/20 [55%] cases). Omitting one lab resulted in 

kappa values ranging between 0.53 and 0.68.

Ki67

The agreement for Ki67 assessed as a continuous parameter was very good (ICC 0.87, 

Figure 1, range 0.86–0.89 after omitting one lab at a time; Bland-Altman plot, 

supplementary figure 2). The agreement was lower when the values were analysed in a 

dichotomized way applying the commonly used cut-off of 30% (kappa=0.65, complete 

concordance of all labs in 13/20 (65%), Figure 1; range kappa 0.62–0.72 after omitting one 

lab at a time). Cases with discrepant results between labs in the dichotomized analysis 

showed mean values close to the cut-off of 30% (Figure 1). The MCL35 assay was evaluable 

in 17 of the 20 cases and assigned a high-risk in 5 cases, standard-risk in 5 cases and low-

risk in 7 cases, based on the proliferation (Figure 3). The MCL35 signature (as a continuous 

variable) and the Ki67 staining showed a high correlation with the reference (Kiel) score 

(Spearman rho = 0.82, IC95% = [0.46, 0.97], p-value < 0.001; table 1).

In a second step, all stainings from individual labs were collected centrally and manually 

counted by one observer. The concordance between the central manual counts and the 

individual counts of the labs was very good (range: 0.88–0.98). Relevant discrepancies 

between the individual lab scores and the central score were occasionally due to 

heterogeneity in staining intensity and/or to a variable content of proliferation hotspots 

and/or residual germinal centres within the slides stained and scored by different labs 

(Figure 2).

Centrally performed digital image analysis achieved a very good agreement with the counts 

derived from the individual labs (ICC range: 0.86–0.95) as well as with the centrally 

generated manual counts (ICC range: 0.88–0.95).

p53

The agreement for p53 expression analysis was good using the four-tiered system 

(ICC=0.71; range 0.67–0.75 after omitting one lab at a time), even though complete 

concordance among all centres was reached in only 3/20 (15%) cases (supplementary figure 

3). Interestingly all cases with complete agreement showed high level of p53 expression. 

When the p53 values were analysed in a dichotomized way as high and non-high cases, 

kappa value was high (0.95, range 0.90–1 after omitting one lab, full concordance in 18/20 

(90%) cases, supplementary figure 3). TP53 gene was mutated in 3 cases (all p53 high and 

SOX11-negative), one of which also carrying 17p deletion, whereas a further one had a 

deletion (identified both by NGS and FISH), but no mutation (Table 1). Notably, p53 high 
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expression was observed only in the SOX11-low subset and was characterized by positivity 

of the vast majority of nuclei in a strong and homogeneous pattern (Figure 2).

SOX11

IHC for SOX11 expression displayed a very good concordance between individual labs 

using a threetiered system (ICC=0.95, range 0.95–0.96 when one lab omitted), with full 

concordance between labs in 17/20 (85%; supplementary figure 4) and comparable 

agreement between labs when dichotomized as positive and non-positive (kappa=0.91, range 

0.90–0.93 with one lab omitted, full concordance between labs 18/20, 90%). Representative 

examples of stainings are illustrated in Figure 2. SOX11 mRNA level displayed a good 

concordance with SOX11 staining, with the notable exception of case #20. On the other 

hand, the L-MCL16 score was higher in the SOX11-positive cases (785.7 versus 607.3,p-

value = 0.001; table 1) and unequivocally separated the two subtypes (Figure 3).

Discussion

The purpose of the present study was to assess the performance of experienced 

hematopathologic laboratories in the assessment of prognostic parameters of MCL and to 

provide informative hints to general pathologists. We avoided the bias of the centralization 

for staining and processed the slides at each separate lab, as our intention was to mimic the 

real world workup of diagnostic cases. It is important to consider that our test was not 

designed to evaluate the prognostic power of the biomarkers, nor to correlate biomarkers of 

prognosis with each other. Our analysis included molecular analysis for imbalances and gene 

expression signatures, which in the clinical setting are surrogated by the respective 

immunohistochemical stainings. Collectively, despite the low number of cases tested, the 

results from morphologic molecular analyses largely overlap, but with some caveats 

discussed below.

Our data showed only a moderate agreement among labs in cytology assessment, thus it may 

be argued that cytology should not be used as a prognostic marker in clinical practice. As 

well, the poor prognostic significance historically attributed to blastoid and pleomorphic 

variants seems replaceable by the Ki67 index and TP53 status [3,13]. It is our 

recommendation to include cytologic variants in the pathology reports, as it represents a 

helpful diagnostic feature, but not to use it as a risk factor for patient stratification.

Immunostaining for p53 is a promising tool for prognostic purpose, as it acts as a surrogate 

marker for TP53 mutation and/or 17p deletion, thus of p53 pathway deregulation. When 

complying with the cutoffs assessed in the larger clinical series [7], p53 scoring yielded a 

good overall concordance, with most of the disagreement in cases within the negative to low 

(0–10%) range, which seems clinically a less important subgroup. Agreement was excellent 

when the task was restricted to sorting out high (>50%) from non-high p53 cases. 

Dichotomized scores miss full negative cases, for which there is some existing evidence on 

their association with inferior outcome (i.e., either for absent or nonfunctional protein) [7]. 

To this regard, our observation of case #16, carrying a 17p deletion, but with complete p53 

negativity, stresses the point that, besides its promising prognostic power [6], p53 

immunohistochemistry is not a valid substitute of molecular analysis. The pattern of p53 
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positivity may vary in respect to staining intensity. Notably, a homogeneous pattern of 

reactivity (either low or intense, or fully negative) was most commonly observed in truly 

positive cases (p53-high), in which dysregulated protein expression can be related to a clonal 

anomaly, whereas a variable intensity expression intensity, with occurrence of negative 

nuclei, is encountered in p53-non-high cases, most likely reflecting the expression of a 

functional protein. From a technical perspective, it should be finally noted that all 

laboratories applied the same DO-7 clone (albeit from different producers).

SOX11 staining is regarded as a strong diagnostic tool to identify the non-nodal variant of 

MCL, which is tipicallly SOX11-negative, as compared to the more common nodal type of 

MCL, usually SOX11positive. However, absence of SOX11 expression seems to impact 

prognosis in a bi-modal fashion, as SOX11 negativity is mostly encountered in leukemic 

MCL, which harbours a more protracted course, but is also associated with development of 

TP53 aberrations, particularly in the terminal phases of the disease and in cases of nodal-

type MCL [5,6,14]. Recently, a study on 365 patients enrolled within the European MCL 

Network (only 1% consisting of leukemic non-nodal MCL) demonstrated superior survival 

curves in cases harbouring >10% SOX11+ cells, with the poorest outcomes in completely 

negative cases [7]; however, analysis and correlation with TP53 imbalances was not 

performed. From the technical point of view, it should be noted that, besides the high 

standardization of available clones (overlap was observed in 6/8 laboratories), variability in 

staining results is acknowledged in the literature [15]. Our data show that SOX11 status can 

reliably be assessed by IHC: given the uncertain relevance in nodal MCL, either as a 

prognostic parameter or as a diagnostic tool to identify clinical subgroups, the future 

application of this biomarker needs to be explored.

Lymphoma cell proliferation is the best established prognostic biomarker in MCL [2]. In our 

study, Ki67 assessment achieved a very good concordance as a continuous variable among 

different scorers, with comparable ICC values when the counts were performed centrally and 

highest agreement when they were performed manually by a single, independent pathologist. 

On the other hand, the consistency was lower when the scores were translated into the “non-

high” vs “high” system, since cases with values close to the cut-off switched groups 

occasionally. Practically, in concordance with the previously published data [12], exact 

count of Ki67-positive cells is an essential requisite to assess the Ki67 index. In other words, 

it is technically required to generate Ki67 as a continuous parameter, but post-hoc 

transformation of this continuous parameter into prognostic groups leads to a reduction in 

inter-observer agreement for cases in which the true biological proliferation rate lies in the 

range of the cut-offs. Thus, our data stress the requirement of counting for Ki67 and the 

value of the established guidelines [12]. So far it remains uncertain whether the Ki67 index 

will finally be applied as a continuous variable or in a dichotomized way for pre-treatment 

stratification of patients.

MCL carries specificities in its histology, which impact the evaluation of the proliferative 

index. First and most important, the selection of the best area to count requires careful 

exclusion of foci of non-neoplastic cell proliferation and areas appearing as exceptionally 

high proliferation of lymphoma cells (so called “hotspots”). Our results are based on the 

recommendation previously developed by the group, which includes a selection of fields 
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within homogeneous proliferation free of hot-spots and high levels of non-neoplastic cells. It 

needs to be considered that our test included TMA and not whole slides [12], thus the issue 

of proper area selection is not reflecting the real-life diagnostic scenario, a potential 

insufficiency of our study. However, TMA represents an effective tool for assessment of 

pathologic parameters [16,17] and our results show that a good degree of concordance in 

counting can be achieved both by manual and automated approaches, although the need to 

set optical thresholds for image analysis and the necessity of accurate selection of regions of 

interest still requires the skill of a trained pathologist [18].

To date, the issue of reproducibility of Ki67 assessment has been extensively addressed, with 

most of the literature focusing on the pathology of breast cancer and neuroendocrine tumors 

[19,20]. It is acknowledged that Ki67 scoring can achieve a high inter-rater agreement once 

proper guidelines are developed [21]. However, besides the advantage of the widespread 

availability of Ki67 staining in diagnostic pathology labs and the attempts to establish 

standardized methods for its assessment, IHC remains a technology largely influenced by 

pre-analytical variability of tissue processing (most important, type and time of fixation) and 

by the wide array of primary antibodies clones and of staining procedures available on the 

market [19,22,23]. In our series, 8 participating labs applied 4 different Ki67 clones to 6 

different staining systems, a heterogeneity which cannot be reasonably overcome in the daily 

life setting, as choice of laboratory procedures are bound to local policies. The good 

reproducibility of the counts, when pairing the original assessment with the central 

reevaluation of each slide, both manually and by digital image analysis (which still depends 

on an arbitrary selection of thresholds) further strengths the point that laboratory standards 

effectively impact the results, but still allowing an overall good performance of the test.

Collectively, these observations confirm the applicability of Ki67 staining as prognostic 

factor in clinical trials. A centralized revision of stained slides may be applied for cases with 

Ki67 values close to the cut-off and/or cases not diagnosed in a specialized reference 

pathology centre like the ones participating in the current test. Future inter-laboratory testing 

should thus include the use of digital slides (whole slide scans) which are most likely used 

for a second opinion scoring within next clinical trials. Finally, our analysis supports the 

concept of molecular signatures as valid substitutes of current standards, also for assessment 

of proliferative index, particularly as they improve the standardization and reproducibility of 

procedures [9].

In summary, we report a good inter-observer agreement of scoring for Ki67 index, 

expression of p53 and expression of SOX11 in MCL. Given the well-established prognostic 

relevance of Ki67 and p53 expression in the common nodal form of MCL, these biomarkers 

qualify for a future application in pre-treatment risk stratification of patients, even though it 

should be advisable to manage Ki67 as a continuous parameter. Of note, our results are 

generated by highly specialized pathologist under conditions that do not represent daily 

diagnostic practice. Finally, we need to stress, that these biomarkers in MCL have not yet 

been proven to improve outcome of patients with MCL if applied for treatment selection. 

This will be a major task for future clinical trials.
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Figure 1. 
Ki67 scores assessed at individual labs (A-H) are plotted for each case (1–20). The y-axis 

shows the Ki67 value as percent of positive cells. The 30% cut-off commonly used in 

previous publications is indicated by a grey line.

Croci et al. Page 11

Virchows Arch. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Ki67 assessment: panels a) and b) depict two matching fields from case 18, with major 

discrepancy in Ki67 count among different labs (respectively, 59.5% from lab F vs 19% 

from lab G), reasonably impacted by a diversity in staining intensity and interpretation of 

weaker signals (centralized manual count was, respectively, 46.5% and 31.5%).

p53 assessment: panels c) and d) exemplify the pattern of positivity among two «p53 high» 

cases from lab F, respectively, case 10 (TP53 mutated) and case 20 (TP53 mutated plus 17p 

deleted); intensity is variable but consistent, or «clonal», as compared e) with the variable 

intensity in case 8 (TP53 wild type, del17p negative), scored intermediate at lab C.

SOX11 assessment: though heterogeneous (f, g; respectively, case 9 and 1, lab C), the 

consistency of SOX11 staining among each given case allows an easy assessment of SOX11 

positivity, as compared to «low positive» (h, case 18, lab C) and true negative cases, which 

at times harbour only isolated positive cells in an homogeneously negative background.
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Figure 3. 
a) scatter plot, Ki67 count (Kiel assessment as reference value) vs MCL35 score; b) box 

plot, SOX11 mRNA by Nanostring vs L-MCL16 score, featuring one case (#20) carrying 

SOX11 negativity on IHC and a low L-MCL16 score, but with high mRNA level.
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Table 1 –

Summary of histologic (Kiel scores, for reference) and molecular assessment

TP53 Proliferation SOX11

ID Cytology IHC 
count

IHC 
score*

Mutation del17p 
FISH

Ki67, 
IHC

MCL35 Ki67, 
score

MCL35 
group

IHC 
count

IHC 

score
#

L-
MCL16

1 classical 5 1 neg 48 327.6 High Std 80 2 798.8

2 classical 3 1 neg 2 317.0 Low Std 40 2 832.9

3 classical 5 1 neg 10 193.9 Low Low 20 2 793.0

4 pleomorphic 50 2 neg 96.5 472.1 High High 0 1 582.1

5 pleomorphic 3 1 NE neg 12.5 199.4 Low Low 90 2 814.4

6 classical 3 1 neg 7 163.4 Low Low 80 2 780.0

7 classical 5 1 neg 15.5 330.5 Low Std 60 2 744.9

8 blastoid 20 1 neg 76.5 430.3 High High 70 2 800.6

9 classical 5 1 neg 36 267.1 High Std 90 2 798.9

10 small cell 80 2 p.R273C neg 26.5 344.8 Low Std 0 1 559.9

11 classical 2 1 neg 10 206.7 Low Low 80 2 808.6

12 pleomorphic 2 1 x3–4 4.5 213.1 Low Low 60 2 733.2

13 classical 5 1 neg 21 NE Low NE 80 2 NE

14 classical 5 1 NE NE 10 NE Low NE 80 2 NE

15 classical 5 1 neg 5.5 115.3 Low Low 80 2 746.5

16 classical 0 1 del 51.5 416.5 High High 20 2 762.2

17 classical 20 1 NE neg 9.5 133.8 Low Low 80 2 799.9

18 pleomorphic 90 2 p.H179 neg 45.5 386.7 High High 0 1 638.2

19 classical 20 1 neg 18.5 NE Low NE 50 2 NE

20 blastoid 90 2 p.R342* del + 

x4–5
#

94.5 534.8 High High 0 1 648.8

Legend: IHC, immunohistochemistry; NE, not evaluable; del, deletion.

#
complex pattern observed, amplified locus with presence of uncoupled centromeres (17p deletion).

*
p53 scores: 1-non-high (≤50%), 2-high (>50%)

#
SOX11 scores: 1-negative (≤10%), 2-positive (>50%)
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