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BACKGROUND: The Cancer Genome Atlas (TCGA) consortium described EBV positivity(+), high microsatellite instability (MSI-H),
genomic stability (GS) and chromosomal instability (CIN) as molecular subtypes in gastric carcinomas (GC). We investigated the
predictive and prognostic value of these subtypes with emphasis on CIN in the context of neoadjuvant chemotherapy (CTx) in GC.
METHODS: TCGA subgroups were determined for 612 resected adenocarcinomas of the stomach and gastro-oesophageal junction
(291 without, 321 with CTx) and 143 biopsies before CTx.EBV and MSI-H were analysed by standard assays. CIN was detected by
multiplex PCRs analysing 22 microsatellite markers. Besides the TCGA classification, CIN was divided into four CIN-subgroups: low,
moderate, substantial, high. Mutation profiling was performed for 52 tumours by next-generation sequencing.
RESULTS: EBV(+) (HR, 0.48; 95% CI, 0.23–1.02), MSI-H (HR, 0.56; 95% CI, 0.35–0.89) and GS (HR, 0.72; 95% CI, 0.45–1.13) were
associated with increased survival compared to CIN in the resected tumours. Considering the extended CIN-classification, CIN-
substantial was a negative prognostic factor in uni- and multivariable analysis in resected tumours with CTx (each p < 0.05). In
biopsies before CTx, CIN-high predicted tumour regression (p= 0.026), but was not prognostically relevant.
CONCLUSION: A refined CIN classification reveals tumours with different biological characteristics and potential clinical
implications.
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BACKGROUND
Chromosomal instability (CIN) is one of the major hallmarks of
many solid tumours and is considered as a type of genomic
instability driving the carcinogenic process by an ongoing
acquisition of genomic alterations including gains or losses of
whole chromosomes or only parts of them [1]. Based on a
comprehensive genome-wide analysis performed by the Cancer
Genome Atlas (TCGA) consortium [2], CIN, defined by the degree
of chromosomal alterations rather than by a measured rate,
emerged as the most common molecular subtype in gastric
carcinomas (GC). Besides CIN, three other molecular subtypes
encompassing Epstein-Barr virus positive (EBV+) tumours,
tumours with high microsatellite instability (MSI-H) and genomic
stable (GS) tumours were identified [2]. This categorisation is
clinically relevant, with an association with better outcomes
identified for EBV(+) and MSI subtypes in several studies [3–9],
whereas the positive or predictive impact of CIN in GC is poorly

characterised. This may in part be due to the lack of consistent
techniques for the precise determination of CIN especially in the
routine diagnostic setting and due to the lack of a standardised
definition of CIN, while for the detection of EBV or MSI relatively
simple diagnostic methods based on immunohistochemistry,
in situ hybridisation or PCR and clear definitions exist [10, 11].
To overcome this restriction we had developed a cost-efficient
and reliable microsatellite-based multiplex PCR assay for the
detection of allelic imbalance (AI) as a surrogate measure for CIN
in a previous study [12].
In this study, we first investigated the prognostic and

predictive role of the molecular classification as proposed by
the TCGA consortium in our large GC cohorts in the context of
neoadjuvant chemotherapy (CTx) using this assay. In a second
step we asked, if a further subdivision and characterisation of
the CIN-group may reflect in more detail the biologically
heterogeneous nature of GC and may specifically contribute to
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a more differentiated impact of CIN on response to CTx and
prognosis of the patients.

METHODS
Patient cohorts and study enrolment
Surgically resected specimens from 617 patients with gastric adenocarci-
nomas including tumours of the gastro-oesophageal junction (AEGII and
AEGIII according to Siewert and Stein [13]) that were treated with or
without neoadjuvant CTx between 2001 and 2013 at the Department of
Surgery of the University of Heidelberg and between 2001 and 2012 at the
Technical University of Munich were initially included in the study. For five
cases, no CIN data were available and the final resected tumour cohort for
molecular analysis of the four subgroups EBV(+), MSI-H, GS and CIN
according to the TCGA classification consisted of 612 resected specimens.
Tumour biopsies before neoadjuvant CTx from 143 patients treated
between 1993 and 2013 at the Department of Surgery of the Technical
University of Munich were also included. Characteristics of all patients
included for molecular analysis were as described [3]. For 42 patients,
corresponding pre-treatment biopsies before CTx and post-treatment
resected specimens after CTx were available to determine tumour cell
plasticity of the molecular subgroups in the context of neoadjuvant CTx.
Limitation for inclusion into the molecular analysis were the availability of
paraffin blocks and sufficient DNA from tumour and non-tumorous tissues.
The refined CIN classification was performed only for EBV and MSI-H

negative tumours and these final cohorts consisted of 532 patients with
resected tumours (284 with CTx and 248 without CTx) and of 122 patients
with tumour biopsies before CTx. Patient characteristics for the refined CIN
analysis are summarised in Table 1 and an overview of the study
enrolment is shown in Fig. 1.

Chemotherapy and surgery
Patients were treated with platinum/5-fluorouracil (5-FU) based che-
motherapeutic regimens with or without taxane or anthracycline. The
detailed chemotherapeutic regimens of the patients included for the
refined CIN classification are shown in Supplementary Table S1. The
surgical approaches included an abdominal D2 lymphadenectomy as
reported in detail elsewhere [3, 14].

Response evaluation
Response to preoperative CTx was determined histopathologically and
classified into three tumour regression grades (TRG) according to the
Becker classification: [15] TRG1, TRG2 and TRG3, which corresponded to
<10%, 10–50% and >50% residual tumour cells present in the tumour bed
after neoadjuvant CTx, respectively.
In the cohort of patients with tumour biopsies before CTx, all three

regression grades were present within the resected specimen. Overall
survival (OS) of the TRG1, TRG2 and TRG3 group was significantly different
(p < 0.001) (Supplementary Fig. S1a). Comparing OS only between the
patients with TRG2 and TRG3, no significant difference was observed (p=
0.344). Thus, for the purpose of this study, we combined TRG2 and TRG3
into one group and refer to them as the non-responding patients.
Comparison of OS between the responding (TRG1 group) and the non-
responding group was statistically significant (p < 0.001) (Supplementary
Fig. S1b). In the resected tumour cohort with CTx, TRG1 tumours were not
included either due to the complete absence of tumour cells or very low
tumour cell contents which makes a molecular tumour analysis from these
samples difficult or impossible.

Follow-up and overall survival
Follow-up was performed as described and median follow-up was
calculated by the inverse Kaplan–Meier method [14, 16]. OS of the
patients was defined as the time between the date of surgery and death
by any cause [3, 14]. Median follow-up and OS data of the patients
included for the refined CIN analysis are shown in Table 1.

DNA isolation and tumour cell content
DNA isolation from paired tumour and non-tumorous formalin-fixed
paraffin-embedded (FFPE) tissues is described in Supplementary Material
(Supplementary Methods).
Samples with a tumour cell content of at least 10% were included for

MSI analysis according to the described limit of detection for MSI [17]. We

investigated the AI ratios for an association with the tumour cell content
divided into four groups in a range from 10 to 25%, 25 to 50%, 50 to 75%
and ≥75% in all tumours used for MSI analysis. As no essential correlation
of the AI ratios with tumour cell content was found (Pearson correlation
coefficient r= 0.207), all samples were included in this study. The
distribution of the AI ratios in association with the tumour cell content is
shown in Supplementary Fig. S2.

EBV and MSI analysis
EBV analysis was performed by a PCR-based assay and tumours with
positive PCR signals were further analysed by chromogenic in situ
hybridisation as described [3, 11].
MSI was analysed using the Bethesda panel consisting of the two

mononucleotide repeats BAT25 and BAT26 and the three dinucleotide
repeats D2S123, D5S346 and D17S250 as recommended by the National
Cancer Institute [10] and is described in Supplementary Material
(Supplementary Methods). According to a standardised definition, high
MSI (-H) was defined if at least two of the five markers showed
instabilities and as microsatellite stable (MSS) and/or low MSI (-L), if none
or one of the five markers showed MSI, respectively. To avoid a
classification as MSI-H based on instabilities exclusively at two
dinucleotide repeats, those tumours were additionally analysed using
the three mononucleotide markers NR-21, NR-24 and NR-27 as
recommended [18]. If no mononucleotide marker was unstable, these
tumours were classified as MSI-L. MSI analysis using the Bethesda panel
and the additional three mononucleotide repeats are described in detail
in Supplementary Material (Supplementary Methods). According to
TCGA, tumours were classified into EBV(+), MSI-H and MSS/MSI-L
tumours [2].

Detection and classification of CIN
Allelic imbalance (AI) was detected as a surrogate measurement for CIN
using a microsatellite based multiplex PCR assay consisting of 19
microsatellite markers covering 14 chromosomal regions [12]. The three
dinucleotide repeats (D2S123, D5S346, D17S250) included in the standard
NCI Bethesda-panel [10] used for the detection of MSI were also evaluated
for CIN, thus a total of 22 microsatellite markers was analysed.
Amplification of the fluorescence-tagged primers was performed in four
multiplex PCRs using the Type-it Microsatellite PCR kit (Qiagen, Hilden,
Germany). The analysed microsatellite markers, the cycle conditions and
fragment analysis of the PCR products are described in Supplementary
Material (Supplementary Methods and Supplementary Table S2). AI ratios
per tumour were calculated by dividing the number of heterozygous
markers having AI by the total number of informative markers resulting in
AI values ranging from 0 to 1. The tumours were classified as CIN and GS
essentially according to the definition of TCGA using a corresponding
threshold of an AI ratio ≥0.2 for the classification of CIN and <0.2 of GS [12].
For a refined classification of CIN, the tumours were then subdivided into
four pre-defined groups based on the calculated quartiles of the AI ratios
per tumour. The particular CIN-groups were termed as follows: CIN-low
(≤25%), CIN-moderate (>25% and ≤50%), CIN-substantial (>50% and
<75%) and CIN-high (≥75%).

Mutation profiling using next-generation sequencing
Mutation analysis was performed by targeted sequencing using the Ion
Torrent platform (Thermo Fisher Scientific, Waltham, MA, USA) and a
custom-designed sequencing gene panel (Ion AmpliSeq, Thermo Fisher
Scientific) encompassing 525 amplicons covering coding regions of 58 GC
related genes. The multiplex PCR based Ion AmpliSeq targeted sequencing
technology (Thermo Fisher Scientific) was used for DNA library preparation
and amplification of target regions using the Ion AmpliSeq Library Kit v2.0,
as well as the specific GC sequencing panel consisting of four primer pools
as described in detail previously [19, 20]. Automated template preparation
of the final libraries as well as chip loading (Ion 520, 530, or 540) was
performed on an Ion Chef instrument and sequenced using an Ion S5XL
instrument (Thermo Fisher Scientific). Data analysis was performed
referring to Pfarr et al. [20] and ANNOVAR was used to annotate the
sequence variants [21].

Expression analysis of p53
Immunohistochemical analysis of p53 expression had been performed
previously and expression of p53 wild-type was defined as less than 60%
tumour cells displaying nuclear p53 staining with variable intensity and
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aberrant p53 was present as either a complete loss of expression with 0%
nuclear staining of tumour cells or an overexpression of p53 with more
than 60% nuclear staining of tumour cells with medium to high intensity
[19, 22].

Statistical analysis
The statistical analyses are described in detail in Supplementary Material
(Supplementary Methods).

RESULTS
Frequency of the molecular TCGA subgroups
In a first step, the tumours were classified into the four
molecular subgroups in analogy to the molecular TCGA
classification system [2]. In the resected tumour cohort with or
without CTx, 24 (3.9%) of the 612 tumours were EBV(+), 56
(9.2%) were MSI-H, 56 (9.2%) were GS and 476 (77.7%) were CIN.
In the tumour biopsy cohort before CTx, 6 (4.2%) of the 143

Table 1. Patient characteristics for the refined CIN classification.

Resected tumour cohort
with CTx

Resected tumour cohort
without CTx

Tumour biopsy cohort
before CTx

Category Value n (%) n (%) n (%)

Cases Total 284 (100) 248 (100) 122 (100)

Age [yr] Median 61.2 66.9 60.6

Range 28.3–81.2 32.1–90.9 23.1–78.0

Overall survival [mo] Median 30.3 61.1 44.6a

95% CI 25.2–35.4 27.5–94.7 18.5–70.8

Follow-up period [mo] Median 60.7 56.4 70.8

95% CI 51.8–69.5 50.7-62.1 64.6–77.0

Sex Male 226 (79.6) 165 (66.5) 92 (75.4)

Female 58 (20.4) 83 (33.5) 30 (24.6)

Tumour localisation Proximal 187 (65.8) 81 (32.7) 88 (72.1)

Middle 52 (18.3) 74 (29.8) 17 (13.9)

Distal 31 (10.9) 76 (30.6) 12 (9.8)

Total/linitis 14 (4.9) 13 (5.2) 5 (4.1)

n/a 0 4 (1.6) 0

Laurén classification Intestinal 165 (58.1) 127 (51.2) 62 (50.8)

Non-intestinal 119 (41.9) 121 (49.8) 60 (49.2)

Tumour grade G1/2 42 (14.8) 71 (28.6) 30 (24.6)

G3/4 167 (58.8) 176 (71.0) 92 (75.4)

n/a 75 (26.4) 1 (<1) 0

Clinical tumour stage (cT) cT2 14 (4.9) 112 (45.2) 7 (5.7)

cT3/4 269 (94.8) 135 (54.4) 112 (91.8)

n/a 1 (<1) 1 (<1) 3 (2.5)

(y)pTb (y)pT0 0 0 8 (6.6)

(y)pT1 12 (4.2) 38 (15.3) 10 (8.2)

(y)pT2 26 (9.2) 42 (16.9) 17 (13.9)

(y)pT3 166 (58.5) 113 (45.6) 69 (56.6)

(y)pT4 80 (28.2) 55 (22.2) 16 (13.1)

n/a 0 0 2 (1.6)

(y)pNb Negative 71 (25) 87 (35.1) 53 (43.4)

Positive 213 (75) 161 (64.9) 67 (54.9)

n/a 0 0 2 (1.6)

Metastasis status No 224 (78.9) 229 (92.3) 82 (67.2)

Yes 60 (21.1) 19 (7.7) 38 (31.1)

n/a 0 0 2 (1.6)

Resection category R0 200 (70.4) 198 (79.8) 100 (82)

R1 84 (29.6) 50 (20.2) 20 (16.4)

n/a 0 0 2 (1.6)

Tumour regression grade TRG1 – – 38 (31.2)

TRG2 141 (49.6) – 33 (27.0)

TRG3 143 (50.4) – 51 (41.8)

CTx neoadjuvant chemotherapy, CI confidence interval, MSI microsatellite instability, n/a not available.
aOS was defined as time between the date of operation and death by any cause. For two patients who were not operated, the date of start of CTx was used.
bTNM classification according to 7th Edition UICC.
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biopsies were classified as EBV(+), 15 (10.5%) as MSI-H, 7 (4.9%)
as GS and 115 (80.4%) as CIN. Results are included in
Supplementary Table S3. Out of the overall 30 EBV-associated
tumours, 5 (16.7%) were classified as GS and 25 (83.3%) as CIN.
All MSI-H tumours were negative for EBV. MSI-H tumours were
not evaluable for CIN due to numerous additional microsatellite
alleles in the tumour, which does not allow a reliable evaluation
of AI. The MSI status of the 42 paired biopsies before CTx and
resected tumours after CTx were the same in all cases. None of
these pairs was EBV(+).

Molecular classification according to TCGA—prognostic and
predictive relevance of the TCGA subgroups
In the resected tumour cohort with or without CTx a prognostic
relevance of the four molecular TCGA subgroups was indicated
(overall p= 0.014, Fig. 2a). Patients with EBV(+) (HR, 0.48; 95% CI,
0.23–1.02; p= 0.056) and MSI-H (HR, 0.56; 95% CI, 0.35–0.89; p=
0.014) tumours showed the best survival followed by the GS group
(HR, 0.72; 95% CI, 0.45–1.13; p= 0.149) compared to the CIN-group
taken as reference. In the tumour biopsy cohort before CTx, no
statistically significant difference was found in respect to survival
of the patients (overall p= 0.673, Fig. 2b) and the TCGA
classification comprising four subgroups was also not predictive
for response to platinum/5-FU based CTx (overall p= 0.759,
Fig. 2c).

Refinement of CIN classification and prevalence of CIN-
subgroups
As CIN was the most frequent subgroup (77.7–80.4%) in the
resected tumour and the tumour biopsy cohort, we investigated if
further subdivision of CIN in the EBV and MSI-H negative tumours
could delineate distinct groups of patients with additional clinical

characteristics. Thus, CIN was categorised into four pre-defined
subgroups: low, moderate, substantial, high.
In the resected tumour cohort with or without CTx, 97 (18.2%)

of the 532 tumours were classified as CIN-low, 214 (40.2%) as CIN-
moderate, 161 (30.3%) as CIN-substantial and 60 (11.3%) as CIN-
high. Regarding the frequencies of the CIN-subgroups in the
tumour biopsy cohort before CTx, 10 (8.2%) of the 122 biopsies
were classified as CIN-low, 40 (32.8%) as CIN-moderate, 48 (39.3%)
as CIN-substantial and 24 (19.7%) as CIN-high. Results are included
in Supplementary Table S3.

Comparison of refined CIN classification in corresponding pre-
therapeutic biopsies and post-therapeutic resected tumours
Comparison of the corresponding biopsies before CTx and resected
tumours after CTx of overall 38 patients revealed a consistent
classification in the respective CIN-groups in 10 (26%) cases and a
different CIN classification in 28 (73%) cases. The alterations between
the paired tumour specimens showed that 9 (32%) biopsies before
CTx changed from a lower CIN status into a higher one in the
corresponding resected specimen and 19 (68%) of the pre-
treatment biopsies changed from a higher CIN subgroup into a
lower one (Supplementary Fig. S3). Previously we showed, that the
probability of a change of a specific CIN-group due to intra-tumour
variability was only in the range of 10% [12]. Thus, this indicates that
the majority of the observed alterations in the 38 paired tumour
specimen in this study seems to be most likely related to the applied
chemotherapy. Given these relevant differences in the comparison
between paired biopsies before and resected tumours after CTx,
subsequent analysis for prognostic and predictive relevance of the
various CIN-subgroups was performed separately in the tumour
biopsies before CTx, the resected tumours with CTx and the resected
tumours without CTx.

Responder
TRG1
n = 38

Non-Responder
TRG2/3

n = 84

Samples included for 
analysis of all four 

molecular subgroups 
according to TCGA 

n = 143

Samples included for 
refined CIN classification

n = 122

n = 6
n = 15

a b

Samples included for 
analysis of all four 

molecular subgroups 
according to TCGA 

n = 612

Samples included for
refined CIN classification 

n = 532

n = 24
n = 56

Without CTx 
n = 248

With CTx
n = 284

Corresponding biopsies before and 
resected tumours after CTx

n = 42

Corresponding biopsies before and 
resected tumours after CTx

n = 38

Resected tumour cohort
with or without CTx

n = 617

Tumour biopsy cohort
before CTx

n = 143

n = 5

p53 IHC 
n = 238

p53 IHC 
n = 208

NGS analysis
n = 52

No CIN data available

EBV(+)
MSI-H

EBV(+)
MSI-H

Fig. 1 Flow diagram of patient and specimen inclusion. The total number of included patients for molecular classification in the four
subgroups EBV(+), MSI-H, GS and CIN according to TCGA, for the refined CIN classification and for the additional p53 IHC and NGS analysis is
shown for the resected tumour cohort with or without CTx (a) and the tumour biopsy cohort before CTx (b). MSI-H high microsatellite
instability, GS genomic stable, CIN chromosomal instability, TRG tumour regression grade, IHC immunohistochemistry, NGS next-generation
sequencing.
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Refined CIN classification—frequency and association with
clinical characteristics in the resected tumour cohort with and
without CTx
Frequencies of the refined CIN-groups and association with clinical
characteristics were analysed for the 284 patients with resected
tumours with CTx and the 248 patients with resected tumours
without CTx. In the resected tumour cohort with CTx, 18% of the
tumours were classified as CIN-low, 42.6% as CIN-moderate, 28.5%
as CIN-substantial and 10.9% as CIN-high. Similar frequencies of
the subgroups were found in the resected tumours without CTx
with 18.5% for CIN-low, 37.5% for CIN-moderate, 32.3% for CIN-
substantial and 11.7% for CIN-high. Results are included in
Supplementary Table S3.
Significant associations with tumour localisation and Laurén

subtypes were evident in both cohorts (each p < 0.05). In the
resected tumours without CTx, CIN-low was associated with poor
differentiation (p= 0.001) and a lower clinical tumour stage cT2 (p
= 0.022). Results are shown in Supplementary Tables S4 and S5.

Refined CIN classification—prognostic relevance in the
resected tumour cohort with and without CTx
In the resected tumours with or without CTx, no significant
differences of the four CIN-subgroups regarding OS were
observed, but particularly among the resected tumours with CTx
distinctive features were apparent (overall p= 0.097) (Fig. 3a, b).
Patients harbouring tumours with high levels of CIN (>75%)

followed by the CIN-moderate and CIN-low group revealed the
best survival whereas the CIN-substantial (third quartile) group
obviously showed the worst survival in this tumour cohort (Fig. 3a).
In the resected tumours without CTx, the CIN-low subgroup
revealed the best survival compared to the other CIN-groups
although the difference was not statistically significant (overall
p= 0.379, Fig. 3b). All survival data of the different patient cohorts
are summarised in detail in Supplementary Table S6.
Comparing the CIN-substantial group with the remaining CIN-

groups revealed a statistically significant difference particularly in
the resected tumour cohort with CTx (HR 1.49, 95% CI 1.07-2.08;
p= 0.017, Fig. 3c), but not for the resected tumour cohort without
CTx (HR 1.24, 95% CI 0.84-1.83; p= 0.288; Fig. 3d) (Supplementary
Table S6).
To analyse if the decreased OS of the CIN-substantial tumours

may be related to a preponderance of proximally located tumours
or of clinically advanced tumour stages among the resected
tumours with CTx, respective subgroup analyses were performed.
Stratifying the patients according to tumour localisation revealed
that the CIN-substantial group showed obviously the worst
survival in patients with proximal and also in non-proximal
located tumours in the resected tumour cohort with CTx
(Supplementary Fig. S4a, b) whereas in the resected tumour
cohort without CTx again no significant differences were observed
(Supplementary Fig. S4c, d). Subgroup analysis within the resected
tumour cohort without CTx stratified according to cT revealed also
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no significant differences in OS regarding the CIN-substantial
group when compared to the remaining CIN-groups (Supplemen-
tary Fig. S4e, f).

Refined CIN classification—multivariable analysis in the
resected tumour cohort with and without CTx
In multivariable analysis including the CIN status (CIN-substantial
vs remaining CIN-groups) as a factor and adjusting for pre-
therapeutically available clinical factors in the resected tumour
cohort with CTx, the two-tiered CIN status was a significant
prognostic factor (p= 0.019). Including the post-therapeutically
available factors, the two-tiered CIN-status (p= 0.026) also
emerged as a significant independent prognostic factor along
with R-category (p= 0.001), (y)pN (p < 0.001), (y)pT (p= 0.003) and
M-category (p= 0.002) in the resected tumours with CTx
(Supplementary Table S7). In multivariable analysis of the resected
tumour cohort without CTx, only the pre-therapeutically clinical
variables cT and age (each p < 0.001) and the post-therapeutically
variables pN (p < 0.001), age (p= 0.002), M-category (p= 0.010)
and localisation (p= 0.025) emerged as prognostic relevant
factors (Supplementary Table S8).

Refined CIN classification—predictive and prognostic
relevance in the tumour biopsy cohort before CTx
Response to neoadjuvant CTx in terms of measureable tumour
regression was analysed in the 122 tumour biopsies before CTx.
No significant association with response (overall p= 0.159, Fig. 4a)

nor with survival of the patients was found considering the four
CIN-groups separately (overall p= 0.674, Fig. 4b).
However, the CIN-high group (>75%) when compared to the

remaining CIN-groups demonstrated a statistically significant
association with good response (p= 0.026, Fig. 4c) although this
did not directly translate into differences in survival of the
patients.
Analysis of this two CIN-groups regarding OS in the responding

and non-responding patients separately, showed significant
differences (overall p= 0.004, Fig. 4d). Interestingly however,
non-CIN-high responding tumours showed the best survival (HR,
0.19; 95% CI, 0.08–0.48; p < 0.001) followed by the CIN-high
responding (HR, 0.62; 95% CI, 0.26-1.44; p= 0.226) and the CIN-
high non-responding group (HR, 1.10; 95% CI, 0.54-2.26; p= 0.786)
taken the non-CIN-high non-responding group as reference.
Survival data are included in Supplementary Table S9.

Molecular characterisation of the refined CIN-groups
Due to the prognostic impact of the specific CIN-groups, we
performed a more detailed molecular characterisation of these
groups by targeted sequencing of 52 tumours using a GC related
gene panel. All 52 tumours were from patients treated without
CTx and were selected according to a relatively balanced
distribution in the four refined CIN-groups. Accordingly, 11
(21%) of these 52 tumours were classified as CIN-low, 15 (29%)
as CIN-moderate, 15 (29%) as CIN-substantial and 11 (21%) as CIN-
high. Overall, the most frequent sequence variants were identified
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in TP53 (65.4%) followed by CDH1 (15.4%) and TGFBR2 (11.5%).
Five (71%) of the seven tumours with a CDH1 mutation were
classified as CIN-low and frequency of TP53 mutations increased
from lower CIN levels to higher ones from 28.5% (CIN-low) to
37.5% (CIN-moderate) and 40% (CIN-substantial) to 47% (CIN-
high). Mutations in genes that were linked to the PI3K/AKT-
signalling like the ERBB or RAS family of proteins or in the gene
PIK3CA tended to be more frequent in the CIN-substantial group
(Fig. 5a). All detected sequence variants are listed in detail in
Supplementary Table S10.
For further characterisation of the various CIN-groups, an

immunohistochemical analysis of p53 expression was evaluated
for 238 resected tumours with CTx and for 208 resected tumours
without CTx. Higher levels of CIN (>50%) were significantly
associated with aberrant p53 expression in the resected tumours
with and without CTx (p= 0.004 and p < 0.001, respectively)
(Fig. 5b, c).

DISCUSSION
In this study, we performed a comprehensive molecular analysis to
investigate the prognostic and predictive value of the molecular
classification system according to TCGA in gastric/gastroesopha-
geal adenocarcinomas. In addition, we were particularly interested
in CIN and applied a refined, more detailed classification of this
molecular subgroup. In line with the definition of CIN by the TCGA
consortium, the term CIN as we used it in our study, refers to the
description of a status of chromosomal abnormalities reflected by
allelic imbalances suggestive of CIN and not to an ongoing
acquisition of genomic alterations as has been suggested by
others [1, 23].
In our study, the molecular classification according to TCGA was

not predictive for response to a platinum/5-FU based CTx. A
prognostic relevance, however, was found in the resected tumour
cohort with or without CTx with the MSI-H and EBV(+) group
showing essentially the best survival of the patients and the
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CIN-group the worst. These findings are in line with previous
reports and underline the prognostic impact of MSI-H and EBV
positive tumours [2, 3, 7, 9, 24].
As the CIN-group represents with 78–80% by far the most

frequent molecular subtype in the resected tumours with or
without CTx and the tumour biopsies before CTx, respectively, we
investigated a refined CIN classification for the clinical relevance of
specific CIN-subtypes.
In respect to this refined CIN classification, the most interesting

results were first, the prognostic impact specifically for the CIN-
substantial group in the resected tumours with CTx, which
indicated worse survival and second the impact of CIN-high in
the tumour biopsies before CTx, which predicted good response
in terms of measurable tumour regression. Of note, however, this
did not translate into a considerable survival benefit of the
patients.
A prognostic relevance of CIN has been demonstrated in

numerous studies and a high level of CIN was preferentially
associated with aggressive tumour growth, tumour progression
and metastasis in several tumour entities, although controversial
results exist [25–31].

In our study, the CIN-substantial group corresponding to AI
ratios in the third quartile, and not the group with the highest CIN
degree, showed this significant association with worse survival.
This finding is well in line with some studies that proposed a ‘just-
right’ model of CIN presuming that only an optimal level of CIN
can lead to tumour progression [32–34]. Moreover, a paradoxical
non-monotonic relationship of CIN and prognosis was reported in
GCs and breast carcinomas [30, 35]. Further studies using a
specific CIN expression signature as a surrogate for CIN revealed
an association of an intermediate expression level with the worst
prognosis in breast carcinomas and also in a limited cohort of
gastric cancer patients [35]. On the other side, an association of
extreme CIN with improved outcome has been reported in
oestrogen negative breast cancer [30]. Thus, our results are
supporting the hypothesis that there is an optimal range of CIN
promoting tumour growth, but there is a limit of the tumours
ability to tolerate extensive chromosomal alterations, and when
exceeding a specific threshold cell viability will decrease.
Interestingly, if more than 75% of a cancer genome is affected
by single copy number alterations, this threshold has been
observed to be critical in this context in several tumour entities
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[33]. We observed the specific prognostic impact of the CIN-
substantial group specifically for patients with resected tumours
after CTx. We wondered if this might be related to the
preponderance of patients with advanced tumour stages and
proximally located tumours in the resected tumour cohort with
CTx and we performed an analysis in the respective subgroup with
and without CTx. There were no obvious differences in respect to
tumour localisation, but a somewhat worse outcome of the CIN-
substantial group was observed for patients with advanced cT3/
cT4 also in the resected tumours without CTx. However, the
negative prognostic impact seems to be more critically after
treatment with CTx and the CIN-substantial group emerged also as
an independent prognostic factor in multivariable analysis in this
cohort. It is known that chemotherapy may exert a number of
effects on the tumour cells themselves and also on the tumour
microenvironment, which may lead to the induction of immuno-
suppression or an augmentation of anti-tumour immunity [36–38].
The interactions between the tumour cells and the immune cells
are highly complex and they may lead to different biological
behaviours of the tumours despite demonstrating the same CIN-
groups but treated either with or without neoadjuvant CTx.
Alternatively, CTx may induce or select a more aggressive
subclone of the tumour cells specifically in the CIN-substantial
group. From the clinical point of view, determination of CIN in
resected tumours after CTx might be useful for the implementa-
tion of refined adjuvant treatment protocols or specific second
line therapies.
The second important result of our study was the significant

association of the CIN-high group with good response in terms of
measurable tumour regression to a platinum/5-FU based neoad-
juvant CTx. This again may be in accordance with a just-right
concept of CIN for optimal tumour growth and indicates that
when CIN exceeds a certain level, the tumour does not tolerate
additional genetic alterations induced by DNA damaging agents
and thus becomes more sensitive to them.
The comparison of the CIN levels between tumour biopsies

before CTx and the corresponding resected tumours after CTx
showed that 50% of the analysed paired samples changed from a
higher CIN-level in the biopsy to a lower CIN state in the resected
specimen after CTx. This could be due to an increased sensitivity
of tumour cells with a higher degree of CIN to platinum/5-FU
based CTx, which might further support this concept. Thus,
essentially as suggested by others, a high degree of chromosomal
instability may represent an ‘Achilles heel’ when the tumour is
attacked by the right agents [33, 39, 40]. Interestingly, however,
the association of CIN-high indicating a good response in terms of
tumour regression did not translate into a significant survival
benefit of the patients. One hypothesis might be that due to a
preferentially targeting of CIN-high tumour cells by the applied
CTx, a tumour subclone with a lower ‘just-right’ CIN level for
tumour progression might be selected.
Another possibility might be again, that the intrinsic properties

of the tumour cells together with the immune system may play a
critical role and the determination of the CIN status represents just
one aspect in this intricate biological scenario. Complex interac-
tions between chemotherapy-induced cell death with the tumour
microenvironment and immune components are supposed to
contribute to therapeutic success [41, 42] and a considerable
diversity of immunophenotypes of gastro-oesophageal adenocar-
cinomas have been described [38, 43, 44].
Of note, high levels of single copy number alterations were

specifically associated with markers of immune evasion in various
tumour types and immunological ‘cold’ tumours are usually
associated with impaired prognosis [37, 45]. Thus, it is tempting to
hypothesise that the lack of a substantial increased survival of the
patients with CIN-high tumours despite a considerable tumour
regression after CTx in our study may be related to the property of

an immunological cold tumour counteracting a potential benefit
due to tumour shrinkage. This apparently paradox situation of a
good response of the tumour cells to neoadjuvant CTx, but
without considerable survival benefit of the patients, may be
clinically relevant for a prognostic differentiation of the subgroup
of patients with complete or nearly complete tumour regression
after neoadjuvant CTx. The combined consideration of the CIN
status in the tumour biopsy before CTx and the tumour regression
grade after CTx showed that specifically patients with non-CIN-
high in the biopsy and TRG1 after neoadjuvant CTx have the best
prognosis at all.
Regarding an association with other clinical characteristics of

the patients, an increased level of CIN was significantly
associated with proximal tumour location and intestinal tumour
type in our study, which is in line with previous reports [2, 46]
and emphasises the molecular heterogeneity of GC and
differences in cancer biology depending on the location of the
tumour in the stomach.
For a more detailed molecular characterisation of the various

CIN-groups, we performed targeted sequencing of a subset of
tumours using a GC related gene panel. In line with previous
studies in GCs the most frequently mutated gene was the TP53
gene, which in addition showed a significant association with high
degrees of CIN [2, 8]. In contrast, mutations in the CDH1 gene were
almost exclusively found in the CIN-low group. Thus, all these
findings are essentially in line with several studies linking TP53
mutation particularly to structural chromosomal aberrations and
CDH1 mutation to genomic stable tumours, which most likely
correspond to our CIN-low group [1, 2, 47].
Interestingly the CIN-substantial group was associated with a

higher prevalence of genes involved in the PI3K/AKT signalling
pathway such as PIK3CA, PIK3R1 and ERBB family of genes as well
as genes involved in cell cycle processes such as CCND1 and
CDKN2A which is similar to the findings of the TCGA study for the
CIN-subtype [2]. Thus, it is tempting to speculate that particularly
patients with tumours of the CIN-substantial group might benefit
from treatment with specific inhibitors targeting genes involved in
these pathways and several clinical trials evaluating drugs
targeting as for example the PI3K/AKT signalling in various
tumours are ongoing [48, 49]. In addition, our findings of different
mutation patterns in the particular CIN-groups underline the
genetic diversity of these groups and support the application of a
refined CIN classification.
Our study has limitations, which are the retrospective nature of

analyses and thus the inclusion of patients that have not been
treated in the frame of a randomised clinical trial. Nevertheless,
using a relatively simple method for the determination of CIN
applicable in a routine clinical setting and in an analysis of more
than 600 tumour samples, our results shed some light on a
potentially diverse clinical value of CIN as a biomarker. We are
aware that our study has to be considered as an explorative
analysis and confirmation of the results in independent studies is
mandatory.
In conclusion, our study showed that a more detailed CIN

classification might delineate patient groups with different
prognostic and predictive impact in GC. Of note, the substantial
CIN-level corresponding to an AI ratio in the range of 50–75% in
the resected tumours was associated with decreased survival of
patients in particular after treatment with neoadjuvant CTx and a
high CIN-level corresponding to an AI ratio ≥75% was associated
with good response to neoadjuvant CTx only in terms of
measurable tumour regression, which however did not directly
translate into a considerable survival benefit of the patients.
Prospective comprehensive studies are important to confirm our
results and in-depth analysis of the tumour microenvironment
could broaden our understanding of the biological processes of
diverse ‘just-right’ CIN levels in the respective context.

M. Kohlruss et al.

1629

British Journal of Cancer (2021) 125:1621 – 1631



DATA AVAILABILITY
All data generated or analysed during this study are included in this published article
[and its Supplementary information files].

REFERENCES
1. Sansregret L, Vanhaesebroeck B, Swanton C. Determinants and clinical implica-

tions of chromosomal instability in cancer. Nat Rev Clin Oncol. 2018;15:139–50.
2. The Cancer Genome Atlas Research Network. Comprehensive molecular char-

acterization of gastric adenocarcinoma. Nature. 2014;513:202–9.
3. Kohlruss M, Grosser B, Krenauer M, Slotta-Huspenina J, Jesinghaus M, Blank S,

et al. Prognostic implication of molecular subtypes and response to neoadjuvant
chemotherapy in 760 gastric carcinomas: role of Epstein-Barr virus infection and
high- and low-microsatellite instability. J Pathol Clin Res. 2019;5:227–39.

4. Choi YY, Bae JM, An JY, Kwon IG, Cho I, Shin HB, et al. Is microsatellite instability a
prognostic marker in gastric cancer? A systematic review with meta-analysis. J
Surg Oncol. 2014;110:129–35.

5. Hewitt LC, Inam IZ, Saito Y, Yoshikawa T, Quaas A, Hoelscher A, et al. Epstein-Barr
virus and mismatch repair deficiency status differ between oesophageal and
gastric cancer: a large multi-centre study. Eur J Cancer. 2018;94:104–14.

6. Camargo MC, Kim WH, Chiaravalli AM, Kim KM, Corvalan AH, Matsuo K, et al.
Improved survival of gastric cancer with tumour Epstein-Barr virus positivity: an
international pooled analysis. Gut. 2014;63:236–43.

7. Polom K, Marano L, Marrelli D, De Luca R, Roviello G, Savelli V, et al. Meta-analysis
of microsatellite instability in relation to clinicopathological characteristics and
overall survival in gastric cancer. Br J Surg. 2018;105:159–67.

8. Cristescu R, Lee J, Nebozhyn M, Kim KM, Ting JC, Wong SS, et al. Molecular
analysis of gastric cancer identifies subtypes associated with distinct clinical
outcomes. Nat Med. 2015;21:449–56.

9. Huang SC, Ng KF, Yeh TS, Cheng CT, Lin JS, Liu YJ, et al. Subtraction of Epstein-
Barr virus and microsatellite instability genotypes from the Lauren histotypes:
Combined molecular and histologic subtyping with clinicopathological and
prognostic significance validated in a cohort of 1,248 cases. Int J Cancer.
2019;145:3218–30.

10. Boland CR, Thibodeau SN, Hamilton SR, Sidransky D, Eshleman JR, Burt RW, et al.
A National Cancer Institute Workshop on Microsatellite Instability for cancer
detection and familial predisposition: development of international criteria for
the determination of microsatellite instability in colorectal cancer. Cancer Res.
1998;58:5248–57.

11. Huber M, Pavlova B, Muhlberger H, Hollaus P, Lintner F. Detection of the Epstein-
Barr virus in primary adenocarcinoma of the lung with Signet-ring cells. Virchows
Arch. 2002;441:25–30.

12. Kohlruss M, Reiche M, Jesinghaus M, Grosser B, Slotta-Huspenina J, Hapfelmeier
A, et al. A microsatellite based multiplex PCR method for the detection of
chromosomal instability in gastric cancer. Sci Rep. 2018;8:12551.

13. Siewert JR, Stein HJ. Classification of adenocarcinoma of the oesophagogastric
junction. Br J Surg. 1998;85:1457–9.

14. Bauer L, Hapfelmeier A, Blank S, Reiche M, Slotta-Huspenina J, Jesinghaus M, et al.
A novel pretherapeutic gene expression-based risk score for treatment guidance
in gastric cancer. Ann Oncol. 2018;29:127–32.

15. Becker K, Langer R, Reim D, Novotny A, Meyer zum Buschenfelde C, Engel J, et al.
Significance of histopathological tumor regression after neoadjuvant chemotherapy
in gastric adenocarcinomas: a summary of 480 cases. Ann Surg. 2011;253:934–9.

16. Vallböhmer D, Sisic L, Blank S, Kraus S, Stoecklein NH, Knoefel WT, et al. Clinically
staged cT2 adenocarcinomas of the gastroesophageal junction: accuracy of
staging and therapeutic consequences. Oncol Res Treat. 2014;37:97–104.

17. Berg KD, Glaser CL, Thompson RE, Hamilton SR, Griffin CA, Eshleman JR. Detection
of microsatellite instability by fluorescence multiplex polymerase chain reaction. J
Mol Diagn. 2000;2:20–28.

18. Bacher JW, Flanagan LA, Smalley RL, Nassif NA, Burgart LJ, Halberg RB, et al.
Development of a fluorescent multiplex assay for detection of MSI-High tumors.
Dis Markers. 2004;20:237–50.

19. Grosser B, Kohlruss M, Slotta-Huspenina J, Jesinghaus M, Pfarr N, Steiger K, et al.
Impact of tumor localization and molecular subtypes on the prognostic and
predictive significance of p53 expression in gastric cancer. Cancers. 2020;12:1689.

20. Pfarr N, Darb-Esfahani S, Leichsenring J, Taube E, Boxberg M, Braicu I, et al.
Mutational profiles of Brenner tumors show distinctive features uncoupling
urothelial carcinomas and ovarian carcinoma with transitional cell histology.
Genes Chromosomes Cancer. 2017;56:758–66.

21. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants
from high-throughput sequencing data. Nucleic Acids Res. 2010;38:e164.

22. Köbel M, Piskorz AM, Lee S, Lui S, LePage C, Marass F, et al. Optimized p53
immunohistochemistry is an accurate predictor of TP53 mutation in ovarian
carcinoma. J Pathol Clin Res. 2016;2:247–58.

23. Geigl JB, Obenauf AC, Schwarzbraun T, Speicher MR. Defining ‘chromosomal
instability’. Trends Genet. 2008;24:64–69.

24. Haag GM, Czink E, Ahadova A, Schmidt T, Sisic L, Blank S, et al. Prognostic
significance of microsatellite-instability in gastric and gastroesophageal junction
cancer patients undergoing neoadjuvant chemotherapy. Int J Cancer.
2019;144:1697–703.

25. Gao C, Su Y, Koeman J, Haak E, Dykema K, Essenberg C, et al. Chromosome
instability drives phenotypic switching to metastasis. Proc Natl Acad Sci USA.
2016;113:14793–8.

26. Carter SL, Eklund AC, Kohane IS, Harris LN, Szallasi Z. A signature of chromosomal
instability inferred from gene expression profiles predicts clinical outcome in
multiple human cancers. Nat Genet. 2006;38:1043–8.

27. Vargas-Rondón N, Villegas VE, Rondón-Lagos M. The role of chromosomal
instability in cancer and therapeutic responses. Cancers. 2017;10:4.

28. Vishwakarma R, McManus KJ. Chromosome instability; implications in cancer
development, progression, and clinical outcomes. Cancers. 2020;12:4.

29. Walther A, Houlston R, Tomlinson I. Association between chromosomal instability
and prognosis in colorectal cancer: a meta-analysis. Gut. 2008;57:941–50.

30. Jamal-Hanjani M, A’Hern R, Birkbak NJ, Gorman P, Gronroos E, Ngang S, et al.
Extreme chromosomal instability forecasts improved outcome in ER-negative
breast cancer: a prospective validation cohort study from the TACT trial. Ann
Oncol. 2015;26:1340–6.

31. Tijhuis AE, Johnson SC, McClelland SE. The emerging links between chromosomal
instability (CIN), metastasis, inflammation and tumour immunity. Mol Cytogenet.
2019;12:17.

32. Bakhoum SF, Compton DA. Chromosomal instability and cancer: a complex
relationship with therapeutic potential. J Clin Invest. 2012;122:1138–43.

33. Andor N, Maley CC, Ji HP. Genomic instability in cancer: teetering on the limit of
tolerance. Cancer Res. 2017;77:2179–85.

34. Gronroos E, Lopez-Garcia C. Tolerance of chromosomal instability in cancer:
mechanisms and therapeutic opportunities. Cancer Res. 2018;78:6529–35.

35. Birkbak NJ, Eklund AC, Li Q, McClelland SE, Endesfelder D, Tan P, et al. Paradoxical
relationship between chromosomal instability and survival outcome in cancer.
Cancer Res. 2011;71:3447–52.

36. Davern M, Lysaght J. Cooperation between chemotherapy and immunotherapy
in gastroesophageal cancers. Cancer Lett. 2020;495:89–99.

37. Galon J, Bruni D. Approaches to treat immune hot, altered and cold tumours with
combination immunotherapies. Nat Rev Drug Disco. 2019;18:197–218.

38. D’Alterio C, Scala S, Sozzi G, Roz L, Bertolini G. Paradoxical effects of che-
motherapy on tumor relapse and metastasis promotion. Semin Cancer Biol.
2020;60:351–61.

39. Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities in human cancers.
Nature. 1998;396:643–9.

40. van Jaarsveld RH, Kops G. Difference makers: chromosomal instability versus
aneuploidy in cancer. Trends Cancer. 2016;2:561–71.

41. Bruni D, Angell HK, Galon J. The immune contexture and immunoscore in cancer
prognosis and therapeutic efficacy. Nat Rev Cancer. 2020;20:662–80.

42. Lama-Sherpa TD, Shevde LA. An emerging regulatory role for the tumor micro-
environment in the DNA damage response to double-strand breaks. Mol Cancer
Res. 2020;18:185–93.

43. Derks S, de Klerk LK, Xu X, Fleitas T, Liu KX, Liu Y, et al. Characterizing diversity in
the tumor-immune microenvironment of distinct subclasses of gastroesophageal
adenocarcinomas. Ann Oncol. 2020;31:1011–20.

44. Park C, Cho J, Lee J, Kang SY, An JY, Choi MG, et al. Host immune response index
in gastric cancer identified by comprehensive analyses of tumor immunity.
Oncoimmunology. 2017;6:e1356150.

45. Davoli T, Uno H, Wooten EC, Elledge SJ. Tumor aneuploidy correlates with mar-
kers of immune evasion and with reduced response to immunotherapy. Science.
2017;355:eaaf8399.

46. Liu Y, Sethi NS, Hinoue T, Schneider BG, Cherniack AD, Sanchez-Vega F, et al.
Comparative molecular analysis of gastrointestinal adenocarcinomas. Cancer Cell.
2018;33:721–35.

47. Soto M, Raaijmakers JA, Bakker B, Spierings DCJ, Lansdorp PM, Foijer F, et al. p53
Prohibits propagation of chromosome segregation errors that produce structural
aneuploidies. Cell Rep. 2017;19:2423–31.

48. Iida M, Harari PM, Wheeler DL, Toulany M. Targeting AKT/PKB to improve treat-
ment outcomes for solid tumors. Mutat Res. 2020;819-820:111690.

49. Yang J, Nie J, Ma X, Wei Y, Peng Y, Wei X. Targeting PI3K in cancer: mechanisms
and advances in clinical trials. Mol Cancer. 2019;18:26.

ACKNOWLEDGEMENTS
Not applicable.

M. Kohlruss et al.

1630

British Journal of Cancer (2021) 125:1621 – 1631



AUTHOR CONTRIBUTIONS
MKo and GK designed the study and experiments. MKo, MKr, BG, MR and LB collected
molecular data. NP helped with interpretation of the next-generation sequencing
data. MJ, JS-H, AN, MMG, TS, KO, WW contributed either pathological or clinical data.
AH helped with statistical analysis. KS helped with immunohistochemical analysis.
MKo and GK analysed and interpreted results. GK supervised the study. MKo and GK
wrote the manuscript. All authors reviewed the manuscript and approved the final
version.

FUNDING INFORMATION
This work was supported by the ‘Deutsche Krebshilfe’, German Cancer Aid (grant no.
70112177 to GK, AN and WW, Technical University of Munich, Germany; grant no.
70112380 to TS and MMG, University of Heidelberg, Germany) and by the ‘Wilhelm
Sander-Stiftung’, Wilhelm Sander Foundation, grant no. 2019.156.1 to GK. Open
Access funding enabled and organized by Projekt DEAL.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The use of tissue samples was approved by the local Institutional Review Boards at
the Technical University Munich (reference: 502/15s) and at the University of
Heidelberg (reference: 301/2001). The participants had given informed consent. All
experiments were performed in accordance with the Declaration of Helsinki.

CONSENT TO PUBLISH
Not applicable.

COMPETING INTERESTS
WW has a consulting role for AZ, Takeda, Lilly, Novartis, Pfizer, Merck, BMS, MSD,
Roche, Boehringer Ingelheim, Amgen, Illumina, Janssen and has research funding
from Roche, BMS, MSD, Bruker and AZ. NP served as a speaker for Thermo Fisher

Scientific, Illumina, BMS, and Roche Diagnostics and has attended the Advisory Board
for Novartis. All remaining authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-021-01587-4.

Correspondence and requests for materials should be addressed to Gisela Keller.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

M. Kohlruss et al.

1631

British Journal of Cancer (2021) 125:1621 – 1631

https://doi.org/10.1038/s41416-021-01587-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

