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Purpose: We aimed to identify genetic alterations in groups with different HER2 immunohistochemical (IHC) scores.
Patients and Methods: A total of 120 patients with HER2-positive breast cancers, including 89 cases with IHC 3+ tumors and 31 cases with 
IHC 2+ and positive for in situ hybridization (ISH) were enrolled. Molecular profiles were determined using Thermo Fisher TMO compre
hensive assay on surgically removed tissues. All called variants were compared between IHC3+ and IHC2+/ISH+ groups by Fisher exact test.
Results: There was a significantly higher sample frequency 94.4% (84/89) of ERBB2 amplification in IHC3+ group than that in IHC2+/ISH+ 
group 45.2% (14/31). By contrast, there was a significantly lower sample frequency of MYC_AMP_CNA 10.1% (9/89) and CCND3_AMP_CNA 
0% (0/89) in IHC3+ group than those in IHC2+/ISH+ group with sample frequency 25.8% (8/31), and 9.7% (3/31), respectively.
Conclusion: We conclude that HER2 IHC3+ tumors have higher frequency of ERBB2_ AMP_CNA and lower frequency of CCND3_ 
AMP_CNA and MYC_AMP_CNA than IHC2+/ISH+ tumors. These results provide therapeutic strategies in treatment of HER2- 
positive breast cancer.
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Introduction
Breast cancer is the most common invasive female cancer worldwide.1,2 Rapid advances made using genomic approaches, 
molecular analysis using immunohistochemistry, measurement of proliferative capacity, and gene expression profiles have 
allowed the further categorization of breast cancers into four types; these are the luminal A, luminal B, HER2 and basal-like 
subtypes.3–6 Biological subtyping not only helps to provides feasible treatment strategies that correlate well with clinical 
outcome, but also helps to predict whether the primary tumor has a preferential distant metastasis site.7

Precision medicine is a concept to take individual variability into account in disease prevention and treatment. Thanks to the 
rapid advance of human genome sequencing and the application of large-scale biologic databases to characterize patients and 
guide clinical practice, an effective therapy accurately determined for each cancer patient, increasing their survival rates, has 
become possible. Among many genetic alterations, some of them defined as actionable mutations have been identified in patients 
with melanoma8 and non-small cell lung cancer9 responsive to a specific target therapy with demonstrable clinical benefit.10

According to the HER2 testing guideline from the American Society of Clinical Oncology and the College of 
American Pathologists (ASCO/CAP), HER2-positive breast cancer is defined when there is HER2 overexpression on an 
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immunohistochemistry (IHC) assay (score 3+) or gene amplification on an in situ hybridization (ISH) assay. In the case 
of a 2+ score on IHC, reflex ISH testing is required to define the HER2 status.11 Patients with IHC 3+ or IHC 2+/ISH+ 
tumors both are allowed for anti-HER2 therapy, but the efficacy of treatment may differ according the HER2 IHC scores.

Tumor Mutational Burden (TMB) is defined as total number of mutations in a genomic target region. Recent study 
has demonstrated that further analysis on tumor mutation burden in different subtypes in breast cancer is necessary to 
provide therapeutic prediction.12 We previously demonstrated that IHC 3+ tumors presented a trend of higher patholo
gical complete response (pCR) rate and better outcome in HER2-positive breast cancer patients who receive neoadjuvant 
systemic therapy (NST).13 However, information concerning genetic alterations between different HER2 IHC scores 
remains limited. This study was aimed to identify genetic variants in groups with different HER2 IHC scores.

Subjects and Methods
Study Population
Under approval of the Institutional Review Board of Taipei Veterans General Hospital (2021–07-003CC), a prospective collected 
database was established and comprehensive genetic variants in Taiwan breast cancers by target sequencing was profiled.14 In 
brief, all female (≥ 20 y/o) patients with pathology-proved breast cancer in Taipei Veterans General Hospital were included. 
Subjects who had primary cancer other than breast cancer within 5 years prior to screening were excluded. The interpretation of 
tumor biopsy, immunohistochemistry (IHC), in situ hybridization (ISH) testing was performed by the experienced pathologist 
(Hsu, CY). The positivity of IHC stains for oestrogen receptor (ER) (clone 6F11; Leica Biosystems, Newcastle, UK), 
progesterone receptor (PR) (clone 16; Leica Biosystems, Newcastle, UK) and HER2 (A0485; Dako, Glostrup, Denmark), 
were defined as ≥1% of tumor nuclear staining. HER2 IHC (score 3+) was defined by intense membrane staining in >10% of 
tumor cells, while fluorescence ISH testing (PathVysion HER2 DNA Probe Kit; Abbott Laboratories, Des Plaines, IL, USA) was 
performed for patients with equivocal HER2 IHC (score 2+) tumors. Cases with HER2 copy numbers of ≥6 signals per cell or 
a HER2 ISH ratio (HER2 gene signals to chromosome 17 centromere signals) of ≥2 were defined as ISH-positive by 2013 
ASCO/CAP guidelines.15 For subjects who received neoadjuvant therapy, core needle biopsy was feasible for pathological 
diagnosis. The clinical and pathological information including age, tumor size, node status, staging, grade, estrogen receptor 
status, progesterone receptors status and the percentage of Ki-67 were reviewed from the above-mentioned database.

From Nov. 2018 to Nov. 2021, a total of 120 consecutive patients with HER2 (+) breast cancers, including 89 cases 
(74.2%) with IHC 3+ tumors and 31 cases (25.8%) with IHC 2+/ISH+ tumors. Molecular profiles were determined using 
OncomineTM comprehensive assay (Thermo Fisher TMO comprehensive assay Scientific, Waltham, MA) feasible to 
detect thousands of variants across 161 cancer-related genes.16 In summary, the extraction of DNA from tumor frozen 
tissues or formalin-fixed paraffin-embedded (FFEP) tissues for next generation target sequencing were prepared as 
described previously.17 The DNA quality check followed the manual of the TMO assay requirement. Approximately 
seven unstained sections of tumors FPE tissue per subject were retrieved with one unstained section for H&E staining, 
and six unstained sections for the TMO comprehensive assay. This was followed by data processing, alignment and 
variant calling using Torrent Suite™ Software and the Torrent Variant Caller plug-in.14 The workflow “Oncomine 
Comprehensive v3 - w3.2 - DNA and Fusions-Single Sample” version 5.10 used hg19 as reference genome. The gene list 
used in this platform was provided as Supplementary Table 1. Called variants and types of mutation included single 
nucleotide alteration (SNA) such as synonymous, missense, insertion/deletion (Indel), or frameshift, structure alteration 
(SA) such as fusion, truncation, and copy number alteration (CNA) in each enrolled subject. All called variants were 
annotated by 1000 genome projects, COSMIC, CLINVA, SHIF, POLYPHEN2 using an integrated Vari-ED database.18 

Those variants with poor quality, minor allele frequency (MAF) > 0.05 and variants of unknown significance (VUS) such 
as synonymous mutations or benign/likely benign pathogenicity were filtered out in this study (Supplementary Figure 1).

Actionable Gene-Based Classification
In the current study, the ESMO Scale of clinical actionability of molecular targets (ESCAT) was used to define the level 
of actionability of called variants.19 Briefly, actionable gene-based classification is defined as Tier I, an alteration-drug 
match associated with improved outcome in clinical trials; Tier II, an antitumor activity associated with the matched 
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alteration-drug but lacks prospective outcome data; and Tier III, the matched drug-alteration leads to clinical benefit in 
another tumor type other than the tumor of interest.

Statistics
Continuous variables were presented as the number of observations, mean, standard deviation, minimum, maximum, and 
95% confidence interval, while categorical variables were summarized as counts and percentages. All called variants 
were compared between IHC3+ and IHC2+/ISH+ groups by Fisher exact test. Odds ratio between IHC3+ and IHC2 
+/ISH+ groups was analyzed by logistic regression model. A two-sided p value of less than 0.05 was considered 
statistically significant. All statistical analyses were performed using the Python 3.11.2 software.

Results
Clinical and Pathological Features by HER2 IHC Scores
A total of 120 consecutive patients with HER2 (+), stage I–IV breast cancer were enrolled. The tumor specimens obtained from 
these 120 patients were sent for targets NGS analysis. The clinical presentation and pathological features of this cohort study 
stratified by HER2 IHC scores were demonstrated previously.13 The forest plot of the clinical and pathological parameters by 
logistic regression analysis (Odds ratio) disclosed that there were significant N1 lymph node involvement favoring IHC 2+/ISH+ 
group with OR=0.333 and higher Ki67 level (>30%) favoring IHC 3+ tumors with OR=2.64 (Figure 1).

Mutation Types Across the Level of HER2 Expression
The results of 120 TMO assay revealed that the average number of called variants in HER2 2+/ISH+ group was 10.9 
(SD: 14.3, range: 2 ~ 53) while those in HER2 3+ group was 6.6 (SD: 8.4, range: 1 ~ 53). The mutation types of called 
variants were SNA such as synonymous, missense, insertion/deletion (Indel), or frameshift, SA such as fusion, trunca
tion, and CNA. The average number of each mutation type among HER2 (+), including IHC 2+/ISH+ or IHC 3+breast 
cancers with at least one variant was demonstrated in Table 1.

Figure 1 The forest plot of the clinical and pathological parameters between patients with IHC 2+/ISH+ or IHC 3+ tumors. Odds ratio and 95% confidence interval were 
analyzed by logistic regression model. Odds ratio > 1 favours IHC 3+ while Odds ratio < 1 favours IHC 2+/ISH+. Asterisk indicates a p value less than 0.05.
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Actionable Genes Across the Level of HER2 Expression
Based on ESCAT criteria, the average number of actionable gene variants in HER2 2+/ISH+ group was 1.97 (SD: 7.8, 
range: 2 ~ 9) while those in HER2 3+ group was 1.92 (SD: 1.19, range: 0 ~ 8). The actionable gene variants were AKT2, 
BRCA1, BRCA2, ERBB2, ERBB3, PI3KCA, MDM2. The average actionable gene variants among IHC 2+/ISH+ or 
IHC 3+breast cancers were shown in (Supplementary Table 2). The forest plot of the actionable gene by logistic 
regression analysis (Odds ratio) between patients with IHC 2+/ISH+ or IHC 3+ tumors was shown in Figure 2.

Comparison of Mutation Alterations Across the Level of HER2 Expression
When called gene alterations in IHC2+/ISH+ group were compared with those identified in IHC3+ group, there was 
a significantly higher sample frequency 94.4% (84/89) of ERBB2 AMPLIFICATION in IHC3+ group than IHC2+/ISH+ 
group [45.2% (14/31)] (p<0.001, Fisher exact test). By contrast, there was a significantly lower sample frequency of 
MYC_AMP_CNA [10.1% (9/89)] and CCND3_AMP_CNA [0% (0/89)] amplification in IHC3+ group than IHC2+/ISH+ 

Table 1 Mutation Types Across the Level of HER2 Expression

Subtype Mutation Type Mean SD Min Max

IHC2+/ISH+ (31/338)* CNA 2.55 2.35 0 9
(Mean: 10.9 Frameshift insertion 0.06 0.25 0 1

SD: 14.3 Fusion 0.39 0.80 0 2

Min: 2 Inframe 0.03 0.18 0 1
Max: 53) Missense 6.71 12.49 0 44

Nonframeshift deletion 0.03 0.18 0 1

Truncation 0.71 1.01 0 3
IHC3+ (89/584)* CNA 2.22 1.99 0 11

(Mean: 6.6 Frameshift insertion 0.02 0.15 0 1
SD: 8.4 Fusion 0.22 0.77 0 4

Min: 1 Inframe 0.02 0.21 0 2

Max: 53) Missense 3.42 6.98 0 43
Nonframeshift deletion 0 0 0 0

Truncation 0.58 0.86 0 4

Note: *Subtype (Subject number/Called variant number).

Figure 2 The forest plot of the actionable gene mutation between patients with IHC 2+/ISH+ or IHC 3+ tumors. Odds ratio and 95% confidence interval were analyzed by 
logistic regression model. Odds ratio > 1 favours IHC 3+ while Odds ratio < 1 favours IHC 2+/ISH+. Asterisk indicates a p value less than 0.05.

https://doi.org/10.2147/BCTT.S507189                                                                                                                                                                                                                                                                                                                                                                                                                                                 Breast Cancer: Targets and Therapy 2025:17 256

Tsai et al                                                                                                                                                                             

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=507189.pdf


group [25.8% (8/31)] (p=0.04, Fisher exact test), and [9.7% (3/31)] (p=0.016, Fisher exact test), respectively (Table 2). 
The oncoplot result was shown in Figure 3, while the top 20 commonly mutated alterations between IHC3+ group and 
IHC2+/ISH+ groups are shown in Supplementary Figure 2.

Mutation Types Across the HER2(+) Subtypes
There is consensus that patients with HER2 subtypes breast cancer, namely, estrogen receptor (+)/HER2(+) and estrogen 
receptor (-)/HER2(+), have different clinical outcomes. The average number of called variants in estrogen receptor 
(+)/HER2(+) group was 7.88 (SD: 10.98, range: 1 ~ 53) while those in estrogen receptor (-)/HER2(+) group was 7.41 
(SD: 9.61, range: 1 ~ 48). The average number of each mutation type among HER2 (+) subtype, including estrogen 
receptor (+)/HER2(+) and estrogen receptor (-)/HER2(+) breast cancers with at least one variant was demonstrated in 
Table 3.

Actionable Genes Across the HER2 (+) Subtypes
The average number of actionable gene variants in estrogen receptor (+)/HER2(+) group was 1.84 (SD: 1.37, range: 0 ~ 8) 
while those in estrogen receptor (-)/HER2(+) group was 2.06 (SD: 1.36, range: 1 ~ 9). The average actionable gene variants 
among estrogen receptor (+)/HER2(+) and estrogen receptor (-)/HER2(+) breast cancers is shown in Table 4.

Comparison of Mutation Alterations Across the HER2 (+) Subtypes
When called gene alterations in estrogen receptor (+)/HER2(+) group were compared with those identified in estrogen 
receptor (-)/HER2(+) group, there was a significantly higher sample frequency, 17.4% (12/69) of FGF3_AMP_CNA in 
receptor (+)/HER2(+) group than estrogen receptor (-)/HER2(+) group with sample frequency 3.9% (2/51) (p=0.041, 
Fisher exact test) (Table 5). The oncoplot result is shown in Figure 4.

Discussion
There is consensus that next generation sequencing (NGS) is a strong tool not only to detect familial disease mutation 
carriers and to identify novel germline or somatic mutations in cancer, but also provide important information for 
personalized treatment clinically.20,21 While whole exosome sequencing (WES) has advantages in providing unprece
dented coverage of the coding region of the whole genome, target sequencing is designed to identify mutation hotspots 
and related specific proteins or pathways that can be counteracted by targeted agents.22,23 Nevertheless, such technologies 
have limitations due to inherent sequencing biases, technical artefacts, and inability to detect rare variants.24,25 Recently, 
by using several NGS-based platforms on a wide spectrum of clinical scenarios such as breast cancer subtypes and 
different clinical settings such as neoadjuvant, adjuvant and metastatic etc. have been established to identify biomarkers 

Table 2 Comparison of Mutation Alterations Across the Level of HER2 Expression

#Chrom. Type ALT Gene Symbol IHC2+/ISH+ IHC3+ p-value

#variant (+) #total subjects SF(%) #variant (+) #total subjects SF(%)

17 CNA AMP ERBB2 14 31 45.2 84 89 94.4 <0.0001

8 CNA AMP MYC 8 31 25.8 9 89 10.1 0.04

6 CNA AMP CCND3 3 31 9.7 0 89 0 0.016

Note: #number. 
Abbreviations: ALT, alteration; AMP, amplification; Chrom, chromosome; CNA, copy number amplification; IHC, immunohistochemistry score; SF, sample frequency.

Figure 3 The oncoplot results of mutation alterations across the level of HER2 expression. ERBB2, ERBB2_CNA; MYC, MYC_CNA; CCND3, CCND3_CNA.
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Table 4 Actionable Genes Alterations Across Estrogen Receptor 
(+)/HER2(+) and Estrogen Receptor(-)/HER2(+) Subtype

Subtype Actionable Gene Mean SD Min Max

ER(+)/HER2(+) (69)* AKT2 0.01 0.12 0 1

(Mean: 1.84 BRCA1 0.14 0.77 0 5

SD: 1.37 BRCA2 0.16 0.41 0 2
Min: 0 ERBB2 0.99 0.56 0 2

Max: 8) ERBB3 0.03 0.17 0 1

PIK3CA 0.45 0.58 0 2
MDM2 0.06 0.24 0 1

ER(-)/HER2(+) (51)* AKT2 0.02 0.14 0 1

(Mean: 2.06 BRCA1 0.18 0.79 0 4
SD: 1.36 BRCA2 0.18 0.52 0 2

Min: 1 ERBB2 1.18 0.59 0 2
Max: 9) ERBB3 0.02 0.14 0 1

PIK3CA 0.49 0.54 0 2

MDM2 0 0 0 0

Note: *Subtype (Subject number). 
Abbreviations: ER(+)/HER2(+), Estrogen Receptor(+)/HER2(+); ER(-)/HER2(+), Estrogen 
Receptor(-)/HER2(+).

Table 3 Mutation Types Across Estrogen Receptor(+)/HER2(+) and Estrogen 
Receptor(-)/HER2(+) Subtype

Subtype Mutation Type Mean SD Min Max

ER(+)/HER2(+) (69/544)* CNA 2.62 2.31 0 11

(Mean: 7.88 Frameshift insertion 0.04 0.21 0 1

SD: 10.98 Fusion 0.32 0.88 0 4
Min: 1 Inframe 0.04 0.27 0 2

Max: 53) Missense 4.09 8.89 0 43

Nonframeshift deletion 0 0 0 0
Truncation 0.59 0.86 0 4

ER(-)/HER2(+) (51/378)* CNA 1.88 1.66 0 8
(Mean: 7.41 Frameshift insertion 0.02 0.14 0 1

SD: 9.61 Fusion 0.20 0.60 0 2

Min:1 Inframe 0 0 0 0
Max: 48) Missense 4.51 8.77 0 44

Nonframeshift deletion 0.02 0.14 0 1

Truncation 0.65 0.96 0 3

Note: *Subtype (Subject number/Called variant number). 
Abbreviations: ER(+)/HER2(+), Estrogen Receptor(+)/HER2(+); ER(-)/HER2(+), Estrogen Receptor 
(-)/HER2(+).

Table 5 Comparisons of Mutation Alterations Across Estrogen Receptor(+)/HER2(+) and Estrogen Receptor(-)/HER2(+) 
Subtype

#Chrom. Type ALT Gene Symbol ER(+)/HER2(+) ER(-)/HER2 (+) p-value

#variant (+) #total subjects SF(%) #variant (+) #total subjects SF(%)

11 CNA AMP FGF3 12 69 17.4 2 51 3.9 0.041

Note: #number. 
Abbreviations: ALT, alteration; AMP, amplification; Chrom, chromosome; CNA, copy number amplification; FGF3, fibroblast growth factor 3; ER(+)/HER2(+), 
Estrogen Receptor(+)/HER2(+); ER(-)/HER2(+), Estrogen Receptor(-)/HER2(+); SF, sample frequency.
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for Taiwanese patients with highly heterogeneous breast cancers.14,26 The results showed that the prevalence of BRCA1/ 
2 mutations was far lower than that observed in the Western population27 and the T-cell receptor repertoire and potential 
effects of immunotherapy in breast cancer provide important information for personalized treatment regimens and 
outcome prediction.28 In this study, we found that HER2 IHC3+ tumors have higher frequency of ERBB2_ 
AMP_CNA and lower frequency of CCND3_ AMP_CNA and MYC_AMP_CNA than IHC2+/ISH+ tumors. These 
results provide clues in individualized treatment strategies for HER2-positive breast cancer.

The range of TMB is defined as low, ≤5 mut/Mb, intermediate, 5–20 mut/Mb, high, 20–50 mut/Mb and very high >50 
mut/Mb. TMB is calculated by counting the number of somatic mutations in a database obtained from WGS, WES or 
even target sequencing.29,30 However, many factors such as the amount of genome interrogated, the read depth, 
intratumor heterogeneity, the tissue-fixation methodologies and the lack of standardization of the genes of interest, can 
impact TMB reproducibility [8]. Considering target-based NGS as an optimal and labor-efficient workflow that combines 
DNA/RNA gene variant and fusion detection is particularly important when small biopsy samples are submitted for 
comprehensive genomic profiling in clinical settings.

It is well known that HER2 status is an important factor to define the molecular subtypes of breast cancer. Our 
previous studies have demonstrated that the outcomes of IHC 3+ patients are significantly better than those of IHC 2 
+/ISH+ patients31 and HER2 IHC score correlates the treatment outcome in HER2 (+) breast cancer patients receiving 
neoadjuvant therapy.13 HER2 IHC is a semi-quantitative measure of protein levels co-existing with interlaboratory 
variation in interpretation.32 The ASCO/CAP guidelines had optimized thresholds for several times to ensure the targeted 
populations who can truly benefit from anti-HER2 agents.15,33 In the past two decades, IHC 3+ and IHC 2+/ISH + both 
were allocated as a disease in the same spectrum no matter how the guidelines updated in the definition of ISH positivity. 
However, it seems somehow different in the treatment efficacy or outcome for the two categories based on the findings of 
our previous research. Other literature also proposed the similar viewpoint that the pCR rate was significantly higher in 
the patients with IHC 3+ tumors than that with IHC 2+/ISH + tumors ((46.0% vs 25%, p=0.016).34 In addition, previous 
study had found that the significant association between HER2 heterogeneity, IHC scores and pCR rate. IHC 3+ tumors 
accounted for the majority (81%) of the non-heterogeneous cases and a significantly higher pCR rate (55%, 77/141 cases) 
compared to the heterogeneous subgroup.35

It is noteworthy that the IHC2+/ISH+ group carried more average alterations, but the number of actionable alterations 
is very similar between both groups. We attribute this result to the fact that many gene alterations such as MYC_CNA etc. 
play an important role in combined gene alterations, but it does not belong to actionable gene mutation defined by the 
4-Tier classification. Although there is a lack of general consensus, the 4-Tier classification system36 is feasible for most 
clinical samples with tumor-only sequencing data.37 ERBB2 amplification is a Tier I actionable gene alteration, defined 
as variants of strong clinical significance with being therapeutically relevant.36 Among 120 patients with IHC HER2 (+), 
98 (81.7%) were with ERBB2 amplification. In those 22 patients with IHC HER2 (+)/ERBB2 amplification (-), 17 
(77.3%) were HER2 2+/ISH+ and 5 (22.7%) were HER2 3+ tumors. In contrast, our previous cohort study has 
demonstrated that among patients with ERBB2 amplification, 18.8% were clinically IHC HER2 (-), suggesting that 
targeted NGS may identify more HER2 (+) breast cancers than the traditional IHC assay.14 Knowing the fact that there 
was a significantly higher sample frequency 94.4% (84/89) of ERBB2 AMPLIFICATION in HER2 3+ group than IHC 2 
+/ISH+ group with sample frequency 45.2% (14/31), it is speculated that the former group benefits more from the merit 

Figure 4 The oncoplot results of mutation alterations across the HER2 (+) subtypes. HER2 (+) subtypes include estrogen receptor(+)/HER2(+) and estrogen receptor 
(-)/HER2(+). FGF3, FGF3_CNA; CCND3, CCND3_CNA; MYC, MYC_CNA.
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of targeted therapy than the latter one. Our previous findings that the outcomes, in terms of relapse-free survival and 
overall survival, of IHC 3+ patients are significantly better than those of IHC 2+/ISH+ patients with 5-year survival 
(confident interval) being 93.7% (91.2–95.6) and 90.2% (84.1–94.1), respectively, supports our speculation.31

Women with BRCA1/2 germline mutation (Tier I gene alteration) have a risk of breast cancer38 and are candidates for 
poly (ADP-ribose) polymerases (PARP) inhibitors (talazoparib) therapy.39 Among 120 hER2(+) breast cancers, there is 
no significant difference in BRCA1/2 mutation between HER2 2+/ISH+ and HER2 3+ groups. The prevalence of 
BRCA1 (4.2%) and BRCA2 (11.7%) mutations in our series was far lower than that observed in the Western 
population,27,38 which is consistent with those observations that social, economic and genetic factors play important 
roles in tumor behavior and cancer subtype among different ethnic groups.40,41 Interestingly, all five patients with 
BRCA1 mutation have also co-concurred with BRCA2 mutation (p<0.001).

CCND3 gene encodes the cyclin D family proteins that controls the G1-S phase of cell cycle and generally is 
recognized as a target of genomic gain/amplification. CCND3 amplification, presenting in 0.59% of AACR GENIE 
cases, is commonly found in breast cancer, lung cancer, and osteosarcoma, etc.42 Recently, gene alterations including 
CDK4/6, CCNE1, CCND3and HRAS and the presence of co-occurrence CDK4/6 amplification correlate with poor 
patient’s outcome and can serve as a predictive biomarker for de novo EGFR TKI resistance in sensitizing EGFR 
mutation non-small cell lung cancer.43 In the present study, there was a significantly higher sample frequency (3/31) of 
CCND3 amplification in HER2 2+/ISH+ group than HER2 3+ group (0/89) (p=0.016), indicating the presence of 
CCND3 amplification suppresses the HER2 gene expression, which is consistent with the phenomenon described 
previously.44 Despite the lack of clinical trial support, our results suggest that target NGS sequencing is advisable for 
those HER2-positive patients who are resistant to HER2-targeted therapy and they are potential candidates for CDK4/6 
inhibitor or neratinib.45

The prevalence of PI3KCA gene alterations is 37.1% ~ 44.0% of breast cancers reported in Chinese population.14,46 

These gene alterations occurred in hotspots E545K and E542K (helical region) or hotspot H1047R (kinase domain) of the 
PIK3CA-encoded p110α2 were 38.7% (n=12) in HER2 2+/ISH+ and 34.8% (n=31) in HER2 3+ groups, respectively. For 
subtype analysis, there is also no significant difference between ER(+)/HER2(+) and ER(-)/HER2(+) groups with sample 
frequency 36.2% (n=25) and 35.2% (n=18), respectively.

Besides, fibroblast growth factor 3 (FGF3), a gene located at the 11q13.3 locus, regulates important developmental 
processes. When amplification of the 11q13.3 locus occurs, FGF3 is frequently coamplified with CCND1 and decreases 
antitumor activity during the carcinogenesis of breast cancer, particularly in luminal B subtype.47 Our results demonstrate 
a higher frequency of FGF3_AMP_CNV in ER(+)/HER2(+) than in ER (-)/HER2(+) tumors with sample frequency 
being 17.4% (12/69) and 3.9% (2/51), respectively, suggesting FGF3 can be considered as a potential target for ER 
(+)/HER2(+) or target therapy-resistant HER2(+) breast cancer.48 Further analysis on tumor mutation burden in different 
subtypes in breast cancer is mandatory to provide therapeutic responses in the near future.12 In our series, the prevalence 
of ERBB2_CNA, CCND3_CNA, MYC-CNA, and FGF3_CNA breast cancer patients are 17.4%, 1.4%, 11.7%, 11.3%, 
respectively, which is consistent with data obtained from publicly available datasets that the prevalence of ERBB2_CNA, 
CCND3_CNA, MYC_CNA, and FGF3_CNA breast cancer patients are 14%, 3%, 19%, 15% in TCGA dataset and 18%, 
2%, 25%, 16% in METABRIC dataset, respectively (Supplementary Figure 3). In addition, TP53, KRAS, and PIK3CA 
mutations are well known to be present in HER2-positive tumors. The prevalence of TP53 and KRAS mutations in HER2 
2+/ISH+ and HER2 3+ tumors are 38.7%, 25.8% and 58.4%, 12.4%, respectively. The PIK3CA gene alterations are 
38.7% in HER2 2+/ISH+ and 34.8% in HER2 3+ groups. These results also provide the validity of our dataset.

There is consensus that both patients with IHC 3+ and IHC 2+/ISH+ tumors are suitable for anti-HER2 target therapy, 
but with different treatment efficacy.13 For example, we have demonstrated that IHC 3+ tumors presented a trend of 
higher pathological complete response (pCR) rate and better outcome in HER2-positive breast cancer patients who 
receive neoadjuvant systemic therapy (NST).13 We hypothesize that different gene alterations between IHC 3+ and HIHC 
2+/ISH+ tumors are expected. The mutation types and actionable genes across non_pCR and pCR in HER2 (+) breast 
cancer are shown in Supplementary Tables 3 and 4, respectively. When called gene alterations in non_pCR tumors were 
compared with those identified in pCR ones, there was a trend of higher sample frequency 94.7% (18/19) of ERBB2 
AMPLIFICATION in pCR group than non_pCR group [71.4% (15/21)] (p=0.053, Fisher exact test). By contrast, there 
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was a significantly lower sample frequency of FGFR1_AMP_CNA [0% (09/19)] and PI3KCA_MISSENSE_H1047R 
[10.5% (2/19)] in pCR group than non_pCR group [19.0% (4/21)] (p=0.045, Fisher exact test), and [38.1% (4/21)] 
(p=0.044, Fisher exact test), respectively (Supplementary Table 5). The oncoplot result was shown in Supplementary 
Figure 4.

In conclusion, in addition to the fact that the HER2 IHC score is an independent predictor of survival outcomes, 
HER2 IHC3+ tumors have higher frequency of ERBB2_ AMP_CNA and lower frequency of CCND3_ AMP_CNA and 
MYC_AMP_CNA than IHC2+/ISH+ tumors. These results provide therapeutic strategies in treatment of HER2-positive 
breast cancer.

Abbreviations
CNA, copy number alteration; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; IHC, immu
nohistochemistry; Indel, insertion/deletion; ISH, in situ hybridization; NGS, next generation sequencing; NST, neoadju
vant systemic therapy; pCR, pathological complete response; PR, progesterone receptor; SA, structure alteration; SNA, 
single nucleotide alteration; VUS, variants of unknown significance; WES, whole exosome sequencing; WGS, whole 
genome sequencing.

Data Sharing Statement
All data generated or analysed during this study are included in this published article (and its Supplementary Information 
files). The datasets used and analyzed during the current study are available from the corresponding author on reasonable 
request.

Ethics Approval and Patient Consent for Publication
Since the clinical records and the tumor tissue utilization was released from the bio-bank in the same hospital, the need 
for consent to participate was waived with the approval of the Institutional Review Board of Taipei Veterans General 
Hospital. This study has been approved by the Institutional Review Board of this hospital (#2021-07-003CC, 2022-01- 
016CC).

Acknowledgments
The authors wish to thank Min-Chun Su, Min-Wen Lee and Chao-Jun Chou for their technical assistance in database 
input. We also thank Mr. Morris Chang for his kindly help during this study.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically 
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article 
has been submitted; and agree to be accountable for all aspects of the work.

Funding
This work was supported by grants from Taipei Veterans General Hospital (V112C-214, V113C-190, V114C-221) and 
Melissa Lee Cancer Foundation (MLCF_V112_A11204, MLCF_V113_A11304, MLCF_V114_A11406).

Disclosure
The authors declare they have no relevant financial or non-financial interests to disclose.

References
1. Group AW, Crocetti E, Buzzoni C. [New incidence and mortality data. 2003-2005] I nuovi dati di incidenza e mortalita. Periodo 2003-2005. 

Epidemiol Prev. 2009;33(1–2 Suppl 2):e1–3,e5–26.
2. Ministry of Health and Welfare ROCT. 2021 Taiwan health and welfare report. 2021.

Breast Cancer: Targets and Therapy 2025:17                                                                                   https://doi.org/10.2147/BCTT.S507189                                                                                                                                                                                                                                                                                                                                                                                                    261

Tsai et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=507189.pdf
https://www.dovepress.com/get_supplementary_file.php?f=507189.pdf
https://www.dovepress.com/get_supplementary_file.php?f=507189.pdf
https://www.dovepress.com/get_supplementary_file.php?f=507189.pdf
https://www.dovepress.com/get_supplementary_file.php?f=507189.pdf


3. Viale G. The current state of breast cancer classification. Annals Oncol. 2012;23 Suppl 10:x207–10. doi:10.1093/annonc/mds326
4. Guiu S, Michiels S, André F, et al. Molecular subclasses of breast cancer: how do we define them? The IMPAKT 2012 working group statement. 

Annals Oncol. 2012;23(12):2997–3006. doi:10.1093/annonc/mds586
5. Carey LA, Perou CM, Livasy CA, et al. Race, breast cancer subtypes, and survival in the Carolina Breast Cancer Study. JAMA. 2006;295 

(21):2492–2502. doi:10.1001/jama.295.21.2492
6. Sonnenblick A, Fumagalli D, Sotiriou C, Piccart M. Is the differentiation into molecular subtypes of breast cancer important for staging, local and 

systemic therapy, and follow up? Cancer Treat Rev. 2014;40(9):1089–1095. doi:10.1016/j.ctrv.2014.07.005
7. Sihto H, Lundin J, Lundin M, et al. Breast cancer biological subtypes and protein expression predict for the preferential distant metastasis sites: 

a nationwide cohort study. Breast Cancer Res. 2011;13(5):R87. doi:10.1186/bcr2944
8. AlDubayan SH, Conway JR, Camp SY, et al. Detection of pathogenic variants with germline genetic testing using deep learning vs standard 

methods in patients with prostate cancer and melanoma. JAMA. 2020;324(19):1957–1969. doi:10.1001/jama.2020.20457
9. Mack PC, Banks KC, Espenschied CR, et al. Spectrum of driver mutations and clinical impact of circulating tumor DNA analysis in non-small cell 

lung cancer: analysis of over 8000 cases. Cancer. 2020;126(14):3219–3228. doi:10.1002/cncr.32876
10. Hyman DM, Taylor BS, Baselga J. Implementing Genome-Driven Oncology. Cell. 2017;168(4):584–599. doi:10.1016/j.cell.2016.12.015
11. Wolff AC, Hammond MEH, Allison KH, et al. Human epidermal growth factor receptor 2 testing in breast cancer: American Society of Clinical 

Oncology/College of American Pathologists clinical practice guideline focused update. Arch Pathol Lab Med. 2018;142(11):1364–1382. 
doi:10.5858/arpa.2018-0902-SA

12. Barroso-Sousa R, Jain E, Cohen O, et al. Prevalence and mutational determinants of high tumor mutation burden in breast cancer. Ann Oncol. 
2020;31(3):387–394. doi:10.1016/j.annonc.2019.11.010

13. Chiu YN, Hsu CY, Lien PJ, et al. Impacts of HER2 immunohistochemical scores on response and outcomes of HER2-positive breast cancers after 
neoadjuvant therapy. J Chin Med Assoc. 2023;86(4):409–417. doi:10.1097/JCMA.0000000000000883

14. Liu CY, Huang CC, Tsai YF, et al. VGH-TAYLOR: comprehensive precision medicine study protocol on the heterogeneity of Taiwanese breast 
cancer patients. Future Oncol. 2021;17(31):4057–4069. doi:10.2217/fon-2021-0131

15. Wolff AC, Hammond ME, Hicks DG, et al. Recommendations for human epidermal growth factor receptor 2 testing in breast cancer: American 
society of clinical oncology/college of American pathologists clinical practice guideline update. J Clin Oncol. 2013;31(31):3997–4013. 
doi:10.1200/JCO.2013.50.9984

16. Hovelson DH, McDaniel AS, Cani AK, et al. Development and validation of a scalable next-generation sequencing system for assessing relevant 
somatic variants in solid tumors. Neoplasia. 2015;17(4):385–399. doi:10.1016/j.neo.2015.03.004

17. Tsai YF, Huang CC, Hsu CY, et al. Genomic alterations of tumors in HER2-low breast cancers. Int J mol Sci. 2024;25(2):1318. doi:10.3390/ 
ijms25021318

18. Lee CY, Chattopadhyay A, Chiang LM, et al. VariED: the first integrated database of gene annotation and expression profiles for variants related to 
human diseases. Database. 2019;2019. doi:10.1093/database/baz075

19. Condorelli R, Mosele F, Verret B, et al. Genomic alterations in breast cancer: level of evidence for actionability according to ESMO scale for 
clinical actionability of molecular targets (ESCAT). Ann Oncol. 2019;30(3):365–373. doi:10.1093/annonc/mdz036

20. Sabour L, Sabour M, Ghorbian S. Clinical applications of next-generation sequencing in cancer diagnosis. Pathol Oncol Res. 2017;23(2):225–234. 
doi:10.1007/s12253-016-0124-z

21. Barr MP, Baird AM, Halliday S, et al. Liquid biopsy: a multi-parametric analysis of mutation status, circulating tumor cells and inflammatory 
markers in EGFR-mutated NSCLC. Diagnostics. 2022;12(10). doi:10.3390/diagnostics12102360

22. Meienberg J, Bruggmann R, Oexle K, Matyas G. Clinical sequencing: is WGS the better WES? Hum Genet. 2016;135(3):359–362. doi:10.1007/ 
s00439-015-1631-9

23. Hussen BM, Abdullah ST, Salihi A, et al. The emerging roles of NGS in clinical oncology and personalized medicine. Pathol Res Pract. 
2022;230:153760. doi:10.1016/j.prp.2022.153760

24. Alkan C, Sajjadian S, Eichler EE. Limitations of next-generation genome sequence assembly. Nature Methods. 2011;8(1):61–65. doi:10.1038/ 
nmeth.1527

25. Abbasi A, Alexandrov LB. Significance and limitations of the use of next-generation sequencing technologies for detecting mutational signatures. 
DNA Repair. 2021;107:103200. doi:10.1016/j.dnarep.2021.103200

26. Huang CS, Lu TP, Liu CY, et al. Residual risk stratification of Taiwanese breast cancers following curative therapies with the extended concurrent 
genes signature. Breast Cancer Res Treat. 2021;186(2):475–485. doi:10.1007/s10549-020-06058-7

27. Huang CC, Tsai YF, Liu CY, et al. Prevalence of tumor genomic alterations in homologous recombination repair genes among Taiwanese breast 
cancers. Ann Surg Oncol. 2022;29(6):3578–3590. doi:10.1245/s10434-022-11347-0

28. Huang CC, Tsai YF, Liu CY, et al. Comprehensive molecular profiling of Taiwanese breast cancers revealed potential therapeutic targets: 
prevalence of actionable mutations among 380 targeted sequencing analyses. BMC Cancer. 2021;21(1):199. doi:10.1186/s12885-021-07931-4

29. Makrooni MA, O’Sullivan B, Seoighe C. Bias and inconsistency in the estimation of tumour mutation burden. BMC Cancer. 2022;22(1):840. 
doi:10.1186/s12885-022-09897-3

30. Lawlor RT, Mattiolo P, Mafficini A, et al. Tumor mutational burden as a potential biomarker for immunotherapy in pancreatic cancer: systematic 
review and still-open questions. Cancers. 2021;13(13):3119. doi:10.3390/cancers13133119

31. Tsai YF, Tseng LM, Lien PJ, et al. HER2 immunohistochemical scores provide prognostic information for patients with HER2-type invasive breast 
cancer. Histopathology. 2019;74(4):578–586. doi:10.1111/his.13801

32. Dowsett M, Hanna WM, Kockx M, et al. Standardization of HER2 testing: results of an international proficiency-testing ring study. Mod Pathol. 
2007;20(5):584–591. doi:10.1038/modpathol.3800774

33. Wolff AC, Hammond MEH, Allison KH, et al. Human epidermal growth factor receptor 2 testing in breast cancer: American society of clinical 
oncology/college of American pathologists clinical practice guideline focused update. J Clin Oncol. 2018;36(20):2105–2122. doi:10.1200/ 
JCO.2018.77.8738

34. Chen HL, Chen Q, Deng YC. Pathologic complete response to neoadjuvant anti-HER2 therapy is associated with HER2 immunohistochemistry 
score in HER2-positive early breast cancer. Medicine. 2021;100(44):e27632. doi:10.1097/MD.0000000000027632

https://doi.org/10.2147/BCTT.S507189                                                                                                                                                                                                                                                                                                                                                                                                                                                 Breast Cancer: Targets and Therapy 2025:17 262

Tsai et al                                                                                                                                                                             

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1093/annonc/mds326
https://doi.org/10.1093/annonc/mds586
https://doi.org/10.1001/jama.295.21.2492
https://doi.org/10.1016/j.ctrv.2014.07.005
https://doi.org/10.1186/bcr2944
https://doi.org/10.1001/jama.2020.20457
https://doi.org/10.1002/cncr.32876
https://doi.org/10.1016/j.cell.2016.12.015
https://doi.org/10.5858/arpa.2018-0902-SA
https://doi.org/10.1016/j.annonc.2019.11.010
https://doi.org/10.1097/JCMA.0000000000000883
https://doi.org/10.2217/fon-2021-0131
https://doi.org/10.1200/JCO.2013.50.9984
https://doi.org/10.1016/j.neo.2015.03.004
https://doi.org/10.3390/ijms25021318
https://doi.org/10.3390/ijms25021318
https://doi.org/10.1093/database/baz075
https://doi.org/10.1093/annonc/mdz036
https://doi.org/10.1007/s12253-016-0124-z
https://doi.org/10.3390/diagnostics12102360
https://doi.org/10.1007/s00439-015-1631-9
https://doi.org/10.1007/s00439-015-1631-9
https://doi.org/10.1016/j.prp.2022.153760
https://doi.org/10.1038/nmeth.1527
https://doi.org/10.1038/nmeth.1527
https://doi.org/10.1016/j.dnarep.2021.103200
https://doi.org/10.1007/s10549-020-06058-7
https://doi.org/10.1245/s10434-022-11347-0
https://doi.org/10.1186/s12885-021-07931-4
https://doi.org/10.1186/s12885-022-09897-3
https://doi.org/10.3390/cancers13133119
https://doi.org/10.1111/his.13801
https://doi.org/10.1038/modpathol.3800774
https://doi.org/10.1200/JCO.2018.77.8738
https://doi.org/10.1200/JCO.2018.77.8738
https://doi.org/10.1097/MD.0000000000027632


35. Filho OM, Viale G, Stein S, et al. Impact of HER2 heterogeneity on treatment response of early-stage HER2-positive breast cancer: Phase II 
neoadjuvant clinical trial of T-DM1 combined with pertuzumab. Cancer Discov. 2021;11(10):2474–2487. doi:10.1158/2159-8290.CD-20-1557

36. Li MM, Datto M, Duncavage EJ, et al. Standards and guidelines for the interpretation and reporting of sequence variants in cancer: a joint 
consensus recommendation of the association for molecular pathology, American society of clinical oncology, and college of American 
pathologists. J Mol Diagn. 2017;19(1):4–23. doi:10.1016/j.jmoldx.2016.10.002

37. Khiabanian H, Hirshfield KM, Goldfinger M, et al. Inference of germline mutational status and evaluation of loss of heterozygosity in high-depth, 
tumor-only sequencing data. JCO Precis Oncol. 2018;2018. doi:10.1200/PO.17.00148

38. Verhoog LC, Brekelmans CT, Seynaeve C, et al. Survival and tumour characteristics of breast-cancer patients with germline mutations of BRCA1. 
Lancet. 1998;351(9099):316–321. doi:10.1016/s0140-6736(97)07065-7

39. Hurvitz SA, Goncalves A, Rugo HS, et al. Talazoparib in patients with a germline BRCA-mutated advanced breast cancer: detailed safety analyses 
from the Phase III EMBRACA Trial. Oncologist. 2020;25(3):e439–e450. doi:10.1634/theoncologist.2019-0493

40. Llanos AA, Chandwani S, Bandera EV, et al. Associations between sociodemographic and clinicopathological factors and breast cancer subtypes in 
a population-based study. Cancer Causes Control. 2015;26(12):1737–1750. doi:10.1007/s10552-015-0667-4

41. Tseng LM, Chiu JH, Liu CY, et al. A comparison of the molecular subtypes of triple-negative breast cancer among non-Asian and Taiwanese 
women. Breast Cancer Res Treat. 2017;163(2):241–254. doi:10.1007/s10549-017-4195-7

42. Consortium APG, Arnedos M, Baras AS. AACR project GENIE: powering precision medicine through an international consortium. Cancer Discov. 
2017;7(8):818–831. doi:10.1158/2159-8290.CD-17-0151

43. Sitthideatphaiboon P, Teerapakpinyo C, Korphaisarn K, et al. Co-occurrence CDK4/6 amplification serves as biomarkers of de novo EGFR TKI 
resistance in sensitizing EGFR mutation non-small cell lung cancer. Sci Rep. 2022;12(1):2167. doi:10.1038/s41598-022-06239-y

44. Justenhoven C, Pierl CB, Haas S, et al. Polymorphic loci of E2F2, CCND1 and CCND3 are associated with HER2 status of breast tumors. 
Int J Cancer. 2009;124(9):2077–2081. doi:10.1002/ijc.24198

45. Cocco E, Javier Carmona F, Razavi P, et al. Neratinib is effective in breast tumors bearing both amplification and mutation of ERBB2 (HER2). Sci 
Signal. 2018;11(551). doi:10.1126/scisignal.aat9773

46. Chen L, Yang L, Yao L, et al. Characterization of PIK3CA and PIK3R1 somatic mutations in Chinese breast cancer patients. Nat Commun. 2018;9 
(1):1357. doi:10.1038/s41467-018-03867-9

47. Zhou R, Zhu X, Peng Y, et al. Clinical impact of 11q13.3 amplification on immune cell infiltration and prognosis in breast cancer. Int J Gen Med. 
2022;15:4037–4052. doi:10.2147/IJGM.S360177

48. Kang JW, Kim MJ, Baek HA, Lee JS. Data mining of microRNAs in breast carcinogenesis which may be a potential target for cancer prevention. 
Food Sci Biotechnol. 2016;25(Suppl 1):143–151. doi:10.1007/s10068-016-0111-x

Breast Cancer: Targets and Therapy                                                                                           

Publish your work in this journal 
Breast Cancer - Targets and Therapy is an international, peer-reviewed open access journal focusing on breast cancer research, identification of 
therapeutic targets and the optimal use of preventative and integrated treatment interventions to achieve improved outcomes, enhanced survival 
and quality of life for the cancer patient. The manuscript management system is completely online and includes a very quick and fair peer-review 
system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/breast-cancer—targets-and-therapy-journal

Breast Cancer: Targets and Therapy 2025:17                                                                                           263

Tsai et al

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1158/2159-8290.CD-20-1557
https://doi.org/10.1016/j.jmoldx.2016.10.002
https://doi.org/10.1200/PO.17.00148
https://doi.org/10.1016/s0140-6736(97)07065-7
https://doi.org/10.1634/theoncologist.2019-0493
https://doi.org/10.1007/s10552-015-0667-4
https://doi.org/10.1007/s10549-017-4195-7
https://doi.org/10.1158/2159-8290.CD-17-0151
https://doi.org/10.1038/s41598-022-06239-y
https://doi.org/10.1002/ijc.24198
https://doi.org/10.1126/scisignal.aat9773
https://doi.org/10.1038/s41467-018-03867-9
https://doi.org/10.2147/IJGM.S360177
https://doi.org/10.1007/s10068-016-0111-x
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Subjects and Methods
	Study Population
	Actionable Gene-Based Classification
	Statistics

	Results
	Clinical and Pathological Features by HER2 IHC Scores
	Mutation Types Across the Level of HER2 Expression
	Actionable Genes Across the Level of HER2 Expression
	Comparison of Mutation Alterations Across the Level of HER2 Expression
	Mutation Types Across the HER2(+) Subtypes
	Actionable Genes Across the HER2 (+) Subtypes
	Comparison of Mutation Alterations Across the HER2 (+) Subtypes

	Discussion
	Abbreviations
	Data Sharing Statement
	Ethics Approval and Patient Consent for Publication
	Acknowledgments
	Author Contributions
	Funding
	Disclosure

