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Purpose: To investigate the HER2 status and clinicopathological features in invasive breast cancer with HER2 ≥4.0 and <6.0, which 
has always been controversial.
Methods: Forty breast cancer cases with HER2 ≥4.0 and <6.0 by fluorescence in situ hybridization (FISH) were collected and 
classified into two groups based on the HRE2/CEP17 ratio (Group A: ≥2.0, n=22; Group B: <2.0, n=18). Clinicopathological 
characteristics, HER2 status, risk classification, and molecular typing were further analyzed and compared by 21-Gene expression 
assay and MammaPrint plus BluePrint test.
Results: The majority of cases in both groups were invasive carcinoma (NOS), with histological grade II, HR+, Ki-67 ≥20%, HER2 2+, and 
a high risk of recurrence, although younger patients and lymph node metastases were more common in Group A. Surprisingly, all HR+ 
breast cancers in both groups were classified as luminal-type, HR− cases were all basal-type or unknown, and the index of HER2 in all cases 
was <0.000 using the BluePrint test, which indicated that HER2 status should be negative. Furthermore, the level of HER2 mRNA 
expression in all cases of both groups was <10.7, which was defined as HER2 negative by the 21-Gene expression assay. In addition, 10 
patients of Group A received anti-HER2 neoadjuvant therapy; only one patient with HR- achieved Grade 5 based on the Miller-Payne 
system, whereas none of the patients achieved pathological complete response (pCR) based on the Residual Cancer Burden system.
Conclusion: Group A breast cancer, which has always been unquestionably diagnosed as HER2 amplification, was more likely to be 
HER2 negative and derived less benefit from anti-HER2 neoadjuvant chemotherapy. Group A breast cancer should be distinguished 
from classical HER2-positive breast cancers when assessing HER2 FISH, and a larger cohort of Group A patients should be included 
in further studies.
Keywords: breast cancer, HER2, FISH, 21-gene expression assay, MammaPrint plus BluePrint

Introduction
Human epidermal growth factor receptor 2 (HER2) gene amplification and protein expression are reported in approximately 
15–20% of breast cancers and are well known associated with poor prognosis and benefit from anti-HER2 targeted therapy.1–4 

Therefore, the accurate determination of HER2 status in invasive breast cancer is of utmost importance.
Currently, the status of HER2 is mainly determined by immunohistochemistry (IHC) for protein overexpression, and 

fluorescence in situ hybridization (FISH) for gene amplification. In clinical practice, IHC assays are typically the first 
method adopted. HER2 FISH is required when the IHC results are equivocal. To ensure the accuracy, reproducibility, and 
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precision of HER2 testing, the American Society of Clinical Oncology (ASCO) and College of American Pathologists 
(CAP) have periodically issued detailed guidelines and updated recommendations for conducting and interpreting HER2 
testing in breast cancer.5–7 According to the latest version in 2018 and several recent publications, almost all breast 
cancers with a HER2 copy number ≥6.0 are considered positive for HER2 amplification, while those with a HER2 copy 
number <4.0 are considered negative by combining IHC and FISH results, regardless of the ratio of HER2/CEP17.7–12 

However, the HER2/CEP17 ratio must be considered for breast cancers with an average HER2 copy number ≥4.0 and 
<6.0. The status of HER2 amplification is diagnosed as positive when the ratio is ≥2.0 (Group A), and negative when the 
ratio <2.0 (Group B) with a non HER2 3+ by IHC.7,10–13

Actually, Group B breast cancers, accounting for approximately 5–10% of breast cancers, have always been the focus in the 
process of HER2 ISH/FISH diagnosis.14–18 The HER2 status of Group B was considered FISH equivocal according to the 2013 
ASCO/CAP guidelines, which posed a big challenge to oncologists and patients due to a perceived ambivalence regarding 
whether to recommend HER2-targeted therapy.6 Thus, a rigorous diagnostic approach is recommended to determine the HER2 
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status of Group B tumors by combining HER2 FISH and IHC results in the updated 2018 ASCO/CAP HER2 testing guidelines. 
Briefly, if the IHC result was 3+, the final HER2 status was positive; if the IHC result was 0, 1+, or 2+, the final HER2 status was 
negative.7 On the basis of this principle, almost all of the Group B cases were categorized as HER2 negative.12,13,19,20 However, 
Group A breast cancers with an average HER2 copy number ≥4.0 and <6.0, and an HER2/CEP17 ratio ≥2.0, reported in 
approximately 2.1–3.7% of breast cancer,11,12 were diagnosed as positive for HER2 amplification undoubtedly according to all 
versions of the ASCO/CAP guidelines.5–7 Such stark judgment and guidance for subsequent targeted therapies are controversial.

In the present study, 40 breast cancer patients with an average HER2 copy number of ≥4.0 and <6.0 were collected 
and classified into two groups based on the HRE2/CEP17 ratio – Group A: the ratio ≥2.0 (n=22), and Group B: ratio <2.0 
(n=18). Clinicopathological features, HER2 mRNA expression, risk classification, and molecular typing of both Group 
A and Group B breast cancers were analyzed using a 21-Gene expression assay and the MammaPrint plus BluePrint test. 
Furthermore, the efficacy of anti-HER2 neoadjuvant chemotherapy (NACT) was evaluated in Group A breast cancer, 
which has been unquestionably diagnosed as HER2 amplification for a long time.

Materials and Methods
Patient Cohort
Nineteen cases of invasive breast cancer with an average HER2 copy number ≥4.0, <6.0, and HER2/CEP17 ratio ≥2.0 
(Group A) were retrospectively screened from a total of 3119 breast cancers that underwent FISH for HER2 gene 
amplification at Fudan University Shanghai Cancer Center from April 2019 to March 2021. A comparable number 
(n=15) of breast cancer patients with an average HER2 copy number ≥4.0, <6.0, and HER2/CEP17 ratio <2.0 (Group B) 
were randomly selected as controls. The inclusion criteria for this study included: ① Hormone receptors (HR) were 
positive by IHC; ② All testing was performed in core needle biopsy samples before treatment for breast cancer patients 
receiving neoadjuvant therapy; ③ The proportion of invasive cancer in biopsy or excision samples should be ≥50% and 
the proportion of ductal carcinoma in situ (DCIS) should be <10% after tumor enrichment; ④ The nucleic acid quality 
should meet the needs of subsequent detection; and ⑤ Cases with incomplete clinicopathological information were 
excluded. Risk classification and molecular typing were performed in all cases using MammaPrint and BluePrint tests, 
and a 21-Gene expression assay was performed in pN0-1 (0–3 positive nodes) cases. Additionally, 3 cases with HR 
negativity were randomly selected from each group for molecular typing using the BluePrint test. The flowchart is shown 
in Figure 1. Clinicopathologic features, including patient age, menopausal status, tumor size, tumor grade, histologic 
type, IHC results of estrogen receptor (ER), progestogen receptor (PR), HER2, Ki-67 expression, HER2 FISH results, 
Miller-Payne (MP) and Residual Cancer Burden (RCB) grading, which were used to evaluate the efficacy of anti-HER2 
NACT,21,22 were obtained from the medical record and pathology reports. Every patient in the study signed informed 
written consent. Ethical approval was obtained from the Research Ethics Committee of Fudan University Shanghai 
Cancer Center. All study activities were conducted in accordance with the Declaration of Helsinki.

Immunohistochemistry (IHC) and Fluorescence in-situ Hybridization (FISH)
All 40 patients were immunohistochemically assessed for ER, PR, HER2, and Ki-67 expression. All the antibodies used 
in this study were purchased from Roche Ventana. Staining was performed on 4-μm-thick tissue sections using a Ventana 
BenchMark Ultra Autostainer (Ventana Medical System Inc., Roche, Tuscon, AZ, USA). Positive and negative controls 
for ER, PR, and HER2 were included on each slide. ER, PR, and HER2 IHC statuses were evaluated according to ASCO/ 
CAP guidelines.7,23 For Ki-67 assessment, a cut-off point of 20% was used in reference to the 2013 St. Gallen 
International Expert Consensus.24

The status of HER2 amplification in all 40 cases was further examined by FISH using a PathVysion HER2 DNA 
Probe Kit (Abbott Molecular, Abbott Park, Illinois, USA). The HER2 and CEP17 signals were manually counted by two 
certified molecular pathologists (QMB and HL) independently. Thirty nuclei from non-overlapping areas were counted 
and the corresponding HER2/CEP17 ratios were calculated. When there was a conflict between the scores, another 
pathologist (XYZ) reviewed the slides and obtained the final result. Results were interpreted and reported in accordance 
with the 2018 ASCO/CAP guideline.7
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21-Gene Expression Assay by RT-PCR
A 21-gene expression assay was performed in early stage, HR+, and pN0-1 breast cancer cases. The level of HER2 mRNA 
expression and recurrence score (RS) were determined from formalin-fixed paraffin-embedded (FFPE) tissue as previously 
described.25,26 Briefly, hematoxylin and eosin (HE)-stained slides were reviewed to ensure the presence of sufficient invasive 
breast cancer, and RNA was extracted from eight 5-μm unstained sections. The total RNA content was measured and the absence 
of DNA contamination was verified. Gene-specific reverse transcription was performed, followed by standardized quantitative 
RT-PCR in 384-well plates using the Applied Biosystems QuantStudio™ Dx Real-Time PCR System (Foster City, CA, USA). 
21-gene expression levels were quantitatively analyzed, including 16 cancer-related genes (BAG1, Bcl2, CCNB1, CD68, 
SCUBE2, CTSL2, EstR1, GRB7, GSTM1, HER2, Ki-67, MYBL2, PR, STK15, STMY3, and SURV) and 5 reference genes (β- 
actin, GAPDH, GUS, RPLPO, and TFRC). The expression of each gene was measured and normalized to that of a set of five 
reference genes. The reference-normalized expression measurements ranged from 0 to 15, and a 1-unit increase reflected an 
approximately two-fold increase in the RNA expression. A tumor was HER2-negative when it was <10.7 expression units; HER2- 
equivocal, ≥10.7–11.4; or HER2-positive, ≥11.5.27 RS, ranging from 0 to 100, was derived from reference-normalized expression 
measurements of 16 cancer-related genes. Classification of recurrence risk and prediction of chemotherapy benefit were 
determined based on the RS value, menopausal status, and lymph nodal stage according to the National Comprehensive 
Cancer Network (NCCN) guidelines version 2.2022 for invasive breast cancer and a recent publication.28,29 Briefly, for 
postmenopausal patients with pN0-1, the addition of chemotherapy to endocrine therapy is recommended when RS ≥ 26, only 
endocrine therapy when RS < 26; for premenopausal patients with pN0, consider chemotherapy followed by endocrine therapy, or 
alternatively, ovarian function suppression combined with either tamoxifen or an AI when RS ≥ 16, only endocrine therapy when 
RS ≤ 15; for premenopausal patients with pN1, consider chemotherapy followed by endocrine therapy, or alternatively, ovarian 
function suppression combined with either tamoxifen or an AI, regardless of the RS value.

MammaPrint and BluePrint Test
Risk classification and molecular typing were performed in all 40 breast cancer cases using MammaPrint and BluePrint tests. 
Briefly, after RNA extraction, library preparation, and sequencing were performed following the standard procedures of the 
MammaPrint/BluePrint NGS kit. The quantity of pre-capture libraries and final libraries was assessed using a Bioanalyzer DNA 
1000 assay and Qubit DNA HS Assay (Thermo Fisher). The libraries from 22 cases in Group A and 18 cases in Group B breast 
cancer were pooled for sequencing. Targeted RNA sequencing of 70 MammaPrint and 80 BluePrint signature genes was 

Breast cancers with an average HER2 
copy number ≥ 4.0 and < 6.0 (n=40)

Group A: HER2/CEP17 ≥ 2.0
(n=22)

Group B: HER2/CEP17 < 2.0
(n=18)

ER/PR+
(n=19)

ER/PR-
(n=3)

ER/PR-
(n=3)

ER/PR+
(n=15)

MammaPrint 70-Genes Analysis + 
BluePrint 80-Genes Analysis

21-Gene Expression Assay
pN0-N1 pN0-N1

Figure 1 The flow chart of risk classification and molecular typing tests in breast cancer with an average HER2 copy number ≥4.0 and <6.0.
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performed on an Illumina MiSeq Dx instrument using a V3 150 cycle kit. The FASTQ files generated in the lab were sent through 
a secure file transfer protocol server to Genecast Biotechnology Co. Ltd, which was patterned with Agendia to offer exclusive 
assessment rights to MammaPrint and BluePrint testing in China for analysis and interpretation following the Agendia standard 
pipeline.30 MammaPrint test results are reported as a MammaPrint index (MPI) that corresponds to a High Risk (MPI ≤0.000) or 
Low Risk (MPI > 0.000). BluePrint test results were also reported as an index. For each sample, three indices were generated, with 
one index for each molecular subtype (luminal-, HER2-, and basal-type index). The subtype with the highest index among the 
three subtypes was the categorical subtype reported for the tumors. When the three indices are all ≤0.000, the result of subtype is 
“unknown”.31 By combining the MammaPrint and BluePrint test results, luminal-type tumors were further stratified into luminal 
A-type (BluePrint: luminal-type and MammaPrint: low-risk) and luminal B-type (BluePrint: luminal-type and MammaPrint: 
high-risk).

Statistical Analysis
Comparisons of clinicopathological features, HER2 mRNA expression, risk classification, and molecular typing between the two 
groups were performed using Pearson’s chi-square test or Fisher’s exact test. All statistical tests were two-tailed, and p-values 
<0.05, were considered statistically significant. All analyses were performed using SPSS (version 20.0, SPSS Inc., Chicago, 
IL, USA).

Results
Clinicopathological Features in Group A and Group B Breast Cancers
The clinicopathological characteristics of the 40 cases of breast cancer with an average HER2 copy number ≥4.0 and 
<6.0 by FISH are summarized in Table 1. Representative FISH images of the two groups are shown in Figure 2. All 
patients were female. The mean age of the patients in Group A was 47.5 years (range 26–72 years), which was 
significantly younger than that in Group B, 55.7 years (range 38–72 years). Similarly, more patients (54.5%, 12/22) in 

Table 1 Clinicopathological Features, HER2 mRNA Expression, Risk Classification and 
Molecular Typing in Breast Cancer with an Average HER2 Copy Number ≥4.0 and <6.0

Group A: HER2/ 
CEP17 Ratio ≥ 2.0 

(n=22)

Group B: HER2/ 
CEP17 Ratio < 2.0 

(n=18)

p value

Mean age (range)-yr 47.5 (26–72) 55.7 (38–72) 0.048*

Age category-no. (%)
≤50 yr 13 (59.1%) 5 (27.8%)

>50 yr 9 (40.9%) 13 (72.2%)
Menopausal status-no. (%) 0.038*

Premenopausal 12 (54.5%) 4 (22.2%)

Postmenopausal 10 (45.5%) 14 (77.8%)
Tumor size-no. (%) 0.140

≤2 cm 6 (27.3%) 9 (50.0%)

2–5 cm 16 (72.7%) 9 (50.0%)
>5 cm 0 0

Histological grade 0.564

I 0 0
II 14 (63.6%) 13 (72.2%)

III 8 (36.4%) 5 (27.8%)

Lymph node status 0.010*
pN0 6 (27.3%) 13 (72.2%)

pN1 12 (54.5%) 5 (27.8%)

pN2 4 (18.2%) 0

(Continued)
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Group A breast cancer were premenopausal, while more patients (77.8%, 14/18) in Group B were postmenopausal. The 
tumor size ranged from 0.9 to 5 cm in diameter in Group A breast cancer, 0.7–2.0 cm in Group B breast cancer, with 
mean diameters of 2.9 cm and 2.1 cm, respectively.

Histopathologically, all the cases were invasive carcinoma, not otherwise specified (NOS). WHO grade II was 
predominant in both groups A (63.6%, 14/22) and B (72.2%, 13/18), and all other cases were WHO grade III. 
DCIS component was observed in 54.5% (12/22) of Group A and 44.4% (8/18) of Group B breast cancer, and the 

Table 1 (Continued). 

Group A: HER2/ 
CEP17 Ratio ≥ 2.0 

(n=22)

Group B: HER2/ 
CEP17 Ratio < 2.0 

(n=18)

p value

HER2 IHC 0.238

1+ 3 (13.6%) 0

2+ 19 (86.4%) 18 (100.0%)
3+ 0 0

Ki-67 expression 0.289

<20% 6 (27.3%) 7 (38.9%)
≥20% 16 (72.7%) 11 (61.1%)

21-gene assay (RS)
RS-mean (range) 39.1 (22.0–52.7) 32.4 (24.3–42.3) 0.022*
≤15 0 0

16–25 1 (6.7%) 2 (13.3%)

≥26 14 (93.3%) 13 (86.7%)
Low 1 (6.7%) 2 (13.3%) 1.000

High 14 (93.3%) 13 (86.7%)

HER2 mRNA-mean (range) 9.1 (8.4–10.5) 9.1 (8.0–10.6) 0.828
MammaPrint assay 0.705

High (MPI>0) 11 (73.3%) 10 (66.7%)

Low (MPI<0) 4 (26.7%) 5 (33.3%)
BluePrint assay 0.425

Luminal 19 (86.4%) 15 (83.3%)
Luminal A 4 (18.2%) 5 (27.8%)

Luminal B 15 (68.2%) 10 (55.6%)

HER2 0 0
Basal 1 (4.5%) 3 (16.7%)

Unknown 2 (9.1%) 0

Note: *P < 0.05.

Group B

A

Group A

B

Figure 2 Representative FISH images of Group A breast cancer with HER2 ≥ 4.0 and < 6.0, and HER2/CEP17 ≥ 2.0 (A) and Group B breast cancer with HER2 ≥ 4.0 and < 
6.0, and HER2/CEP17 < 2.0 (B).
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DCIS proportion was all less than 10% in these cases. Compared with patients in Group B, lymph node 
metastases were more common in Group A (72.7%, 16/22), and the number of metastatic lymph nodes was 
also higher in Group A. The lymph node status of pN2 was identified in 18.2% (4/22) of the patients in Group A, 
but none in Group B.

Immunohistochemically, the majority of cases had Ki-67 ≥20% and HER2 2+ in both groups A and B breast 
cancers, and there was no statistically significant difference between the two groups. None of the HER2 IHC 3+ 
cases were found in either group. Thus, all cases in Group A were categorized as HER2 positive, while all cases in 
Group B were categorized as HER2 negative according to the 2018 ASCO/CAP guidelines. Subsequently, surrogate 
molecular subtypes of all cases in Group A were luminal B-HER2 positive (86.4, 19/22) and HER2 overexpression 
(13.6%, 3/22) based on HR status, whereas 38.9% (7/18) of luminal A, 44.4% (8/18) of luminal B-HER2 negative, 
and 16.7% (3/18) of triple-negative tumors were identified in Group B based on HR status and Ki-67 expression, as 
shown in Figure 3A.

Risk Classification for the Two Group Breast Cancers by 21-Gene Assay and MammaPrint 
Assay
To explore the biological differences between the two groups, risk classification was analyzed by 21-Gene expression assay and 
MammaPrint test in early stage, HR-positive, pN0-1 breast cancer cases. As a result, although the value of the recurrence score 
(RS) of Group A breast cancer (39.1, range 22.0–52.7) was significantly higher than that of Group B (32.4, range 24.3–42.3), as 
shown in Table 1 and Figure 3B, the absolute majority of cases in both groups, 93.3% (14/15) in Group A and 86.7% (13/15) in 
Group B, were identified to be a high recurrence risk based on RS value, menopausal status, and lymph node status. There was no 
significant difference in the recurrence risk classification between the two groups (Table 1 and Figure 3C). Similarly, 73.3% (11/ 
15) of Group A and 66.7% (10/15) of Group B were determined to be a high recurrence risk by MammaPrint analysis as shown in 
Table 1 and Figure 3D The coincidence rate of the above two methods was 80% (12/15) in both Group A and Group B.

Further analysis was conducted on breast cancer cases in which the recurrence risks of the two test methods were inconsistent. 
As shown in Table 2, there were 3 inconsistent cases in each group. The recurrence risk of all six patients was high in the 21-Gene 
assay, but low in the MammaPrint test. To explore the underlying reasons for the inconsistent results, the clinicopathological 
characteristics of these six cases and the detailed original data from the two test methods were further analyzed. The MammaPrint 
index (MPI) of Case 3 in both groups fell within the classification cut-off between −0.0575 and +0.0575, suggesting that the 
classification accuracy was less than 90%. The other four cases were found to have relatively low PR expression (≤20%), which is 
an important index of high recurrence risk in the 21-Gene assay.

Molecular Re-Typing for the Two Group Breast Cancers by BluePrint Assay
Based on the IHC and FISH results, the surrogate molecular subtype was completely different between the two groups; 
thus, further molecular typing was performed using the BluePrint test. Unexpectedly, all breast cancers with HR 
positivity in groups A and B were classified as luminal type, and all cases with HR negativity in both groups were 
classified as basal type or unknown by BluePrint typing analysis. Furthermore, the HER2 index in all cases was <0.000 
regardless of the HER2/CEP17 ratio. By combining the MammaPrint and BluePrint test results, 18.2% (4/22) of luminal 
A, 68.2% (15/22) of luminal B (HER2 negative), 4.5% (1/22) of basal, and 9.1% (2/22) of unknown were identified in 
Group A, while 27.8% (5/18) of luminal A, 55.6% (10/18) of luminal B (HER2 negative) and 16.7% (3/18) of basal were 
identified in Group B. None of the HER2-type was determined in either group, as shown in Table 1 and Figure 3E. 
Additionally, HER2 mRNA expression was re-evaluated in both groups using a 21-Gene assay. The average HER2 
mRNA expression of the patients in Group A was approximately 9.1 (range 8.4–10.5), which was very similar to that in 
Group B, 9.1 (range 8.0–10.6). The HER2 mRNA expression level in all cases in both groups was <10.7, which was 
defined as HER2 negative as shown in Table 1 and Figure 3F.
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Figure 3 HER2 mRNA expression, risk classification and molecular typing in Group A and Group B breast cancer. (A) Surrogate molecular subtype of the two group breast 
cancers based on IHC and FISH results. (B) The value of recurrence score (RS) of Group A breast cancer was significantly higher than that of Group B by 21-Gene assay. (C) 
There was no significant difference in recurrence risk classification between the two groups, and the absolute majority of cases in both groups were identified to be a high 
recurrence risk by 21-Gene assay. (D) The majority of cases in both groups were identified to be a high recurrence risk by MammaPrint analysis. (E) Molecular typing for the 
two group breast cancers by BluePrint Assay. (F) The level of HER2 mRNA expression in all cases of both groups.
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Efficacy of Anti-HER2 NACT in Group A Breast Cancer
According to the 2018 ASCO/CAP guidelines, Group A breast cancer should be defined as HER2 positive. Thus, 10 
patients of Group A breast cancer received neoadjuvant therapy including anti-HER2 targeted drugs (trastuzumab and/or 
pertuzumab). Pathological response to treatment was evaluated using the MP and RCB systems. The evaluation results 
and related clinicopathological features of the ten patients are presented in Table 3. Briefly, only one HR-negative patient 
achieved Grade 5 (no invasive cancer cells identifiable in primary lesion) based on the MP system. All the other nine HR- 
positive cases showed Grade 1–4 as partial pathological response (pPR) or non-pCR based on the MP system, while none 
of the patients achieved pCR based on the RCB system. Relevant clinicopathological information indicated that 8 out of 
the 9 breast cancers with HR positivity had a high risk of recurrence according to both the 21-Gene assay and 
MammaPrint test.

Discussion
This study focused on invasive breast cancer cases with an average HER2 copy number of ≥4.0 and <6.0, which were 
subsequently classified into two groups based on the HRE2/CEP17 ratio (Group A: ratio ≥2.0, and Group B: ratio <2.0). 
According to the latest version of the ASCO/CAP HER2 testing guidelines, all 22 cases in Group A were determined to 
be HER2 positive, while all 18 cases in Group B were HER2 negative based on HER2 FISH and IHC results. Given that 
these two groups have the same mean range of HER2 signals/cells, the CEP17 signal is what drives the differences in 
classification. Thus, the clinicopathological characteristics and risk classifications of the two groups were compared. The 
results revealed that the majority of cases in both groups were IDC grade II, Ki-67 ≥20%, and HER2 2+ with a high risk 
of recurrence, although younger patients and lymph node metastases were more common in Group A. Similar phenom-
enon has been reported by Ballard et al.11 In their study, the HER2 status of Group A was defined as “low amplified” and 
“equivocal” for Group B. Similar clinicopathologic characteristics were observed in these two groups, and most of these 
cases were HER2 negative by IHC and more likely to be HR positive. Consistently, HER2 IHC 3+ was not observed in 
either group in the present study. These results suggest that direct categorization of Group A breast cancer as HER2 
positive might not be reasonable.

To further evaluate the HER2 gene amplification status in Group A, BluePrint test for molecular typing was 
performed. BluePrint, first identified by Krijgsman et al,31 has been proven to be a robust and reliable tool to identify 
breast cancer molecular subtypes. In the BluePrint test, the mRNA expression of 80 genes that assess functional 
pathways that determine the intrinsic breast cancer molecular subtypes (luminal-type, HER2-type, and basal-type) was 
based on the highest index (>0.000) of the three.32 Surprisingly, all breast cancers in both Group A and Group B with HR 
positivity were classified as luminal-type, and all HR-negative cases were basal-type or unknown, regardless of the 
HER2/CEP17 ratio. Furthermore, the index of HER2 in all cases in both groups A and B was <0.000, which suggested 
that the HER2 status of all these cases was negative. Another unexpected finding during the BluePrint testing was that 2 
out of 3 cases of Group A with HR negative were defined as “unknown”, never reported in previous publications,31–34 

Table 2 Analysis of Breast Cancers with Inconsistent Recurrence Risk Classification Between the Two Test Methods

21-Gene Assay MammaPrint Assay Menopausal Status Immunohistochemistry Lymph Nodes

Risk RS Risk Index ER PR HER2 Ki-67

Group A
Case 1 High 38.1 Low 0.258 Post-menopausal 90% 10%b 2+ 5% pN0
Case 2 High 37.7 Low 0.134 Pre-menopausal 80% 20%b 2+ 10% pN0

Case 3 High 27.2 Low 0.003a Pre-menopausal 90% 90% 2+ 15% Pn1

Group B
Case 1 High 30.7 Low 0.095 Post-menopausal 80% 10%b 2+ 20% Pn0

Case 2 High 42.3 Low 0.09 Post-menopausal 80% 10%b 2+ 10% Pn0

Case 3 High 27.3 Low 0.006a Post-menopausal 80% 80% 2+ 20% pN0

Note: aBetween −0.0575 and +0.0575; bLow PR expression (≤20%).
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Table 3 Assessment of Pathological Responses and Clinicopathologic Features in Group A Breast Cancers Treated with Anti-HER2 NACT

Anti-HER2 NACT MP 
Grade

RCB 
Grade

pCR Status Age Menopausal 
Status

Tumor Size 
(cm)

Histological 
Grade

Lymph 
Node

Immunohistochemistry

ER PR HER2 Ki-67

Case 1 NACT+trastuzumab 5 1 pCR/non-pCR 45 Premenopausal 1.8 III pN1 0 0 2+ 50%

Case 2 NACT+trastuzumab 4 1 Non-pCR 33 Premenopausal 4 II pN0 60% 0 1+ 50%

Case 3 NACT+trastuzumab 4 2 Non-pCR 44 Premenopausal 3.5 III pN2 95% 30% 2+ 30%

Case 4 NACT+trastuzumab+ pertuzumab 3 2 Non-pCR 33 Premenopausal 1.5 II pN1 80% 20% 1+ 10%

Case 5 NACT+trastuzumab 3 2 Non-pCR 46 Premenopausal 4 II pN1 90% 50% 2+ 80%

Case 6 NACT+trastuzumab 2 3 Non-pCR 35 Premenopausal 5 II pN2 95% 50% 2+ 70%

Case 7 NACT+trastuzumab 3 3 Non-pCR 48 Postmenopausal 2.7 III pN2 50% 50% 2+ 20%

Case 8 NACT+trastuzumab 2 3 Non-pCR 58 Postmenopausal 3.7 II pN1 90% 90% 2+ 10%

Case 9 NACT+trastuzumab 2 3 Non-pCR 51 Postmenopausal 3 II pN2 90% 30% 2+ 30%

Case 10 NACT+trastuzumab 1 3 Non-pCR 59 Postmenopausal 4.5 II pN1 90% 0 2+ 20%

Abbreviations: NACT, neoadjuvant chemotherapy; MP, Miller-Payne; RCB, residual cancer burden.
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suggesting that Group A breast cancer might not be involved during BluePrint development design and model building, 
leading to the inability to discriminate these cases in clinical practice. Thus, HER2 mRNA expression was detected to 
further evaluate the HER2 gene status in Group A breast cancer using a 21-Gene expression assay. Our results indicated 
that the level of HER2 mRNA expression in all cases in both groups was <10.7, which should be defined as HER2 
negative according to previous studies.26,27 Droplet digital PCR (ddPCR) and targeted next-generation sequencing (NGS) 
were used as alternative clinical methods to analyze HER2 copy number by Yang et al, who found that all breast cancer 
cases with HER2/CEP17 ratio ≥2.0 and mean HER2 signals/cell ≥6.0 showed amplification by ddPCR and major copy 
number gain by NGS, whereas only 20% (1/5) of cases with HER2/CEP17 ratio ≥2.0, and mean HER2 signals/cell ≥4.0 
and <6.0 (equivalent to Group A cases in our study) showed copy number gain by NGS and no HER2 amplification was 
observed by ddPCR.35 These results provide compelling evidence that Group A breast cancer is more likely to be HER2 
negative.

Regarding the response to HER2 targeted therapies for Group A breast cancer, a retrospective review of the original 
HERA trial results and the N9831 trial indicated that there was still a benefit from trastuzumab therapy in low- 
amplification breast cancers (cases with an average HER2 copy number between 4 and 9 signals/cell, or HER2/CEP17 
ratio between 2.0 and 5.0), and there was no statistically significant difference compared with HER2 amplified breast 
cancers (cases with an average HER2 copy number >9 signals/cell, or HER2/CEP17 ratio >5.0).36,37 This is why the 
2013 and 2018 ASCO/CAP guidelines recommended low amplification cases as HER2 positive “without the need for 
further testing”. However, breast cancers with an average HER2 copy number of ≥4.0 and <6.0 were not further analyzed 
as a single group in the above clinical trials. Arnould et al reported a positive correlation between the level of HER2 
amplification assessed using FISH and the rate of pCR to trastuzumab-based neoadjuvant therapy. They found that the 
pCR rate in high-amplification (mean, >10 signals/nuclei by single-color FISH) breast cancers was significantly higher 
than that in low-amplification (mean, 6–10 signals/nuclei) and non-amplification (mean, <6 signals/nuclei) tumors (56% 
vs 22% and 6%).38 Recently, Alhamar et al also demonstrated that high HER2 amplification was significantly associated 
with longer OS and DFS and that these patients seemed to benefit more from HER2-targeted regimens. They further 
categorized group 1 (according to the 2018 ASCO/CAP guideline) into three subgroups: low amplification (HER2/ 
CEP17 2.0–2.99, HER2 average copy number 4.0–5.9), amplification (HER2/CEP17 2.0–2.99, HER2 average copy 
number ≥ 6), and excessive amplification (HER2/CEP17 ≥ 3.0, HER2 average copy number ≥ 4.0). After anti-HER2 
neoadjuvant therapy, the pCR rate of the excessive amplification group was higher than that of the amplification and low 
amplification groups (23%, 6/26 vs 20%, 2/10 and 6%, 1/18, respectively), although there was no statistically significant 
difference, which might be due to the limited number of cases.39 In our study, 10 patients in Group A received anti-HER2 
neoadjuvant therapy. Among them, only one HR-negative case achieved Grade 5, and all the other nine HR-positive 
cases showed Grade 1–4 as pPR or non-pCR based on the MP system. Although the number of cases in our study was 
relatively small, these results suggest that Group A breast cancer might have a poor response to anti-HER2 targeted 
therapy.

Recently, a novel HRE2-targeted antibody drug conjugate (ADC), trastuzumab deruxtecan (T-DXd), demonstrated promising 
preliminary antitumor activity and resulted in significantly longer progression-free and overall survival in patients with HER2- 
low breast cancer, which was defined as IHC 1+ or IHC 2+ and FISH negative.40–42 Patients with breast cancer with an average 
HER2 copy number of ≥4.0 and <6.0, which were the focus of this study, were HER2 IHC 1+ or 2+ and more likely to be 
negative by FISH based on our results. Thus, we hypothesized that such patients might be classified as HER2-low and benefit 
from HER2-targeted ADC, but further studies are needed to confirm this hypothesis in corresponding clinical trials.

In conclusion, invasive breast cancer cases with an average HER2 copy number of ≥4.0 and <6.0 showed unique 
clinicopathological features, with a high risk of recurrence at high frequency regardless of the ratio of HER2/CEP17. 
Both Group A (ratio ≥ 2.0) and B (ratio < 2.0) breast cancers were more likely to be HER2 negative and derived less 
benefit from anti-HER2 neoadjuvant chemotherapy, although Group A breast cancer has always been unquestionably 
diagnosed as HER2 amplification. These results indicate that Group A breast cancers should be distinguished from 
classical HER2-positive breast cancers when assessing HER2 FISH, and a larger cohort of Group A patients should be 
included in further studies to clarify the biological features and efficacy of different HER2-targeted therapies, including 
novel HER2-targeted ADC (T-DXd).
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