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Abstract
Background NRG1 fusion is a promising therapeutic target for various tumors but its prevalence is extremely low, 
and there are no standardized testing algorithms for genetic assessment.

Mothods In this study, we analyzed 3008 tumors using Fluorescence in situ hybridization (FISH) and 
immunohistochemistry (IHC) to screen for NRG1 translocation and p-HER3 expression.

Results Our results demonstrated no cases with p-HER3 positivity through IHC. Nonetheless, 29 cases (0.96%) were 
identified positive for NRG1 translocation through FISH, with three different signal types. FISH-positive cases were 
subsequently subjected to next-generation sequencing (NGS) testing. However, only eight of these cases were 
confirmed with NRG1 fusion through NGS. Notably, we divided FISH into three types and FISH type C group was 
consistent with NGS results. All NGS NRG1 fusion tumors were adenocarcinomas, with a higher prevalence in females. 
Our findings indicate that although FISH has limitations in screening NRG1 gene rearrangements, NRG1 fusions can 
be reliably detected with signals exhibiting low copy numbers of the 5’-end of the gene and no fusion signals.

Conclusion Considering the high cost of NGS, FISH remains a useful method for screening NRG1 fusions in various 
types of tumors. This study provides valuable insights into the molecular mechanisms of NRG1 fusion and identifies 
potential treatment targets for patients suffering from this disease.
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Introduction
NRG1 is a member of the neuregulin (NRG) complex 
family, which is composed of six structurally related cel-
lular growth factors encoded by six closely related genes 
(NRG1-NRG6). All six NRG family members share a core 
epidermal growth factor (EGF)-like domain of approxi-
mately 65 amino acids and play essential roles in the 
development of the nervous and cardiovascular systems 
[1–6]. The EGF-like domain binds to the HER RTK fam-
ily members (EGFR, HER2, HER3, and HER4) and is 
fundamental in all NRG members [7]. The NRG1 gene 
consists of tissue-specific N-terminal exons, immuno-
globulin-like (Ig-like) domains, and a common EGF-like 
domain, and codes for at least 15 different isoforms via 
alternative splicing, including four heregulin (HRG) iso-
forms. The binding of HRG ligands to HER3 facilitates 
heterodimerization of HER3 with HER2 and stimulates 
a signaling cascade affecting proliferation, survival, and 
differentiation [8]. NRG1 rearrangement was initially 
reported in a breast cancer cell line [9] and in 2014, 
NRG1 gene fusions were identified as activating genomic 
alterations in invasive mucinous adenocarcinomas of the 
lung [10]. Recently, NRG1 rearrangement has been iden-
tified in several tumors. Although NRG1 gene rearrange-
ment is rare (~ 0.1–0.3%) [11], it has been reported as a 
potentially actionable genomic event observed in various 
tumor types. NRG1 fusions can promote pathological 
signaling via MAPK and other canonical pathways when 
present [10].Thus, targeting ERBB2 and ERBB3 has been 
an effective treatment strategy in vitro. Clinical responses 
to tyrosine kinase inhibitors and mAb have also been 
recently reported [12–15].

In this study, we systematically gathered an assortment 
of tumor specimens with the objective of documenting 
the frequency of NRG1 rearrangements across diverse 
cancer types. Our aim was to provide a comprehensive 
characterization of these rearrangements and establish 
an optimal genetic testing algorithm utilizing various 
testing menthodologies. Additionally, we sought to gen-
erate robust data to inform clinical treatment strategies, 
leveraging extensive molecular profiling.

Materials and methods
Patient data
From September 2015 to December 2021, twelve 
tumor types including lung cancer(n = 307), gas-
tric cancer(n = 560), breast cancer(n = 141), blad-
der cancer(n = 154), colorectal cancer(n = 930), 
liver cancer(n = 108), endometrial cancer(n = 25), 
cholangiocarcinoma(n = 301), pancreatic cancer(n = 124), 
laryngocarcinoma(n = 114), esophageal cancer(n = 121) 
and soft tissue tumor(n = 123) were included in this 
study. All histologic characteristics were reviewed by a 

board-certified pathologist. In total, 3008 tumors from 
pancancer underwent further molecular testing.

Tissue microarray construction
Each tissue sample underwent immediate fixation in 10% 
neutral buffered formalin for a duration of 12–48 h, fol-
lowed by paraffin embedding. The processed samples 
were subjected to routine deparaffinization and rehydra-
tion procedures. A tissue microarray (TMA) was created 
using the Grand Master automated arrayer (3DHISTECH 
Ltd., Budapest, Hungary), with 2  mm punch size 
obtained from representative tumor blocks of each case. 
The tumor core was extracted from the invasive front 
of the deepest tumor invasion portion, with avoidance 
of necrotic areas. Dual representations of TMAs were 
constructed and then sectioned into 4-µm-thick sec-
tions for histological, immunohistochemical, and FISH 
detection procedures. IHC and FISH were performed in 
both duplicates of each case, and in case of disagreement 
between the duplicates in FISH or IHC results, the entire 
slide was used for a final decision.

Fluorescence in situ hybridization (FISH)
Four-micrometer-thick, formalin-fixed and paraffin-
embedded tissue sections were used for FISH. FISH 
testing for NRG1 gene rearrangements was performed 
using the NRG1 Dual Color Break Apart Probe (ZytoVi-
sion, Germany). Probes used the following BACs from 
the Human BAC Library: BACs D8S2226 and RH109547 
were labelled with Spectrum Green (5’ terminus of 
NRG1), and BACs RH111344 and D8S71 were directly 
labelled with Spectrum Orange (3’ terminus of NRG1). 
NRG1 gene break-apart (Fig.  1A and B) was performed 
according to the operating instructions. In our study, 
FISH positivity was defined when more than 15% of 
tumor cells displayed signals with distinct red and green 
signals or a signal pattern that maintained a single red 
signal.

Immunohistochemistry (IHC)
p-ERBB3 (Clone: Tyr1289, Cell Signaling, USA) IHC 
staining was carried out on an automatic Ventana Bench 
Mark Ultra system (Roche Diagnostics, Basel, Switzer-
land) using an automated staining protocol. IHC stain-
ing scores were calculated by multiplying the staining 
intensity (0 = no staining, 1 = mild staining, 2 = moder-
ate staining, and 3 = strong staining) by the percentage 
of immunoreactive tumor cells (0 to 100). The immu-
nostaining result was considered to be 0 or negative 
when the score was < 25; 1 + or weak when the score was 
26–100; 2 + or moderate when the score was 101–200; 
or 3 + or strong when the score was 201–300. The IHC 
results were interpreted independently by two patholo-
gists who were blinded to all clinical and pathological 
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data. p-ERBB3 IHC was regarded positive when IHC 
staining score > 0.

DNA/RNA extraction
Genomic DNA (gDNA) and total RNA were extracted 
from formalin-fixed paraffin-embedded (FFPE) tumor 
tissue samples via the Prep DNA/RNAFFPE Kit (Qia-
gen, USA) based on the manufacturer’s instructions. The 
quality of purified DNA/RNA was analysed by gel elec-
trophoresis and quantified by Qubit® 4.0 Fluorometer 
(Life Technologies, USA). An amount of extracted DNA 
greater than 30 ng was considered sufficient for analysis. 
In the extracted FFPE RNA samples, the 28  S and 18  S 

rRNA bands were degraded, and ≥ 200 ng RNA was opti-
mal for high analytical sensitivity.

DNA-based NGS
First, the above purified gDNA was fragmented into 
DNA pieces using an enzymatic method (5* WGS Frag-
mentation Mix, Qiagen, USA), followed by end repair, 
T-adaptor ligation, and PCR amplification, resulting in a 
prelibrary. The DNA was then subjected to 654 cancer-
related gene target capture using the Solid Tumor Com-
prehensiveTest Kit (Berry Oncology Corporation) to 
detect SNV/Indel, CNV and gene fusions.

Fig. 1 NRG1 fusion prevalence across cancers. A The NRG1 dual color break-apart probe is designed to detect translocations involving the chromosomal 
region 8p12 harboring the NRG1 gene. B Two-color FISH probes flanking the 5’-end (green) and the 30-end (orange) of the NRG1 gene were performed 
on the 3008 cases. C NRG1 translocation-positive cases by FISH in 3008 pancancers. D NRG1 fusion-positive cases by NGS in 3008 pancancers
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Sequencing libraries were generated after PCR amplifi-
cation and then sequenced on a NovaSeq 6000 platform 
(Illumina, San Diego, USA) with 150PE mode. Align-
ment against the human reference genome hg19 was per-
formed using BWA [16]. SAM tools [17] and the Genome 
Analysis Tool kit GATK 3.8 [18] were utilized to call 
SNVs and small indel variants. Large indels and chromo-
somal rearrangements (including NRG1 rearrangements) 
were analysed using Fusion map [19]. Fusions with a sup-
ported mutation fragment number ≥ 2 were identified 
and reported. For breakpoints in intergenic regions, the 
nearest gene in each direction was reported as the pre-
dicted fusion partner.

RNA-based NGS
An in-house designed RNA fusion panel based on hybrid 
capture sequencing (Berry Oncology Corporation) was 
performed to detect gene fusions, which tiled all exons of 
general fusion genes in tumors and allowed for the detec-
tion of known and novel fusions. Briefly, the purified total 
RNA was first converted to complimentary DNA through 
reverse transcription. The prelibrary construction con-
sisted of end repair, adaptor ligation and PCR amplifi-
cation. The following hybridization-captured libraries 
were sequenced on a NovaSeq 6000 platform (Illumina, 
San Diego, USA) in 150PE mode. Gene fusions were 
called based on Fusion map software [19]. Additionally, 
these fusions identified via bioinformatics were verified 
by manual inspection of the breakpoints. Both DNA and 
RNA based NGS positivity were defined as the detected 
rearrangement abundance (AF) being greater than 5%.

To avoid the heterogeneity of tumors, we selected 
the entire tumor sample for both DNA-based NGS and 
RNA-based NGS testing.

Results
Sample population
From September 2015 to December 2018, a total of 3008 
distinct tumor specimens from patients were evaluated. 
The cohort encompassed various tumor types, includ-
ing lung cancer (n = 307), gastric cancer (n = 560), breast 
cancer (n = 141), colorectal cancer (n = 930), liver cancer 
(n = 108), bladder cancer (n = 154), endometrial cancer 
(n = 25), cholangiocarcinoma (n = 301), pancreatic can-
cer (n = 124), laryngocarcinoma (n = 114), esophageal 
cancer (n = 121), and soft tissue tumors (n = 123). Each 
tumor type was further subdivided as follows: lung can-
cer included non-small cell lung carcinoma (n = 103), 
squamous carcinoma (n = 149), and mucinous adeno-
carcinoma (n = 55); within gastric cancer, subgroups 
comprised Epstein-Barr virus-associated gastric cancer 
(n = 51), DNA mismatch repair protein-deficient gastric 
cancer (n = 94), hepatoid adenocarcinoma (n = 90), and 
normal type of gastric cancer (n = 256). Breast cancer was 

categorized into triple-negative (n = 53) and non-triple-
negative (n = 88) subtypes, while all 930 recorded cases 
of colorectal cancer were classified as adenocarcinomas. 
All 301 assessed cholangiocarcinomas were intrahe-
patic. Finally, soft tissue tumors were subtype-specific, 
including malignant fibrous histiocytic tumors (n = 22), 
leiomyosarcomas (n = 24), liposarcomas (n = 30), osteo-
sarcomas (n = 30), and chondrosarcomas (n = 17).

Three distinct FISH signal types of NRG1 aberrations
The NRG1 dual color break-apart probe was specifically 
designed to identify the occurrence of translocations 
within the chromosomal region 8p12 that contains the 
NRG1 gene (Fig.  1A). The green probe covered NRG1 
exons 1–2 and the chromosomal region preceding the 
5’ end of the NRG1 gene, while the orange probe was 
responsible for identifying the chromosomal region fol-
lowing the 3’ end of the NRG1 gene (Fig.  1B). Break-
points within the NRG1 gene resulted in translocation 
events that retain the 3’ end of NRG1 and consequently, 
only signals displaying separate red and green signals or 
the signal pattern that retains the single red are consid-
ered indicative of NRG1 rearrangement [20]. Out of the 
3008 cases evaluated, 29 cases (0.96%) showed abnor-
mal NRG1 signals, not taking into account any poten-
tial instances of aneuploidy. The incidence of NRG1 
abnormalities varied depending on the type of tumor 
examined (Fig.  1C), with a rate of 1.95% in lung cancer 
(6/307), 0.89% in gastric cancer(5/560), 1.42% in breast 
cancer (2/141), 0.75% in colorectal cancer (7/930), 1.00% 
in cholangiocarcinoma (3/301), 0.81% in pancreatic can-
cer (1/124), 2.63% in laryngocarcinoma (3/114), 0.83% 
in esophageal cancer (1/121), and 0.81% in soft tissue 
tumors (1/123). With respect to FISH signals, three dis-
tinct types of abnormalities were observed: (A) break-
apart signal (three cases) with or without high copy 
number of the 3’-end of the gene; (B) low copy num-
ber of the 5’-end of the gene with respect to the 3’-end 
of the gene, with fusion signals (12 cases); and (C) low 
copy number of the 5’-end of the gene with respect to 
the 3’-end of the gene, without fusion signals (Fig.  2A). 
Type A aberrations were rarely observed throughout this 
study. The four cases exhibiting type A NRG1 aberrations 
presented purely break-apart signals, while the other 
two cases manifested spot or cluster gain of the 3’-end 
of NRG1 along with a break-apart signal (Fig. 2B and D). 
Type B aberrations were the most commonly observed 
within this study. All type B cases featured a single tumor 
cell remaining as one or more fusion cells, indicating the 
presence of at least one copy of NRG1. In addition to the 
fusion signal, there were also additional single dots or 
clusters of red signals (Fig. 2E and G). All such cases dis-
played partial loss of the 5’-end and gain or amplification 
of the 3’-end of NRG1. The remaining five cases with type 
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C abnormalities displayed increased copy number of the 
3’-end of NRG1 triggered by the loss of the 5’-end of the 
gene without any fusion signals (Fig. 2H J).

Genome rearrangements were not fully associated with 
NRG1 fusions
In order to validate the FISH results, all of the FISH-
positive cases underwent further testing using NGS 
(both DNA- and RNA-based). However, the results of 
the FISH analysis were not in agreement with the NGS 
results. Out of the 29 cases with abnormal NRG1 FISH 

Fig. 2 Distinct FISH signal types of NRG1 aberrations. A Summary of NRG1 aberrations as determined by FISH. B-J Microscopic images demonstrating 
examples of the three types of NRG1 aberrations as determined by FISH. Green spots represent the 5’ end of the NRG1 gene, and red spots represent the 
3’ end of the NRG1 gene
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signals, only eight cases were conclusively proven to have 
NRG1 fusion through the use of NGS (Fig.  1D). Break-
apart signals or fusion signals possessing more copies of 
3’ than 5’ NRG1 do not necessarily indicate the presence 
of true fusions. Nevertheless, FISH results indicated that 
the presence of more copies of 3’ than 5’, without a fusion 
signal, was linked to NRG1 fusion. All four of the cases 
with FISH type C signals were confirmed to be NRG1 
fusions through the use of both DNA- and RNA-based 
NGS techniques. A schematic representation of the eight 
NRG1 jfusions is displayed in Fig.  3. Breakpoints were 
most commonly observed after exon 6, followed by exon 
2, exon 3, and exon 12. Of the eight cases featuring NRG1 
fusions, two were lung adenocarcinoma, two were muci-
nous adenocarcinoma of the lung, two were colorectal 
adenocarcinoma, one was intrahepatic cholangiocar-
cinoma, and one was breast invasive carcinoma, thus 
exhibiting a predominance of lung cancer. A detailed 
summary of the clinical, pathological, immunological, 
and molecular features of the eight NRG1 fusion-positive 

cases may be found in Table 1. Notably, tumors harbor-
ing an NRG1 fusion all presented histologically as adeno-
carcinomas and occurred primarily in female patients 
with only one male patient, thereby exhibiting a female 
predominance.

Phospho-ErbB3 and Phospho-ErbB2 IHC is useless for 
NRG1 fusion prediction
It has been reported that the presence of NRG1 rear-
rangements results in an increase in fusion transcript and 
chimeric ligand, leading to aberrant induction of ErbB2/
ErbB3 heterodimerization and subsequent receptor acti-
vation by phosphorylation. Previous studies have demon-
strated that the phospho-ErbB3 immunohistochemistry 
(IHC) assay exhibits a sensitivity of 100% and specificity 
of 97% for identifying cases with NRG1 rearrangements 
[21]. However, our study revealed that all 29 cases that 
were positive by fluorescence in situ hybridization (FISH) 
for NRG1 rearrangements were negative for phospho-
ErbB3 IHC staining, and even among the eight cases 

Table 1 Clinicopathological features of eight NGS NRG1 fusion positive cases
No. Tumor type Histological type Gender Age Stage(T,N,M) NRG1 fusion mode
S201922867-3 colorectal cancer Adenocarcinoma Male 78 II(T3,N0,M0) NSD3:EXON3-NRG1:EXON 2
S201906567-2 colorectal cancer Adenocarcinoma Female 56 II(T2,N0,M0) WASR2:EXON2-NRG1:EXON6
S202022206 Intrahepatic cholangiocarcinoma Adenocarcinoma Female 39 I(T1,N0,M0) ATP1B1:EXON2-NRG1: EXON2
201766478 Breast cancer Invasive adenocarcinoma Female 51 III(T2,N2,M0) PLEKHA2:EXON4-NRG1: EXON6
201770699-3 Lung cancer NSCLC Female 46 IV(T2,N0,M1) NOTCH2:EXON1-NTR1:EXON12
F201900641-4 Lung cancer NSCLC Female 65 II(T1,N2,M0) TBC1019:EXON4-NRG1:EXON3
JF201900557 Lung cancer Mucinous adenocarcinoma Female 67 I(T1,N0,M0) CD74:EXON6-NRG1:EXON 6
JF202001074 Lung cancer Mucinous adenocarcinoma Female 70 I(T1,N0,M0) SDC4:EXON2-NRG1:EXON 6

Fig. 3 Schematic diagram of NRG1 fusion variants in pancancers. A Genomic structure of wild-type NRG1. B Fusion variants identified with 5’ partners 
joined to 3’ NRG1. Bars depict the predicted functional domains (not shown to scale) of interest, and the red dashed line indicates fusion breakpoints. The 
EGF domain is preserved in all fusion variants
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that were positive by next-generation sequencing (NGS), 
none exhibited any staining. Based on these findings, we 
conclude that phospho-ErbB3 is not a useful biomarker 
for screening NRG1 fusion in our study cohort.

Discussion
The present study investigated 3008 specimens from 
various tumor types to identify NRG1 fusions. Initially, 
29 cases of NRG1 translocations were identified by flu-
orescence in situ hybridization assay in multiple cancer 
types. However, further confirmation by next-generation 
sequencing revealed a significantly lower incidence of 
NRG1 fusion, ultimately identifying eight NRG1 fusion-
positive specimens. Specifically, this molecular alteration 
was observed in adenocarcinomas derived from lung, 
breast, cholangiocarcinoma, and colorectal tissues, with 
an overall low incidence. The majority of NRG1 fusion 
tumors (87.5%) were observed in female patients. The 
breakpoint commonly occurred after exon 6, followed 
by exon 2, 3, and 12. Furthermore, eight different fusion 
partners were noted in the positive cases. In lung cancer, 
the NRG1 fusion has more frequently been observed in 
the invasive mucinous adenocarcinoma subtype, and 
in this study, half of the NRG1-positive non-small cell 
lung cancer cases demonstrated a mucinous histology. In 
breast cancer, the incidence of NRG1 fusion was reported 
to be 0.35%, with an associated adverse prognosis [22, 
23]. This study identified only one case of PLEKHA2-
NRG1 fusion with an incidence of 0.71% in breast can-
cer cases. Pancreatic ductal adenocarcinoma (PDAC) has 
been reported to be an NRG1 fusion-enriched tumor; 
the overall incidence of NRG1 + PDAC is estimated to be 
0.48% [11], and the incidence of NRG1 + PDAC seems to 
be enriched in KRAS-wild-type PDAC [24, 25]. However, 
in this study, we did not find NRG1 fusion in pancreatic 
cancer, mostly because of the limited samples. Remark-
ably, colorectal cancer and cholangiocarcinoma exhibited 
a relatively higher incidence of NRG1 fusion (0.22% and 
0.33%, respectively). The limited data pertaining to a pre-
dominant histology, molecular subgroup, or hormonal 
status associated with NRG1 fusion in specific tumor 
types necessitates further investigation in terms of effec-
tive screening strategies.

The optimal methodology for screening NRG1 fusions 
across various cancers remains unclear. Break-apart FISH 
is a commonly employed technique for detecting fusions, 
and it has been used since 2004 to detect NRG1 fusions. 
In a previous study by Prentice et al., NRG1 rearrange-
ments were found in 17 out of 382 breast cancer cases. 
Three types of signal aberrations were observed, includ-
ing amplification of either the 5’ or 3’ ends, or both. 
However, a novel amplicon centromeric to NRG1 was 
discovered through bacterial artificial chromosome array 
comparative genomic hybridization, which encompassed 

two genes (SPFH2 and FLJ14299). It was suspected that 
this amplicon resulted from breakpoints and chromo-
somal rearrangements within the NRG1 locus [23]. 
Similar to Prentice’s study, our study also observed three 
types of NRG1 break-apart signal aberrations. However, 
the FISH probe design in both studies did not specifically 
target the NRG1 gene, which may have contributed to 
false-positive results. Furthermore, the complexity of the 
rearrangement mechanism, such as break-fusion-bridge 
(BFB) cycles and out-of-frame variants, can also lead 
to deceptive gene rearrangements. BFB cycles involve 
breakpoints surrounding the amplicon and loss of genes 
telomeric to the amplified region, which can result in 
amplified regions centromeric to the NRG1 breakpoint 
and overexpression of novel oncogenes [26]. A simi-
lar scenario in which these breakpoints result in break-
fusion-bridge (BFB) cycles that create amplified regions 
centromeric to the target, leading to overexpression of 
novel oncogenes, has been suggested for Her2, Topo2A 
and RET [27, 28]. Out-of-frame (nonfunctional) variants 
are also denoted as NRG1 rearrangements, which can 
also induce false-positive FISH results but negative RNA-
based NGS results. RNA-based NGS has the advantage 
of providing evidence that a putative fusion is expressed 
and in-frame, as not all RNA transcripts are in-frame. 
However, DNA-based sequencing cannot capture tran-
scribed products when there are multiple splice variants 
and transcriptional start sites, so DNA-based sequenc-
ing can only predict a transcript but cannot guarantee 
an in-frame messenger RNA product [29, 30]. There-
fore, RNA-based NGS is advantageous in detecting true 
NRG1 fusions by providing evidence of expressed and 
in-frame fusion transcripts. Additionally, another advan-
tage of RNA-based NGS is that it can calculate both the 
ratio of β/α-isoforms and the frequency of NRG1 fusions 
from the numbers of junctional reads, including the ratio 
of β/α-isoforms [31]. However, limitations exist due to 
the difficulty of obtaining RNA of sufficient quality and 
quantity from clinical samples, especially those preserved 
in formalin-fixed, paraffin-embedded tissues. In conclu-
sion, the strategy for screening NRG1 fusions in cancers 
is complex and requires further investigation.

NRG1 gene undergoes alternative splicing to produce 
various heregulin isoforms, which act as ligands for mem-
bers of the HER/ERBB receptor family, particularly HER2 
and HER3 [7, 32]. As a result, phosphorylated HER3 
(p-HER3) is commonly used as a functional screen for 
NRG1 fusions. Immunohistochemical (IHC) detection of 
p-HER3 has shown sensitivity rates of 94–100% [10, 21]. 
However, in our study, we did not detect any cases posi-
tive for p-HER3 IHC. Limitations associated with IHC 
testing include the potential for both false negative and 
false positive results. Factors contributing to false nega-
tive results include variations in tissue fixation conditions 
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and the suboptimal sensitivity of p-HER3 antibodies. 
False positive results may arise from the expression of tis-
sue-restricted NRG1 isoforms and the intrinsic presence 
of NRG1 in certain neural crest-derived tissues. There-
fore, further investigations are necessary to establish the 
applicability of p-HER3 IHC screening across various tis-
sues and tumor types.

In this study, we investigated NRG1 fusion in a large 
pancancer cohort using NGS and FISH techniques. Our 
findings revealed that the prevalence of NRG1 fusion 
was significantly lower than previously anticipated, 
with only eight specimens demonstrating such fusions 
through NGS analysis (8/3008, 0.27%). Breakpoints were 
seen most frequently to occur after exon 6, followed by 
exons 2, 3, and 12, with diverse fusion partners observed. 
Clinically, all NRG1 fusion tumors were adenocarcino-
mas, with the majority registered as female (7/8, 87.5%). 
Interestingly, NRG1 fusion was also detected in chol-
angiocarcinoma and colorectal carcinoma, besides the 
well-known breast and lung cancers. Of the total cases, 
29 were FISH positive, but only eight were confirmed 
via NGS analysis. We believe that FISH analysis may be 
deceptive in identifying NRG1 gene rearrangements, 
potentially due to BFB cycles induced by breakpoints 
within the NRG1 gene, resulting in the amplification of 
novel oncogenes. Nevertheless, Type C FISH cases were 
found to be in complete accordance with NGS results.

Acknowledgements
The authors thank Berry Oncology Corporation, Beijing, China, for the NGS 
service and shared data.

Authors’ contributions
Clinical and pathological analysis: Lin Li, Xiaohong Pu, Shuang Ren, 
Shuangshuang Peng, Xiaomei Zhang, Fuping Gao; FISH: Xiaohong Pu; IHC: 
Binbin Liu; Next-generation sequencing: Jing Li, Qing Ye; Statistical analysis: 
Xiaohong Pu, Xiaomei Zhang, Binbin Liu; Article writing: Qiu Wei, Fuping Gao; 
Study design: Qiu Wei, Qing Ye.

Declarations

Ethical approval
All procedures performed in studies involving human participants were in 
accordance with the ethical standards of the institutional and/or national 
research committee and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards. Samples were obtained after 
the patients provided informed consent.

Conflict of interest
The authors have disclosed that they have no significant relationships with, or 
financial interest in, any commercial companies pertaining to this article.

Received: 7 August 2023 / Accepted: 26 November 2023

References
1. Mei L, Nave KA. Neuregulin-ERBB signaling in the nervous system and neuro-

psychiatric Diseases. Neuron. 2014;83(1):27–49.

2. Holmes WE, Sliwkowski MX, Akita RW, Henzel WJ, Lee J, Park JW, Yansura D, 
Abadi N, Raab H, Lewis GD, et al. Identification of heregulin, a specific activa-
tor of p185erbB2. Science. 1992;256(5060):1205–10.

3. Wen D, Peles E, Cupples R, Suggs SV, Bacus SS, Luo Y, Trail G, Hu S, Silbiger 
SM, Levy RB, et al. Neu differentiation factor: a transmembrane glycoprotein 
containing an EGF domain and an immunoglobulin homology unit. Cell. 
1992;69(3):559–72.

4. Marchionni MA, Goodearl AD, Chen MS, Bermingham-McDonogh O, Kirk C, 
Hendricks M, Danehy F, Misumi D, Sudhalter J, Kobayashi K, et al. Glial growth 
factors are alternatively spliced erbB2 ligands expressed in the nervous 
system. Nature. 1993;362(6418):312–8.

5. Chang H, Riese DJ 2nd, Gilbert W, Stern DF, McMahan UJ. Ligands for 
ErbB-family receptors encoded by a neuregulin-like gene. Nature. 
1997;387(6632):509–12.

6. Carraway KL 3rd, Weber JL, Unger MJ, Ledesma J, Yu N, Gassmann M, Lai C. 
Neuregulin-2, a new ligand of ErbB3/ErbB4-receptor tyrosine kinases. Nature. 
1997;387(6632):512–6.

7. Falls DL. Neuregulins: functions, forms, and signaling strategies. Exp Cell Res. 
2003;284(1):14–30.

8. Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nat Rev 
Mol Cell Biol. 2001;2(2):127–37.

9. Schaefer G, Fitzpatrick VD, Sliwkowski MX. Gamma-heregulin: a novel heregu-
lin isoform that is an autocrine growth factor for the human Breast cancer cell 
line, MDA-MB-175. Oncogene. 1997;15(12):1385–94.

10. Fernandez-Cuesta L, Plenker D, Osada H, Sun R, Menon R, Leenders F, 
Ortiz-Cuaran S, Peifer M, Bos M, Dassler J, et al. CD74-NRG1 fusions in lung 
adenocarcinoma. Cancer Discov. 2014;4(4):415–22.

11. Jonna S, Feldman RA, Swensen J, Gatalica Z, Korn WM, Borghaei H, Ma PC, 
Nieva JJ, Spira AI, Vanderwalde AM, et al. Detection of NRG1 gene fusions 
in solid tumors. Clin cancer Research: Official J Am Association Cancer Res. 
2019;25(16):4966–72.

12. Drilon A, Somwar R, Mangatt BP, Edgren H, Desmeules P, Ruusulehto A, Smith 
RS, Delasos L, Vojnic M, Plodkowski AJ, et al. Response to ERBB3-Directed tar-
geted therapy in NRG1-Rearranged cancers. Cancer Discov. 2018;8(6):686–95.

13. Wu X, Zhang D, Shi M, Wang F, Li Y, Lin Q. Successful targeting of the NRG1 
fusion reveals durable response to afatinib in lung adenocarcinoma: a case 
report. Ann Transl Med. 2021;9(19):1507.

14. Gay ND, Wang Y, Beadling C, Warrick A, Neff T, Corless CL, Tolba K. Durable 
response to Afatinib in Lung Adenocarcinoma harboring NRG1 gene fusions. 
J Thorac Oncol. 2017;12(8):e107–10.

15. Jones MR, Lim H, Shen Y, Pleasance E, Ch’ng C, Reisle C, Leelakumari S, Zhao 
C, Yip S, Ho J, et al. Successful targeting of the NRG1 pathway indicates novel 
treatment strategy for metastatic cancer. Ann Oncol. 2017;28(12):3092–7.

16. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler 
transform. Bioinformatics. 2009;25(14):1754–60.

17. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis 
G, Durbin R. Genome Project Data Processing S: the sequence Alignment/
Map format and SAMtools. Bioinformatics. 2009;25(16):2078–9.

18. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Gari-
mella K, Altshuler D, Gabriel S, Daly M, et al. The genome analysis Toolkit: a 
MapReduce framework for analyzing next-generation DNA sequencing data. 
Genome Res. 2010;20(9):1297–303.

19. Ge H, Liu K, Juan T, Fang F, Newman M, Hoeck W. FusionMap: detecting 
fusion genes from next-generation sequencing data at base-pair resolution. 
Bioinformatics. 2011;27(14):1922–8.

20. Huang HE, Chin SF, Ginestier C, Bardou VJ, Adelaide J, Iyer NG, Garcia MJ, 
Pole JC, Callagy GM, Hewitt SM, et al. A recurrent chromosome breakpoint 
in Breast cancer at the NRG1/neuregulin 1/heregulin gene. Cancer Res. 
2004;64(19):6840–4.

21. Trombetta D, Graziano P, Scarpa A, Sparaneo A, Rossi G, Rossi A, Di Maio M, 
Antonello D, Mafficini A, Fabrizio FP, et al. Frequent NRG1 fusions in caucasian 
pulmonary mucinous adenocarcinoma predicted by Phospho-ErbB3 expres-
sion. Oncotarget. 2018;9(11):9661–71.

22. Howarth KD, Mirza T, Cooke SL, Chin SF, Pole JC, Turro E, Eldridge MD, Garcia 
RM, Rueda OM, Boursnell C, et al. NRG1 fusions in Breast cancer. Breast Cancer 
Res. 2021;23(1):3.

23. Prentice LM, Shadeo A, Lestou VS, Miller MA, deLeeuw RJ, Makretsov N, Turbin 
D, Brown LA, Macpherson N, Yorida E, et al. NRG1 gene rearrangements in 
clinical Breast cancer: identification of an adjacent novel amplicon associated 
with poor prognosis. Oncogene. 2005;24(49):7281–9.



Page 9 of 9Zhang et al. Diagnostic Pathology            (2024) 19:1 

24. Heining C, Horak P, Uhrig S, Codo PL, Klink B, Hutter B, Frohlich M, Bonekamp 
D, Richter D, Steiger K, et al. NRG1 fusions in KRAS Wild-Type Pancreatic 
Cancer. Cancer Discov. 2018;8(9):1087–95.

25. Jones MR, Williamson LM, Topham JT, Lee MKC, Goytain A, Ho J, Denroche 
RE, Jang G, Pleasance E, Shen Y, et al. NRG1 gene fusions are recurrent, clini-
cally actionable gene rearrangements in KRAS Wild-Type Pancreatic Ductal 
Adenocarcinoma. Clin cancer Research: Official J Am Association Cancer Res. 
2019;25(15):4674–81.

26. Coquelle A, Pipiras E, Toledo F, Buttin G, Debatisse M. Expression of fragile 
sites triggers intrachromosomal mammalian gene amplification and sets 
boundaries to early amplicons. Cell. 1997;89(2):215–25.

27. Jacobson KK, Morrison LE, Henderson BT, Blondin BA, Wilber KA, Legator MS, 
O’Hare A, Van Stedum SC, Proffitt JH, Seelig SA, et al. Gene copy mapping 
of the ERBB2/TOP2A region in Breast cancer. Genes Chromosomes Cancer. 
2004;40(1):19–31.

28. Xiang C, Guo L, Zhao R, Teng H, Wang Y, Xiong L, Han Y. Identification and vali-
dation of Noncanonical RET fusions in Non-small-cell Lung Cancer through 
DNA and RNA sequencing. J Mol Diagn. 2022;24(4):374–85.

29. Li W, Liu Y, Li W, Chen L, Ying J. Intergenic breakpoints identified by DNA 
sequencing confound targetable kinase Fusion Detection in NSCLC. J Thorac 
Oncol. 2020;15(7):1223–31.

30. Li W, Guo L, Liu Y, Dong L, Yang L, Chen L, Liu K, Shao Y, Ying J. Potential unreli-
ability of uncommon ALK, ROS1, and RET genomic breakpoints in Predicting 
the efficacy of targeted therapy in NSCLC. J Thorac Oncol. 2021;16(3):404–18.

31. Nagasaka M, Ou SI. NRG1 and NRG2 fusion positive solid Tumor malignancies: 
a paradigm of ligand-fusion oncogenesis. Trends Cancer. 2022;8(3):242–58.

32. Adelaide J, Huang HE, Murati A, Alsop AE, Orsetti B, Mozziconacci MJ, 
Popovici C, Ginestier C, Letessier A, Basset C, et al. A recurrent chromosome 
translocation breakpoint in breast and Pancreatic cancer cell lines targets the 
neuregulin/NRG1 gene. Genes Chromosomes Cancer. 2003;37(4):333–45.

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


	﻿Fluorescent in situ hybridization has limitations in screening NRG1 gene rearrangements
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Patient data
	﻿Tissue microarray construction
	﻿Fluorescence in situ hybridization (FISH)
	﻿Immunohistochemistry (IHC)
	﻿DNA/RNA extraction
	﻿DNA-based NGS
	﻿RNA-based NGS

	﻿Results
	﻿Sample population
	﻿Three distinct FISH signal types of NRG1 aberrations
	﻿Genome rearrangements were not fully associated with NRG1 fusions
	﻿Phospho-ErbB3 and Phospho-ErbB2 IHC is useless for NRG1 fusion prediction

	﻿Discussion
	﻿References


