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Abstract
Breast cancer (BC) patients are frequently at risk of developing other malignancies 
following treatment. Although studies have been conducted to elucidate the etiol-
ogy of multiple primary malignancies (MPM) after a BC diagnosis, few studies have 
investigated other previously diagnosed primary malignancies (OPPM) before BC. 
Here, genome-wide profiling was used to identify potential driver DNA copy number 
alterations and somatic mutations that promote the development of MPMs. To com-
pare the genomic profiles for two primary tumors (BC and OPPM) from the same 
patient, tumor pairs from 26 young women (≤50 years) diagnosed with one or more 
primary malignancies before breast cancer were analyzed. Malignant melanoma was 
the most frequent OPPM, followed by gynecologic- and hematologic malignancies. 
However, significantly more genetic alterations were detected in BC compared to 
the OPPM. BC also showed more genetic similarity as a group than the tumor pairs. 
Clonality testing showed that genetic alterations on chromosomes 1, 3, 16, and 19 
were concordant in both tumors in 13 patients. TP53 mutations were also found to 
be prevalent in BC, MM, and HM. Although all samples were classified as geneti-
cally unstable, chromothripsis-like patterns were primarily observed in BC. Taken 
together, few recurrent genetic alterations were identified in both tumor pairs that can 
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explain the development of MPMs in the same patient. However, larger studies are 
warranted to further investigate key driver mutations associated with MPMs.

K E Y W O R D S

breast cancer, double cancer, genome-wide profiling, multiple primary malignancy

1  |   INTRODUCTION

Despite early detection and improved treatment regimens, 
cancer survivors have an increased risk of developing mul-
tiple primary malignancies.1–6 According to Frödin and col-
leagues, 11% of patients registered in the Swedish Cancer 
Registry for a malignant tumor in 1988 were found to be diag-
nosed with more than one primary malignancy between 1958 
and 1988.7 Aging is a key contributing factor to the increas-
ing cancer incidence rates due to the accumulation of genetic 
and epigenetic changes during an individual's lifetime.8–10 
Furthermore, cancer treatment may also contribute to the de-
velopment of MPMs, as conventional radiation therapy, che-
motherapy, and antihormonal therapies are associated with 
an elevated risk of developing angiosarcoma, hematopoietic 
malignancies, and gynecological malignancies, respective-
ly.1,11–13 However, the majority of studies on MPMs to date 
have focused on specific cancer types.14–17

In 2018, over 2 million new breast cancer cases were re-
ported worldwide.18 Nevertheless, little is still known about 
factors contributing to the development of MPMs diagnosed 
before BC. Previous studies have primarily focused on MPMs 
after a BC diagnosis, suggesting that the BC treatment itself 
may have contributed to the development of additional pri-
mary malignancies.1,11,19 In two recent studies, we demon-
strated an increasing prevalence of gynecological tumors 
(endometrium and ovarian adenocarcinomas), malignant 
melanomas, and gastrointestinal malignancies diagnosed be-
fore BC in Swedish patients.4,5 Therefore, these patients may 
be genetically predisposed to developing several primary ma-
lignancies as a result of cancer susceptibility genes and/or 
genes involved in maintaining genomic stability. Ghoussaini 
et al reported 72 inherited loci associated with BC susceptibil-
ity, of which 17 were associated with MPMs.20 Well-known 
mutations and syndromes linked to BC and other MPMs in-
clude hereditary germline mutations in BRCA1/2 and PTEN 
(Cowden's syndrome; both breast and thyroid cancer), and 
TP53 (Li-Fraumeni syndrome; breast cancer, sarcoma, brain 
cancer, and leukemia).3,21,22 Further, a specific founder mu-
tation in BRCA1 in Western Sweden has previously been de-
fined by and may possibly contribute to MPM in the breast 
cancer population in Western Sweden.23

Guidelines for the clinical management of cancer pa-
tients frequently include testing for somatic mutations and 

histopathologic markers.24–26 However, we still need to have a 
better understanding of genetic alterations contributing to the 
development of OPPMs before a BC diagnosis. In the present 
study, we performed genome-wide screening of the BC and 
OPPMs for 26 young women (≤50 years at the time of the BC 
diagnosis) to identify common DNA copy number alterations 
and somatic mutations in the tumor pairs. In addition, the ge-
nomic profiles were used to assess genomic instability, thereby 
identifying potential biomarkers for future screening programs.

2  |   MATERIALS AND METHODS

2.1  |  Patients and tumor samples

Of the 8,031 patients diagnosed with primary breast cancer 
between 2007 and 2018 at Sahlgrenska University Hospital 
(Gothenburg, Sweden), 414 patients had previously been di-
agnosed with other primary malignancies.5 Clinical data for 
the 414 patients were retrieved from Sahlgrenska University 
Hospital (Departments of Clinical Pathology and Oncology) 
and the Swedish Cancer Registry (National Board of Health 
and Welfare (Socialstyrelsen)). All tumors were confirmed 
as primary malignancies, that is, different histopathologic 
origins and not to be considered as metastases, by a board-
certified pathologist (A.K.) using formalin-fixed paraffin-
embedded (FFPE) sections stained with hematoxylin and 
eosin. None of the patients were diagnosed with distant me-
tastasis at the time of diagnosis for either the first or second 
tumor. Of the 414 patients, women were ≤50 years of age 
at the time of their BC diagnosis were selected for genomic 
analysis (n=26) and 25 of these 26 patients had two primary 
malignancies (including breast cancer). Only one patient had 
three tumors (patient 25). For each patient, the BC samples 
were labeled as “A” and all other cancer types as “B” or “C.” 
The clinicopathologic features of the 26 cases are shown in 
Table 1. This study was approved by the Regional Ethical 
Committee in Gothenburg (approval no. 287–15).

2.2  |  OncoScan CNV plus assay

Genome-wide copy number and mutation analysis were per-
formed for 47/53 samples using Affymetrix OncoScan® Arrays 
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according to standard protocols at the Array and Analysis 
Facility (Uppsala University, Uppsala, Sweden). The OncoScan 
somatic mutation panel consisted of 64 mutations in nine genes 
(BRAF, EGFR, IDH1 and 2, KRAS, NRAS, PIK3CA, PTEN, 
and TP53). In brief, genomic DNA was extracted from two to 
three 10 µm FFPE sections for the 53 tumor samples using the 
AllPrep DNA/RNA FFPE kit (Qiagen) according to the manu-
facturer's instructions. The DNA concentration was determined 
with the Qubit Fluorometer (Life Technologies) and 80  ng 
genomic DNA subsequently used in the OncoScan assay. Five 
samples (1B, 2A/2B, and 16A/16B) were excluded due to low 
DNA concentration or lack of DNA amplification. Only pair-
wise samples (A and B samples) were included in the analysis; 
Sample 25C was excluded.

2.2.1  |  DNA copy number and 
mutation analysis

Normalization, segmentation, and quality control of the raw 
intensity (CEL) files were performed using the Chromosome 
Analysis Suite (ChAS, v4.1.0.90(r294000)) from Thermo 
Fisher Scientific with the hg19 genome assembly and 
NA33 FFPE analysis workflow. Mutations identified in the 
OncoScan somatic mutation panel (e.g., missense mutations) 
and allelic imbalance data (e.g., log2ratio, allele difference, 
BAF, and LOH) were extracted from ChAS. Data for the 
clinical significance of the identified mutations were retrieved 
from the dbSNP and ClinVar database (https://www.ncbi.
nlm.nih.gov/snp/ and https://www.ncbi.nlm.nih.gov/clinv​
ar/). Genomic profiles (hg19 genome assembly) were gener-
ated using the rCGH package (v1.16.0)27 in R/Bioconductor 
(v3.6.1) with log2ratio thresholds set to +0.3 for gains and 
−0.3 for losses. Further analysis to compare genomic pro-
files for the two tumors in the same patient or between differ-
ent cancer types was performed using Nexus Copy Number 
(BioDiscovery v8.1) with normalized OSCHP files and a 25% 
differential threshold between groups (p < 0.05). The OSCHP 
files were loaded with the Affymetrix OSCHP-TuScan algo-
rithm for the hg19 genome assembly. Genomic regions cov-
ered entirely by previously reported copy number variations 
in the human genome were removed.28 Descriptive statistics 
(mean   ±  standard error of the mean (SEM) and range) for 
the number of genetic alterations in each tumor were calcu-
lated using Microsoft Excel (v16.16.27). Box plots were con-
structed using the ggplot2 (v3.3.1) and ggpubr (v0.3.0) 29,30 R 
packages with the Wilcoxon test.

2.2.2  |  Similarity and clonality analysis

To evaluate whether the genomic profiles for tumors from 
the same patient were similar, hierarchical clustering, 

calculation of the Similarity Index (SI), and clonality 
testing were performed. First, hierarchical clustering of 
unsegmented CNA or LOH data was performed using 
the Euclidean distance metric and Ward's minimum vari-
ance method (Ward.D2) with the ggdendro R package 
(v0.1.22).31 Tumors from the same patient were consid-
ered to be similar if they clustered together in the terminal 
branch of the dendrogram. Then, the SI was calculated as 
described elsewhere using unsegmented data.32 In brief, 
SI was calculated by determining unique, shared, and op-
posite CNA or LOH changes between tumor pairs using 
CNA log2ratio thresholds set to +0.3 for gains and −0.3 
for losses and LOH thresholds set to 0 for normal DNA 
segments and 1 for LOH. Tumor pairs with Benjamini–
Hochberg adjusted p < 0.05 in the SI analysis were consid-
ered to be similar. Last, clonality testing with the Clonality 
R package (v1.34.0) was performed to determine whether 
tumors from the same patient were clonal or independent 
entities.33 Tumor pairs with p < 0.05 in the clonality analy-
sis were considered to be clonal.

2.2.3  |  Genetic instability analysis

To identify genetically unstable tumors, three analyses were 
performed with segmented CNA data, that is, genetic instability 
index (GII), complex arm-wise aberration index (CAAI), and 
chromothripsis-like pattern (CTLP) detection. GII was calculated 
as described elsewhere using CNA log2ratio thresholds set to +0.3 
for gains and −0.3 for losses; genomic instability was defined as 
GII >0.2.34–36 CAAI detects complex focal rearrangements in the 
genome containing narrow regions of high copy number gain; 
CAAI-positivity was defined as tumors with CAAI ≥0.5.37–39 For 
CTLP, CNA data were segmented using the DNAcopy package 
(v1.60.0) in R,40 followed by CTLP detection using the web-based 
CTLPScanner (http://47.88.3.162/CTLPS​canne​r/) with default 
settings (Genome assembly: GRCh37/hg19; Copy number status 
change times: ≥20; Log10 of likelihood ratio ≥8; Minimum seg-
ment size (Kb): 10; Signal distance between adjacent segments: 
0.3; Genomic gains ≥0.3; Genomic losses ≤−0.3.41

3  |   RESULTS

3.1  |  Selection of young patients (≤50 years) 
with other primary malignancies before breast 
cancer

We recently described a cohort of 414 patients diagnosed 
with one or more primary malignancies before BC (diag-
nosed with BC between 2007 and 2018) at Sahlgrenska 
University Hospital in Gothenburg, Sweden.5 Of the 414 pa-
tients, 26 women were ≤50 years of age at the time of their 
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breast cancer diagnosis. Interestingly, 1/26 patient was diag-
nosed with three different malignancies (two different gy-
necological malignancies and breast cancer). Therefore, the 
26 patients corresponded to 53 tumors (Table 1). The mean 
size of the detected invasive breast carcinomas was 28.3 mm 
and the average BRE score was 6.6. For 11 of the 26 patients, 
the metastatic spread of breast cancer was detected in the ax-
illary lymph nodes. Four patients had triple-negative breast 
cancer and three patients had HER2-amplified breast cancer. 
A detailed analysis of the medical records revealed five pa-
tients with a family history of breast cancer (two patients 

with HM, one patient each with MM, GIM, and GYM), of 
which two were BRCA-positive (C457A>C, unknown vari-
ant; and 3171ins5, founder mutation). The most common 
OPPM detected in the 26 breast cancer patients were ma-
lignant melanoma (MM, n = 11), gynecological malignan-
cies (GYM, n = 5), and hematological malignancies (HM, 
n = 4). Other OPPMs included gastrointestinal malignancies 
(GIM, n = 1), thyroid malignancies (TM, n = 2), oral cavity 
malignancies (OM, n = 2), and sarcoma (n = 1). Due to loss 
of DNA, only nine of the MM and four of the GYM were 
analyzed.

T A B L E  1   Clinicopathologic features for the 26 breast cancer patients (≤50 years of age) with other previous primary malignancies

Patient
nr

Cancer 1 Cancer 2

OS time 
(months)

Family 
history 
of breast 
cancer

BRCA-positive 
(germline)

Age at 
diagnosis type TNM Treatment

Age at 
diagnosis TNM Histopathology

BRE 
score

Tumor  
size (mm)

ER&PR
(%)

Ki67 
(%)

HER2 
amplified

Axillary 
lymph node 
metastases Treatment

Surgery Chemo Radiation Surgery Chemo Radiation Other 200101

1 28 GYM Tx Nx Mx Yes No No 50 T1c N0 Mx IDC 6 11 90 & 100 30–40% No No Yes No Yes Tam 65 No No

2 41 MM Tis Nx Mx Yes No No 50 T2 N1 Mx IDC 7 15 90 <10 No No Yes No Yes Tam 71 No No

3 39 MM T1a Nx Mx Yes No No 40 T1b N1 Mx IDC 6 31 100 & 100 10 No Yes Yes Yes Yes Tam 94 No No

4 36 TYM T3 N0 Mx Yes No No 36 T2 N0 Mx IDC 5 22 100 & 100 15 No No Yes No Yes Tam 65 No No

5 33 MM Tis Nx Mx Yes No No 44 T2 N1 Mx IDC 7 22 100 & 100 5 No Yes Yes Yes(n) Yes Tam 63 Yes C457A>C, unknown 
variant

6 47 GIM T3a N2b Mx Yes Yes No 48 T3 N1 Mx ILC 7 63 50 & 0 5 No Yes Yes Yes(n) Yes Tam 62 Yes No

7 35 MM T1a Nx Mx * * * 48 Tis N0 Mx DCIS * 61 * * * No No No No No 62 No No

8 21 GYM Tx Nx Mx Yes No No 48 T2 N0 Mx IDC 9 26 100 & 80 40 No No Yes Yes No AI 75 No No

9 28 MM Tis Nx Mx Yes No No 49 T2 N1 Mx IDC 6 29 0 & 0 90 No Yes Yes Yes No No 17 No No

10 44 HM * No Yes No 44 Tis N0 Mx DCIS * 76 * * * No Yes No No No 87 No No

11 20 Sarcoma Tx Nx Mx Yes No No 48 T1b N0 Mx ITC 4 7 90 & 100 5 No No Yes No Yes No 107 No No

12 38 OM Tx N1 Mx Yes No Yes 39 T1c N0 Mx IDC 8 19 0 & 0 60 No No Yes No No No 61 No No

13 32 TYM T4a Nx Mx Yes No No 47 T2 N2a Mx IDC 8 28 70 & 0 30 Yes Yes Yes Yes Yes Tam+Trast 105 No No

14 43 MM Tis Nx Mx Yes No No 49 T3 N1 Mx ILC 6 62 100 & 100 10 No Yes Yes Yes Yes Tam 99 No No

15 40 MM T2b N2 M1 Yes No No 42 T1c N0 Mx IDC 5 14 90 & 70 30 No No Yes No Yes Tam 118 No No

16 39 MM Tis Nx Mx Yes No No 44 T3 N2a Mx ITC 4 66 100 & 100 9 No Yes Yes No No Tam 110 No No

17 42 GYM * Yes Yes No 48 T2 N1 Mx IDC 5 30 100 & 100 5 No Yes Yes Yes Yes AI 132 No No

18 24 OM Tx N1 Mx * Yes No 43 T1c N0 Mx ITC 4 13 100 & 40 10 No No Yes No No No 126 No No

19 34 MM T1a Nx Mx Yes No No 44 T2 N0 Mx ITLC 5 26 100 & 100 10 No No Yes No Yes Tam 143 No No

20 29 HM * No Yes No 43 T1c N1c Mx IDC 9 18 0 & 0 60 Yes Yes Yes Yes Yes Trast 148 No No

21 42 MM T3 Nx M1 Yes No No 44 T2 N0 Mx IMC 9 41 0 & 0 50 No No Yes Yes Yes No 48 No No

22 36 MM T1a Nx Mx Yes No No 50 T1c N0 Mx IDC 8 19 100 & 100 30 No No Yes Yes Yes Tam+AI 62 No No

23 25 HM * No No Yes 45 T3 N2a Mx IDC 9 51 100 & 50 26 No Yes Yes Yes Yes Tam+AI+ev 
PARP?

48 Yes 3171ins5, founder 
mutation

24 22 HM * No Yes Yes 42 T1c N0 Mx IDC 7 13 0 & 0 20 Yes No Yes Yes No Tam+Trast 45 Yes No

25 31 GYM T1A1 Nx Mx Yes No No 37 T2 N0 Mx IDC 9 30 0 & 0 90 No No Yes Yes No No 43 Yes No

26 32 GYM Tis Nx Mx Yes No No 42 T1b N0 Mx IDC 7 25 100 & 100 8 No No Yes No Yes Tam 41 No No

Abbreviation: BC, breast cancer; GIM, gastrointestinal malignancies; GYM, gynecological malignancies; HM, hematological malignancies; MM, malignant  
melanoma; OM, oral cavity malignancies; TM, thyroid malignancies
*no data available; (n), neoadjuvant treatment; DCIS, ductal carcinoma in situ; IDC, invasive ductal carcinoma; IMC, invasive medullary carcinoma; ILC, invasive  
lobular carcinoma; ITC, invasive tubular carcinoma; ITLC, invasive tubulo-lobular carcinoma TMN classification according to Brierley et al.
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3.2  |  Genetic alterations more common in 
BC and GYM

To identify DNA copy number alterations (CNA) and somatic 
mutations in the 53 patient samples, genome-wide Affymetrix 
OncoScan® Arrays were used. However, six samples were re-
moved from further analysis due to technical reasons. Genetic 
alterations (DNA low-level gains, heterozygous losses, homozy-
gous deletions, and high-level amplification) were subsequently 
detected in all 47 samples, affecting whole chromosomes, 
chromosome arms, and specific chromosomal regions. The 

highest number of CNAs was detected in GYM (mean ± SEM, 
148  ±  228; range, 5–461), followed by BC (mean  ±  SEM, 
100 ± 157; range, 0–314) and OM (mean ± SEM, 86 ± 44; 
range, 43–130). Overall, BC was shown to harbor signifi-
cantly more CNAs than HM (p = 0.0081) and TM (p = 0.0067; 
Figure 1A). In contrast, relatively few CNAs were shown in 
the two TM samples (mean ± SEM, 5.5 ± 2.5; range, 3–8). As 
expected, the CNAs detected in BC were primarily low-level 
gains (mean ± SEM, 51 ± 90; range, 0–179), with fewer regions 
of high-level amplification (mean ± SEM, 14 ± 84; range, 0–
169), heterozygous loss (mean ± SEM, 25 ± 60; range 0–1372), 

T A B L E  1   Clinicopathologic features for the 26 breast cancer patients (≤50 years of age) with other previous primary malignancies

Patient
nr

Cancer 1 Cancer 2

OS time 
(months)

Family 
history 
of breast 
cancer

BRCA-positive 
(germline)

Age at 
diagnosis type TNM Treatment

Age at 
diagnosis TNM Histopathology

BRE 
score

Tumor  
size (mm)

ER&PR
(%)

Ki67 
(%)

HER2 
amplified

Axillary 
lymph node 
metastases Treatment

Surgery Chemo Radiation Surgery Chemo Radiation Other 200101

1 28 GYM Tx Nx Mx Yes No No 50 T1c N0 Mx IDC 6 11 90 & 100 30–40% No No Yes No Yes Tam 65 No No

2 41 MM Tis Nx Mx Yes No No 50 T2 N1 Mx IDC 7 15 90 <10 No No Yes No Yes Tam 71 No No

3 39 MM T1a Nx Mx Yes No No 40 T1b N1 Mx IDC 6 31 100 & 100 10 No Yes Yes Yes Yes Tam 94 No No

4 36 TYM T3 N0 Mx Yes No No 36 T2 N0 Mx IDC 5 22 100 & 100 15 No No Yes No Yes Tam 65 No No

5 33 MM Tis Nx Mx Yes No No 44 T2 N1 Mx IDC 7 22 100 & 100 5 No Yes Yes Yes(n) Yes Tam 63 Yes C457A>C, unknown 
variant

6 47 GIM T3a N2b Mx Yes Yes No 48 T3 N1 Mx ILC 7 63 50 & 0 5 No Yes Yes Yes(n) Yes Tam 62 Yes No

7 35 MM T1a Nx Mx * * * 48 Tis N0 Mx DCIS * 61 * * * No No No No No 62 No No

8 21 GYM Tx Nx Mx Yes No No 48 T2 N0 Mx IDC 9 26 100 & 80 40 No No Yes Yes No AI 75 No No

9 28 MM Tis Nx Mx Yes No No 49 T2 N1 Mx IDC 6 29 0 & 0 90 No Yes Yes Yes No No 17 No No

10 44 HM * No Yes No 44 Tis N0 Mx DCIS * 76 * * * No Yes No No No 87 No No

11 20 Sarcoma Tx Nx Mx Yes No No 48 T1b N0 Mx ITC 4 7 90 & 100 5 No No Yes No Yes No 107 No No

12 38 OM Tx N1 Mx Yes No Yes 39 T1c N0 Mx IDC 8 19 0 & 0 60 No No Yes No No No 61 No No

13 32 TYM T4a Nx Mx Yes No No 47 T2 N2a Mx IDC 8 28 70 & 0 30 Yes Yes Yes Yes Yes Tam+Trast 105 No No

14 43 MM Tis Nx Mx Yes No No 49 T3 N1 Mx ILC 6 62 100 & 100 10 No Yes Yes Yes Yes Tam 99 No No

15 40 MM T2b N2 M1 Yes No No 42 T1c N0 Mx IDC 5 14 90 & 70 30 No No Yes No Yes Tam 118 No No

16 39 MM Tis Nx Mx Yes No No 44 T3 N2a Mx ITC 4 66 100 & 100 9 No Yes Yes No No Tam 110 No No

17 42 GYM * Yes Yes No 48 T2 N1 Mx IDC 5 30 100 & 100 5 No Yes Yes Yes Yes AI 132 No No

18 24 OM Tx N1 Mx * Yes No 43 T1c N0 Mx ITC 4 13 100 & 40 10 No No Yes No No No 126 No No

19 34 MM T1a Nx Mx Yes No No 44 T2 N0 Mx ITLC 5 26 100 & 100 10 No No Yes No Yes Tam 143 No No

20 29 HM * No Yes No 43 T1c N1c Mx IDC 9 18 0 & 0 60 Yes Yes Yes Yes Yes Trast 148 No No

21 42 MM T3 Nx M1 Yes No No 44 T2 N0 Mx IMC 9 41 0 & 0 50 No No Yes Yes Yes No 48 No No

22 36 MM T1a Nx Mx Yes No No 50 T1c N0 Mx IDC 8 19 100 & 100 30 No No Yes Yes Yes Tam+AI 62 No No

23 25 HM * No No Yes 45 T3 N2a Mx IDC 9 51 100 & 50 26 No Yes Yes Yes Yes Tam+AI+ev 
PARP?

48 Yes 3171ins5, founder 
mutation

24 22 HM * No Yes Yes 42 T1c N0 Mx IDC 7 13 0 & 0 20 Yes No Yes Yes No Tam+Trast 45 Yes No

25 31 GYM T1A1 Nx Mx Yes No No 37 T2 N0 Mx IDC 9 30 0 & 0 90 No No Yes Yes No No 43 Yes No

26 32 GYM Tis Nx Mx Yes No No 42 T1b N0 Mx IDC 7 25 100 & 100 8 No No Yes No Yes Tam 41 No No

Abbreviation: BC, breast cancer; GIM, gastrointestinal malignancies; GYM, gynecological malignancies; HM, hematological malignancies; MM, malignant  
melanoma; OM, oral cavity malignancies; TM, thyroid malignancies
*no data available; (n), neoadjuvant treatment; DCIS, ductal carcinoma in situ; IDC, invasive ductal carcinoma; IMC, invasive medullary carcinoma; ILC, invasive  
lobular carcinoma; ITC, invasive tubular carcinoma; ITLC, invasive tubulo-lobular carcinoma TMN classification according to Brierley et al.
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and homozygous deletion (mean ± SEM, 1.0 ± 6.5; range, 0–
13). GYM also showed more low-level gain (mean  ±  SEM, 
98 ± 154; range, 3–310) than heterozygous loss (mean ± SEM, 
31  ±  39; range, 0–78). Moreover, high-level amplifications 
were more common in both BC (mean ± SEM, 14 ± 84; range, 
0–169) and GYM (mean ± SEM, 19 ± 36; range, 0–73) com-
pared to MM (mean ± SEM, 0.1 ± 0.5; range, 0–1).

In agreement with previous studies,42–47 genetic alter-
ations in BC were frequently detected on chromosome 1 
(mean ± SEM, 1.8 ± 11; range 0–22) of which 66% were 
low-level gains (mean  ±  SEM, 4.9  ±  9; range, 0–18), fol-
lowed by chromosome 16 (mean ± SEM, 1.5 ± 10; range, 0–
20) of which 52% consisted of low-level gains (mean ± SEM, 
3  ±  10; range, 0–20) and chromosome 17 (mean  ±  SEM, 
1.5 ± 14; range, 0–28) of which 35% consisted of high-level 
amplifications (mean  ±  SEM, 2.1  ±  14; range, 0–28) and 
35% of heterozygous losses (mean ± SEM, 2.1 ± 3; range, 
0–6; Table S1). More specifically, low-level gains frequently 
detected in BC spanned chromosomal regions 1q, 8q, 10p, 
14q, 16p, and 20q, while heterozygous loss was identified on 
4p, 8p, 11q, 16q, 17p, and 22q. For GYM, genetic alterations 
were detected on all chromosomes, equally distributed be-
tween gains and losses where chromosomes 2 (mean ± SEM, 
2.1 ± 13; range, 0–26) and 10 (mean ± SEM, 2 ± 10; range, 
0–20) were most prevalent. However, CNAs in MM were 
common on chromosome 3 (mean ± SEM, 1.4 ± 7.5; range, 
0–15), 8 (mean  ±  SEM, 1.1  ±  6.5; range, 0–13), and 19 
(mean ± SEM, 1 ± 10.5; range, 0–21). The number of CNAs 
detected on each chromosome is presented in Table S1.

For 6/9 BCs from patients previously diagnosed with MM, 
low-level gains were identified on chromosome 1q, while 
DNA losses affected chromosomes 6 and 17p. Furthermore, 
low-level gain was frequently shown on chromosomes 3p and 
14p in MM. Common DNA copy number alterations were 
detected on chromosomes 9, 10, 14, 18, and 22 in BC and 

corresponding GYM, the majority of which were low-level 
gains. However, two of the four pairwise GYM and BC shared 
high-level amplification on chromosome 22. Common DNA 
losses on chromosomes 8 and 11 were seen in three BC and 
corresponding HM (75%). Low-level gains on chromosomes 
2, 8, 13, and 16 were commonly seen in BC and corresponding 
OM. However, no common DNA alterations were detected in 
BC and corresponding TM.

3.3  |  Loss-of-heterozygosity (LOH) more 
common in BC, MM, and GYM

The OncoScan data were then analyzed to identify LOH 
in individual SNP markers. Similar to the detected DNA 
copy number alterations, LOH patterns in the different 
tumors were complex with every chromosome displaying 
LOH at least once. More specifically, LOH affected whole 
chromosomes, chromosome arms, specific chromosome 
regions, and individual LOH markers. The highest num-
ber of LOH events detected in the 47 tumors were located 
on chromosomes 1, 2, 5, 6, 11, and 17. Furthermore, the 
highest number of LOH events were seen in BC followed 
by MM and GYM. In contrast, TM presented the lowest 
number of LOH events (Figure 1B). In BC, chromosomes 
1, 4, 6, 9, 13, 18, and 20 displayed the highest number 
of LOH events, whereas chromosomes 2, 3, 5, 9, and 20 
were frequently affected by LOH in GYM and chromo-
somes 4, 9, and 11 in MM. Intriguingly, LOH events on 
chromosome 6 were common in BC, OM, HM, and sar-
coma. However, OM, TM, and GIM were also found to 
be affected by LOH on chromosomes 6, 7, and 12 (OM), 
chromosomes 3, 11, and 12 (TM), and chromosome 10 
(GIM). The recurrent LOH regions in the tumor samples 
are presented in Table S2.

F I G U R E  1   Boxplots depicting the number of detected (A) CNAs and (B) LOH in the different cancer types. The Wilcoxon test was used to 
calculate statistically significant differences in BC versus previous primary malignancies (GYM, HM, MM, and TM). GIM, OM, and sarcoma were 
excluded from the statistical analyses due to too few samples. P < 0.05 is considered to be statistically significant
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3.4  |  Mutations in TP53 prevalent in BC, 
MM, and HM

The OncoScan somatic mutation panel was then used to 
analyze 64 specific mutations in nine cancer-related genes 
(BRAF, KRAS, EGFR, IDH1, IDH2, PTEN, PIK3CA, NRAS, 
and TP53). Two patients (patients 5A and 23A) with a 
family history of breast cancer previously tested positive 
for BRCA mutations. Consequently, the OncoScan array 
detected mutations in the TP53 gene for 14/47 tumors, of 
which 8 were identified in BC (33% of the BCs), 2 in MM 
(22% of the group of MM), and 2 in HM (50% of the HM; 
Figure 2 and Table S3). Other mutations were also detected, 
but to a lesser extent, that is KRAS (n=1), NRAS (n=1), IDH2 
(n = 2), BRAF (n = 2), and PIKCA3 (n = 1). Interestingly, 
the same mutation (TP53:p.Y220C:c.659A>G) was only 
found in one tumor pair (BC and MM) from the same patient 
(patient 21). Reported clinical significance of SNP is pre-
sented in Table S3.

3.5  |  Genomic profiling reveals similarity 
between tumor pairs

To evaluate whether the genomic profiles (CNA and LOH) 
for tumors from the same patient were similar, three differ-
ent analyses (hierarchical clustering, Similarity Index (SI), 
and clonality testing) were performed using the OncoScan 
data. Hierarchical clustering and SI were concordant for 
tumor pairs from eight (patients 03, 11, 13, 18, 20, 22, 23, 
and 26) and four 03,13,18 and 26 patients, which were classi-
fied as genomically similar using the CNA and LOH data, 
respectively (Figure  3). In contrast, clonality testing was 
only concordant with clustering and SI for four (patients 11, 
18, 22, and 26) and three (patients 13, 18, and 26) patients. 
Nevertheless, hierarchical clustering also identified other 
tumor pairs (patients 04 and 08 for CNA, and 04, 14, 21, and 
22 for LOH) as closely related, but with less overlap between 
the genetic alterations. No significant similarity was detected 
in patients 04–10, 12, 14–17, 21, and 24–25 according to SI. 

F I G U R E  2   Lollipop plots depicting the number and type of mutations spanning the (A) TP53, (B) BRAF, (C) IDH2, (D) KRAS, (E) NRAS, and 
(F) PIK3CA genes according to the OncoScan somatic mutation panel
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Moreover, no obvious patterns were found regarding which 
OPPMs and BC were most similar. However, several BCs 
clustered together followed by MM and TM. Interestingly, 
clonality testing showed that genetic alterations on chromo-
somes 1 (n = 3), 3 (n = 5), 16 (n = 3), and 19 (n = 3) were 
concordant in both tumors in patients 06, 07, 08, 09, 11, 12, 
14, 18, 19, 21, 22, 25, and 26 (Figure 4).

3.6  |  High levels of genomic instability in 
BC and OPPMs

Last, the identified DNA copy number alterations were 
used to determine genetic instability in each sample with 
the genetic instability index (GII), complex arm-wise aber-
ration index (CAAI index), and chromothripsis-like patterns 
(CTLP). GII revealed that genomic instability was more 
prevalent in OPPMs (08B, 09B, 12B, 19B, 21B, 22B, and 
26B) than BC (05A, 06A, 10A, and 21A). Average CAAI 
scores (mean and maximum) were calculated and presented 
in Table S4. All 47 tumors were classified by the CAAI al-
gorithm as unstable. BC (n = 14) was among the majority 
(n=19) of the tumors with the highest CAAI (range 0–8.2). 

Adenocarcinoma in situ cervix had the highest CAAI (mean 
8.2), but CTLP was mostly seen in BC (n = 4). More spe-
cifically, regions of chromothripsis-like patterns spanned 
chromosomes 15 and 17 in sample 07A, sample 08A on 
chromosomes 10 and 11, sample 10A on chromosome 17, 
and sample 24A on chromosomes 4 and 10. Only one OPPM 
(sarcoma, sample 11B) had chromothripsis-like patterns, 
which spanned chromosome 19.

4  |   DISCUSSION

In the present study, genome-wide profiling was used to 
identify common genetic alterations in primary tumors (BC 
and OPPM) from the same patient, thereby enabling us to 
pinpoint potential biomarkers for MPMs. Although BC was 
revealed to have the highest number of DNA copy number 
alterations, all 47 tumors were classified as genetically un-
stable. Moreover, mutations in TP53 were prevalent, espe-
cially in BC, MM, and HM. Further analysis of the genomic 
profiles revealed eight tumor pairs with common genetic al-
terations. Nevertheless, tumor samples from the same can-
cer type frequently clustered together (BC, MM, and TM), 

F I G U R E  3   The concordance between hierarchical clustering, similarity index, and clonality testing using (A) CNA and (B) LOH data from 
OncoScan. Similarity in the pairwise tumors was found in all three analyses for patients 18 and 26 using both CNA and LOH data
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indicating more genetic similarity within a cancer type than 
between tumor pairs from the same patient.

Thus far, few studies have explored genetic alterations 
in MPMs, in particular in patients with OPPMs diagnosed 
before breast cancer. A recent case report performed next-
generation sequencing analysis on both the four different 
tumors and blood from a patient.48 However, no common 
genetic alterations were found in the four tumor samples. 
Over a decade ago, Mellemkjaer et al and Raymond et al de-
scribed MPMs that arose after a breast cancer diagnosis, 

suggesting that BC treatment itself could have contributed 
to the development of these multiple primary malignan-
cies.3,6,49 The majority of the BCs showed unfavorable 
histopathologic diagnoses with a high proportion of lymph 
node-positive patients. In previous studies, several factors 
have been linked to the poor prognosis associated with 
developing breast cancer at a young age, including large 
tumor size at diagnosis, mitotic rate, high tumor grade, 
lymph node-positive status, elevated HER2 expression, 
and low estrogen and progesterone receptor expression.50,51 

F I G U R E  4   Genomic profiles for the tumor pairs for patients (A) 24 (BC and HM) and (B) 26 (BC and GYM). The copy number profiles for 
patient 24 are drastically different, while the samples from patient 26 were similar. The location of the ERBB2 gene is indicated on chromosome 
(chr) 17 with the log2ratio value. Blue bars indicate DNA gain (log2ratio threshold +0.3) and red bars depict DNA loss (log2ratio threshold −0.3)



4474  |      NYQVIST et al.

Here, we chose to analyze tumors from young women 
(≤50 years) with several malignancies to identify genetic 
alterations associated with genetic susceptibility and not 
lifestyle factors. Luciani et al reported that elderly patients 
are more prone to developing MPMs compared to younger 
patients due to the accumulation of genetic alterations 
over time, aging, and time of life expectancy.52 Therefore, 
MPMs are expected to be influenced by increasing age.1,8,52 
However, young women with breast cancer generally have 
a poorer outcome compared to elderly patients.50 Since the 
clinical outcome is more unfavorable for young patients 
with breast cancer and OPPMs, it is important to identify 
genetic alterations associated with the risk of developing 
future cancers.

The highest number of somatic genetic alterations oc-
curred in the analyzed breast tumor specimens compared with 
the different OPPMs. The role of somatic CNAs in cancer 
progression was recently reported in several cancer types, 
thereby showing that breast carcinoma had the highest num-
ber of driver genes.53 Breast tumors frequently contain more 
genetic alterations than other tumor types (our own unpub-
lished data). Here, we showed that eight pairwise primary 
tumors had common genetic alterations, indicating that these 
samples share common driver genes. The remaining tumor 
pairs showed different genetic alterations, with differing 
tumor biology and driver genes. Furthermore, the homology 
within the group of breast tumors was more similar compared 
to the pairwise tumors or other cancer types. Unfortunately, 
no specific genetic alterations were found between breast 
cancer and OPPMs. Genetic alterations on chromosomes 1, 
11, and 17 were frequently detected in BC specimens, which 
could indicate that these changes are breast cancer-specific. 
LOH in chromosomes 1, 11, and 17 have previously been 
reported as indicators of genetic instability and may serve 
as prognostic factors of poor outcome in breast cancer pa-
tients.54,55 Genomic instability is a marker of increased risk of 
developing other primary malignancies as a result of altered 
DNA damage repair mechanisms.56–59 All of the analyzed tu-
mors were classified as genomically unstable according to the 
GII and CAAI analyses. Furthermore, another indication of 
genomic instability in the breast tumors was seen as CLTPs 
on chromosomes 10 and 17. In contrast, only one OPPM was 
found to contain CTLPs.

Previous studies have described different somatic muta-
tions in BC.60–62 In addition, several studies state that CNAs 
are a common feature of genetic instability in breast carci-
nomas.47,63 Nevertheless, no studies to date have compared 
somatic mutations in BC with OPPMs. Here, the OncoScan 
mutation panel was used to evaluated potential somatic mu-
tations in the analyzed specimens. However, this mutation 
panel only consists of 64 mutations covering nine genes, 
which provides relatively low coverage of the mutational 
landscape. Genomic instability is manifested by an increased 

rate of somatic mutations,64 which unfortunately was not pos-
sible to explore using this platform. Mutations in the TP53 
gene were detected in 14 of the 47 tumors, of which the ma-
jority (n = 8) were seen in BC. All breast tumors with TP53 
mutations were large in size (mean 39.2 mm), but three were 
from lymph node-positive patients. Previous reports showed 
a strong association and linear relationship between tumor 
size, lymph node positivity, and the frequency of TP53 mu-
tations, which is in agreement with our findings showing that 
TP53 mutations are generally associated with an advanced 
and aggressive tumor phenotype.65,66 The TP53 gene is in-
volved in cell survival, genomic integrity (instability and re-
pair), apoptosis, and proliferation.65 Other genetic alterations 
in BRAF, IDH2, KRAS, NRAS, PIK3CA, and TP53 were also 
reported. Interestingly, data from the dbSNP (https://www.
ncbi.nlm.nih.gov/snp and https://cancer.sanger.ac.uk/cosmic) 
database demonstrate that these mutations play a clinically 
significant role in the development of other malignancies. In a 
recent study concerning somatic mutations in young patients 
with breast and serous ovarian cancer, Encinas et al report 
that certain mutations are linked to age.8,9 Consequently, the 
incidence of TP53 somatic mutations tends to increase in the 
elderly.8,9,65 In the present study, we identified nine missense 
mutations that have been reported to be potentially patho-
genic in other malignancies (e.g., gastrointestinal organs, he-
matopoietic system, brain, and thyroid glandule). Therefore, 
these SNPs may play a key role in the development of differ-
ent types of cancers.

The present study has two major strengths, that is, the 
inclusion of young patients with several primary malignan-
cies in the study cohort and investigating genetic alterations 
in OPPMs diagnosed before BC. At young ages, the accu-
mulation of genetic alterations in key cancer-related genes 
is less dependent on time-related exposure to environmental 
factors.1,8,9,52 It is also a fact that different population groups 
have different predispositions for specific cancers. In the 
present investigation, the analyzed tumors come from a rel-
atively homogeneous population in Sweden which is ideal 
for the identification of genetic alterations associated with 
patient's genetic susceptibility. This is also the first study, 
to the best of our knowledge, to assess genetic alterations 
in OPPMs before a breast cancer diagnosis. However, our 
study also has some limitations, for example, the relatively 
restricted number of patients and the exclusion of six sam-
ples due to technical issues. Hence, the statistical analyses 
were limited by a low number of samples in each OPPM 
group. More studies with larger patient cohorts are therefore 
warranted. Unfortunately, only FFPE samples were avail-
able, which frequently have poorer DNA quality than frozen 
samples. However, the genomic profiles were relatively good 
for the analyzed samples. Last, though the OncoScan array 
can identify genome-wide CNAs, LOH, and CTLPs, the mu-
tation panel is limited to 64 somatic mutations in specific 

https://www.ncbi.nlm.nih.gov/snp
https://www.ncbi.nlm.nih.gov/snp
https://cancer.sanger.ac.uk/cosmic
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genes. In future studies, it would be more appropriate to used 
high-resolution technologies such as genome-wide sequenc-
ing on all primary malignancies and corresponding normal 
tissue sample and whole-exome sequencing of the primary 
malignancies and patient blood samples to identify germ-
line mutations. Therefore, it would be possible to identify 
common alterations important for tumor development, that 
is, driver mutations.60–62 Multiple malignancies involve a 
complex set of common, recurrent within the same type of 
tumors, and less frequent within the tumor pairs genomic ab-
normalities. The aim is to develop a model for the initiation 
and progression of multiple malignancies. The identification 
of genetic alterations detected in this study may highlight the 
potential sites for genomic regions susceptible to multiple 
malignancies initiation and progression.

In the past, follow-up programs have varied for breast 
cancer patients. Nowadays, breast cancer patients in 
Sweden have only 1  year of clinical follow-up before 
the patient is referred back to the general mammography 
screening program. However, previous studies highlight 
the importance of establishing tailored follow-up pro-
grams and awareness that some cancer patients have an 
elevated risk of developing additional primary malignan-
cies.4–6,49,67 Lee et al state the importance of establishing 
guidelines for improving prognosis and quality of life in 
breast cancer patients.67 To be able to improve cancer out-
comes, possible new malignancies should be investigated 
as the first sign of symptoms. According to Raymond et al, 
the interval between different primary malignancies in pa-
tients aged 30–39 was 11.4  years. Therefore, Raymond 
et al proposed that breast cancer survivors should be ad-
vised of their increased risk of developing certain cancers 
in their lifetime. This could influence the patient's lifestyle 
choices related to smoking, exercise, weight, exposure to 
UV radiation, etc.3 Bleyer et al also emphasized the im-
portance of tailoring treatment strategies in different age 
groups, as tumor biology depends on the age group.10 
However, there may be a way to predict the development 
of additional primary malignancies, or at least be prepared 
for the risk of their development. Spratt et al described the 
time labeling index that suggests that one and the same 
mutation could contribute to different metachronous ma-
lignancies due to differences in doubling time for each in-
dependent tumor.58,59

Taken together, young patients with OPPMs and BC 
should be informed of the risk of developing other malig-
nancies. In case of symptoms, the patient should be promptly 
examined to rule out additional malignancies and follow-up 
programs tailored to the patient's respective malignancies 
and associated somatic mutations. However, further studies 
are warranted to investigate the clinical implications of ge-
netic alterations for the diagnosis, treatment,21 and follow-up 
programs for MPMs.

ACKNOWLEDGMENTS
Open access funding provided by the University of 
Gothenburg.

CONFLICTS OF INTERESTS
The authors declare that they have no competing interests.

AUTHOR CONTRIBUTIONS
JN, KH, TP, PK, EFA, ZE, AK were responsible for the 
overall study concept. KH, TP, and JN were responsible for 
the design of experiments. JN, AK, ZE collected the clinical 
data. JN, KH, and TP contributed to the statistical analyses. 
JN, TP, KH analyzed the data, performed the statistical anal-
yses, and wrote the manuscript. All authors reviewed, edited, 
and approved the final manuscript.

ETHICAL STATEMENT
Ethics approval All procedures were performed in accord-
ance with the Declaration of Helsinki and approved by the 
Regional Ethical Review Board (Gothenburg, Sweden; Case 
Numbers 287–15, T967-17, T1033-18, and T2019-04294).

DATA AVAILABILITY STATEMENT
The datasets used and analyzed during the current study 
are available from the corresponding author on reason-
able request. All microarray data discussed in this publi-
cation are accessible through the NATIONAL CENTER 
for Biotechnology Information (NCBI) Gene Expression 
Omnibus (GEO accession number GSE165240).

ORCID
Jenny Nyqvist   https://orcid.org/0000-0002-9934-8407 
Eva Forssell-Aronsson   https://orcid.
org/0000-0002-7558-4368 
Toshima Z. Parris   https://orcid.org/0000-0003-0834-5540 

REFERENCES
	 1.	 De luca A, Frusone F, Vergine M, et al. Breast cancer and multiple 

primary malignant tumors: case report and review of the literature. 
Vivo. 2019;33(4):1313-1324.

	 2.	 Rubino C, de Vathaire F, Diallo I, Shamsaldin A, Le MG. Increased 
risk of second cancers following breast cancer: role of the initial 
treatment. Breast Cancer Res Treat. 2000;61(3):183-195.

	 3.	 Raymond JS, Hogue CJ. Multiple primary tumours in 
women following breast cancer, 1973–2000. Br J Cancer. 
2006;94(11):1745-1750.

	 4.	 Nyqvist J, Persson F, Parris T, et al. Metachronous and synchro-
nous occurrence of 5 primary malignancies in a female patient 
between 1997 and 2013: a case report with germline and somatic 
genetic analysis. Case Rep Oncol. 2017;10(3):1006-1012.

	 5.	 Nyqvist J, Parris TZ, Helou K, et al. Previously diagnosed mul-
tiple primary malignancies in patients with breast carcinoma 
in Western Sweden between 2007 and 2018. Breast Cancer Res 
Treat. 2020;184(1):221-228.

https://orcid.org/0000-0002-9934-8407
https://orcid.org/0000-0002-9934-8407
https://orcid.org/0000-0002-7558-4368
https://orcid.org/0000-0002-7558-4368
https://orcid.org/0000-0002-7558-4368
https://orcid.org/0000-0003-0834-5540
https://orcid.org/0000-0003-0834-5540


4476  |      NYQVIST et al.

	 6.	 Mellemkjær L, Christensen J, Frederiksen K, et al. Risk of primary 
non-breast cancer after female breast cancer by age at diagnosis. 
Cancer Epidemiol Biomarkers Prev. 2011;20(8):1784-1792.

	 7.	 Frödin JE, Ericsson J, Barlow L. Multiple primary malignant tu-
mors in a national cancer registry–reliability of reporting. Acta 
Oncol. 1997;36(5):465-469.

	 8.	 Encinas G, Maistro S, Pasini FS, et al. Somatic mutations in breast 
and serous ovarian cancer young patients: a systematic review and 
meta-analysis. Rev Assoc Med Bras. 2015;61(5):474-483.

	 9.	 Encinas G, Sabelnykova VY, de Lyra EC, et al. Somatic mu-
tations in early onset luminal breast cancer. Oncotarget. 
2018;9(32):22460-22479.

	10.	 Bleyer A, Barr R, Hayes-Lattin B, Thomas D, Ellis C, Anderson B. 
The distinctive biology of cancer in adolescents and young adults. 
Nat Rev Cancer. 2008;8(4):288-298.

	11.	 Cybulski C, Nazarali S, Narod SA. Multiple primary cancers as a 
guide to heritability. Int J Cancer. 2014;135(8):1756-1763.

	12.	 Karlsson P, Holmberg E, Johansson KA, Kindblom LG, Carstensen 
J, Wallgren A. Soft tissue sarcoma after treatment for breast can-
cer. Radiother Oncol. 1996;38(1):25-31.

	13.	 Karlsson P, Holmberg E, Samuelsson A, Johansson KA, Wallgren 
A. Soft tissue sarcoma after treatment for breast cancer–a Swedish 
population-based study. Eur J Cancer. 1998;34(13):2068-2075.

	14.	 Sato S, Shinohara N, Suzuki S, Harabayashi T, Koyanagi T. 
Multiple primary malignancies in Japanese patients with renal cell 
carcinoma. Int J Urol. 2004;11(5):269-275.

	15.	 Yilmaz A, Ertugrul M, Yagci Tuncer L, Sulu E, Damadoglu E. 
Multiple primary malignancies involving lung: an analysis of 40 
cases. Ups J Med Sci. 2008;113(2):193-200.

	16.	 Yamamoto S, Yoshimura K, Ri S, Fujita S, Akasu T, Moriya Y. 
The risk of multiple primary malignancies with colorectal carci-
noma. Dis Colon Rectum. 2006;49(10 Suppl):S30-S36.

	17.	 Rabbani F, Grimaldi G, Russo P. Multiple primary malignancies in 
renal cell carcinoma. J Urol. 1998;160(4):1255-1259.

	18.	 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal 
A. Global cancer statistics 2018: GLOBOCAN estimates of inci-
dence and mortality worldwide for 36 cancers in 185 countries. CA 
Cancer J Clin. 2018;68(6):394-424.

	19.	 Matesich SM, Shapiro CL. Second cancers after breast cancer 
treatment. Semin Oncol. 2003;30(6):740-748.

	20.	 Ghoussaini M, Pharoah PDP, Easton DF. Inherited genetic suscep-
tibility to breast cancer: the beginning of the end or the end of the 
beginning? Am J Pathol. 2013;183(4):1038-1051.

	21.	 Chalmers ZR, Connelly CF, Fabrizio D, et al. Analysis of 100,000 
human cancer genomes reveals the landscape of tumor mutational 
burden. Genome Med. 2017;9(1):34.

	22.	 Lee K-D, Chen S-C, Chan CH, et al. Increased risk for second 
primary malignancies in women with breast cancer diagnosed at 
young age: a population-based study in Taiwan. Cancer Epidemiol 
Biomarkers Prev. 2008;17(10):2647-2655.

	23.	 Einbeigi Z, Bergman A, Kindblom L-G, et al. A founder muta-
tion of the BRCA1 gene in Western Sweden associated with 
a high incidence of breast and ovarian cancer. Eur J Cancer. 
2001;37(15):1904-1909.

	24.	 Horlings HM, Shah SP, Huntsman DG. Using somatic muta-
tions to guide treatment decisions: context matters. JAMA Oncol. 
2015;1(3):275-276.

	25.	 Beltran H, Eng K, Mosquera JM, et al. Whole-exome sequencing 
of metastatic cancer and biomarkers of treatment response. JAMA 
Oncol. 2015;1(4):466-474.

	26.	 Matias-Guiu X, Stanta G, Carneiro F, Ryska A, Hoefler G, Moch 
H. The leading role of pathology in assessing the somatic molecu-
lar alterations of cancer: position paper of the European society of 
pathology. Virchows Arch. 2020;476(4):491-497.

	27.	 Commo F. rCGH: comprehensive pipeline for analyzing and visu-
alizing array-based CGH data. 2019.

	28.	 Iafrate AJ, Feuk L, Rivera MN, et al. Detection of large-scale vari-
ation in the human genome. Nat Genet. 2004;36(9):949-951.

	29.	 Kassambara A. ggpubr: ‘ggplot2’ based publication ready plots. 
2020.

	30.	 Wickham H. ggplot2: elegant graphics for data analysis. 2016.
	31.	 de Vries A, Ripley BD. ggdendro: create dendrograms and tree 

diagrams using ‘ggplot2'. 2020.
	32.	 Nemes S, Danielsson A, Parris TZ, et al. A diagnostic algorithm 

to identify paired tumors with clonal origin. Genes Chromosomes 
Cancer. 2013;52(11):1007-1016.

	33.	 Clonality OI. Clonality testing. 2019.
	34.	 Burrell RA, McClelland SE, Endesfelder D, et al. Replication 

stress links structural and numerical cancer chromosomal instabil-
ity. Nature. 2013;494(7438):492-496.

	35.	 Biermann J, Parris TZ, Nemes S, et al. Clonal relatedness in tumour 
pairs of breast cancer patients. Breast Cancer Res. 2018;20(1):96.

	36.	 Lee AJX, Endesfelder D, Rowan AJ, et al. Chromosomal in-
stability confers intrinsic multidrug resistance. Cancer Res. 
2011;71(5):1858-1870.

	37.	 Russnes HG, Vollan HKM, Lingjaerde OC, et al. Genomic archi-
tecture characterizes tumor progression paths and fate in breast 
cancer patients. Sci Transl Med. 2010;2(38):38ra47.

	38.	 Vollan HKM, Rueda OM, Chin S-F, et al. A tumor DNA complex 
aberration index is an independent predictor of survival in breast 
and ovarian cancer. Mol Oncol. 2015;9(1):115-127.

	39.	 Chin SF, Teschendorff AE, Marioni JC, et al. High-resolution 
aCGH and expression profiling identifies a novel genomic subtype 
of ER negative breast cancer. Genome Biol. 2007;8(10):R215.

	40.	 Seshan VE, Olshen A. DNAcopy: DNA copy number data anal-
ysis. 2019; https://doi.org/10.18129/​B9.bioc.DNAcopy. https://
bioco​nduct​or.org/packa​ges/relea​se/bioc/html

	41.	 Cai H, Kumar N, Bagheri HC, von Mering C, Robinson MD, 
Baudis M. Chromothripsis-like patterns are recurring but hetero-
geneously distributed features in a survey of 22,347 cancer genome 
screens. BMC Genom. 2014;15:82.

	42.	 Andre F, Job B, Dessen P, et al. Molecular characterization of 
breast cancer with high-resolution oligonucleotide comparative ge-
nomic hybridization array. Clin Cancer Res. 2009;15(2):441-451.

	43.	 Haverty PM, Fridlyand J, Li LI, et al. High-resolution genomic and 
expression analyses of copy number alterations in breast tumors. 
Genes Chromosomes Cancer. 2008;47(6):530-542.

	44.	 Van Loo P, Nordgard SH, Lingjaerde OC, et al. Allele-specific 
copy number analysis of tumors. Proc Natl Acad Sci U S A. 
2010;107(39):16910-16915.

	45.	 Naylor TL, Greshock J, Wang Y, et al. High resolution genomic 
analysis of sporadic breast cancer using array-based comparative 
genomic hybridization. Breast Cancer Res. 2005;7(6):R1186
-R1198.

	46.	 Nessling M, Richter K, Schwaenen C, et al. Candidate genes in 
breast cancer revealed by microarray-based comparative genomic 
hybridization of archived tissue. Cancer Res. 2005;65(2):439-447.

	47.	 Parris TZ, Danielsson A, Nemes S, et al. Clinical implications of 
gene dosage and gene expression patterns in diploid breast carci-
noma. Clin Cancer Res. 2010;16(15):3860-3874.

https://doi.org/10.18129/B9.bioc.DNAcopy
https://bioconductor.org/packages/release/bioc/html
https://bioconductor.org/packages/release/bioc/html


      |  4477NYQVIST et al.

	48.	 Martin M, Sabari JK, Turashvili G, et al. Next-generation sequenc-
ing based detection of germline and somatic alterations in a pa-
tient with four metachronous primary tumors. Gynecol Oncol Rep. 
2018;24:94-98.

	49.	 Mellemkjær L, Friis S, Olsen JH, et al. Risk of second cancer among 
women with breast cancer. Int J Cancer. 2006;118(9):2285-2292.

	50.	 Cancello G, Maisonneuve P, Mazza M, et al. Pathological features 
and survival outcomes of very young patients with early breast 
cancer: how much is "very young"? Breast. 2013;22(6):1046-1051.

	51.	 Azim HA, Michiels S, Bedard PL, et al. Elucidating prognosis and 
biology of breast cancer arising in young women using gene ex-
pression profiling. Clin Cancer Res. 2012;18(5):1341-1351.

	52.	 Luciani A, Ascione G, Marussi D, et al. Clinical analysis of 
multiple primary malignancies in the elderly. Med Oncol. 
2009;26(1):27-31.

	53.	 Zhou W, Zhao Z, Wang R, et al. Identification of driver copy num-
ber alterations in diverse cancer types and application in drug re-
positioning. Mol Oncol. 2017;11(10):1459-1474.

	54.	 Takehisa M, Sasa M, Bando Y, et al. Chromosomal aneusomy 
(chr 1, 11, 17) detected by fluorescence in situ hybridization 
may be a prognostic factor in breast cancer. Anticancer Res. 
2007;27(2):1073-1078.

	55.	 Reinholz MM, Bruzek AK, Visscher DW, et al. Breast cancer and 
aneusomy 17: implications for carcinogenesis and therapeutic re-
sponse. Lancet Oncol. 2009;10(3):267-277.

	56.	 Greenman C, Stephens P, Smith R, et al. Patterns of somatic muta-
tion in human cancer genomes. Nature. 2007;446(7132):153-158.

	57.	 Spratt JS Jr, Hoag MG. Incidence of multiple primary cancers per 
man-year of follow up: 20-year review from the ellis fischel state 
cancer hospital. Ann Surg. 1966;164(5):775-784.

	58.	 Spratt JS, Meyer JS, Spratt JA. Rates of growth of human solid 
neoplasms: part I. J Surg Oncol. 1995;60(2):137-146.

	59.	 Spratt JS, Meyer JS, Spratt JA. Rates of growth of human neo-
plasms: part II. J Surg Oncol. 1996;61(1):68-83.

	60.	 Nik-Zainal S, Davies H, Staaf J, et al. Landscape of somatic mu-
tations in 560 breast cancer whole-genome sequences. Nature. 
2016;534(7605):47-54.

	61.	 Pleasance ED, Cheetham RK, Stephens PJ, et al. A comprehen-
sive catalogue of somatic mutations from a human cancer genome. 
Nature. 2010;463(7278):191-196.

	62.	 Stratton MR, Campbell PJ, Futreal PA. The cancer genome. 
Nature. 2009;458(7239):719-724.

	63.	 Albertson DG, Collins C, McCormick F, Gray JW. Chromosome 
aberrations in solid tumors. Nat Genet. 2003;34(4):369-376.

	64.	 Loeb LA. A mutator phenotype in cancer. Cancer Res. 
2001;61(8):3230-3239.

	65.	 Olivier M, Langer√∏d A, Carrieri P, et al. The clinical value of 
somatic TP53 gene mutations in 1,794 patients with breast cancer. 
Clin Cancer Res. 2006;12(4):1157-1167.

	66.	 Pharoah PD, Day NE, Caldas C. Somatic mutations in the p53 
gene and prognosis in breast cancer: a meta-analysis. Br J Cancer. 
1999;80(12):1968-1973.

	67.	 Lee J, Park S, Kim S, et al. Characteristics and survival of breast 
cancer patients with multiple synchronous or metachronous pri-
mary cancers. Yonsei Med J. 2015;56(5):1213-1220.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Nyqvist J, Kovács A, Einbeigi 
Z, et al. Genetic alterations associated with multiple 
primary malignancies. Cancer Med. 2021;10:4465–
4477. https://doi.org/10.1002/cam4.3975

https://doi.org/10.1002/cam4.3975

