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Simple Summary: Treatment in oncology has and will keep evolving into an agnostic approach
where therapies are guided more towards the identification and targeting of genetic abnormalities
and less by organ of origin of the cancer, as has been done for decades. With every genetic abnormality
being identified as a target, the pharmaceutical development of medications targeting these genes
has grown, leading to better survival rates, quality of life and a bigger interest in finding new
targets. Lung cancer is one of the best examples where targetable genetic abnormalities have
led to substantial survival differences compared to patients undergoing empirical conventional
chemotherapy. Translocations in the neuregulin 1 gene (NRG1) are one of many gene fusions that are
becoming clinically significant, and it has the potential to become a targetable gene with ongoing
clinical trials already in Europe and the US. This review aims to portray the importance and latest
developments regarding this new fusion in lung cancer treatment.

Abstract: Oncogenic gene fusions are hybrid genes that result from structural DNA rearrangements,
leading to unregulated cell proliferation by different mechanisms in a wide variety of cancer. This has
led to the development of directed therapies to antagonize a variety of mechanisms that lead to cell
growth or proliferation. Multiple oncogene fusions are currently targeted in lung cancer treatment,
such as those involving ALK, RET, NTRK and ROS1 among many others. Neuregulin (NRG) gene
fusion has been described in the development of normal tissue as well as in a variety of diseases, such
as schizophrenia, Hirschsprung’s disease, atrial fibrillation and, most recently, the development of
various types of solid tumors, such as renal, gastric, pancreatic, breast, colorectal and, more recently,
lung cancer. The mechanism for this is that the NRG1 chimeric ligand leads to aberrant activation of
ERBB2 signaling via PI3K-AKT and MAPK cellular cascades, leading to cell division and proliferation.
Details regarding the incidence of these gene rearrangements are lacking. Limited case reports and
case series have evaluated their clinicopathologic features and prognostic significance in the lung
cancer population. Taking this into account, NRG1 could become a targetable alteration in selected
patients. This review highlights how the knowledge of new molecular mechanisms of NRG1 fusion
may help in gaining new insights into the molecular status of lung cancer patients and unveil a novel
targetable molecular marker.

Keywords: NRG1 fusion; lung cancer; resistance to therapy; target therapy

1. Introduction

Diagnostic and therapeutic resources in medical oncology are and will continue to
evolve into a more individualized approach. The presence or absence of specific genetic

Cancers 2021, 13, 5038. https://doi.org/10.3390/cancers13205038 https://www.mdpi.com/journal/cancers

https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0001-8909-5760
https://orcid.org/0000-0003-2669-5771
https://orcid.org/0000-0002-3365-1972
https://doi.org/10.3390/cancers13205038
https://doi.org/10.3390/cancers13205038
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13205038
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers13205038?type=check_update&version=3


Cancers 2021, 13, 5038 2 of 9

abnormalities will guide treatment and also help as markers for prognosis, medication
response and survival. In the last decade, multiple pharmaceutical agents have been
approved as targeted therapies by the FDA. Some examples of targetable gene abnormalities
are those involving EGFR, ALK, BRAF, ROS, RET, KRASg12c, HER2, PI3K, MET exon 14,
NTRK, PD1 and, more recently, IDH1/2 and FGFR. This has led to questions, such as what
other molecular markers are responsible for oncogenic development, but also which ones
can be targeted and which ones can be detected, not only with issue but also with blood
work such as liquid biopsies. Oncogenic gene fusions are hybrid genes that result from
structural DNA rearrangements, leading to deregulated activity.

The NRG1 gene is located in chromosome 8 in region 8p12. This gene encodes the
growth factor neuregulin 1 (NRG1). NRG1 contains an epidermal growth factor (EGF)-
like domain, which binds to human tyrosine kinases of the ErbB/HER receptor group,
specifically ERBB3 and ERBB4, leading to the activation of ErbB-mediated downstream
signaling pathways that translate into cell growth. This has led to the development of
targeted therapies to NRG1 that are currently underway (Figure 1) [1–4].Cancers 2021, 13, 5038  3  of  10 
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accessed on 4 July 2021).

BioRender.com


Cancers 2021, 13, 5038 3 of 9

NRG1 can create fusions with other genes, and the most common fusion partners
identified in patients with lung cancer include SLC3A2, SDC4, RBPMS, WRN, VAMP2,
ATP1B1, ROCK1, RALGAPA1, TNC, MDK, DIP2B, MRPL13, DPYSL2, PARP8 and ITGB1. In
samples with other types of cancer, not including lung, POMK (colorectal cancer, CRC), APP
(pancreatic ductal adenocarcinoma, PDAC), CDH6 (PDAC), ATP1B1 (cholangiocarcinoma
and PDAC) and CLU (ovarian cancer) were the most common fusions found [5,6].

2. Early Studies in NRG1

There are reports of tumors expressing concomitant NRG1 rearrangements with
known protooncogenes such as ALK or KRAS. Medical oncologists could potentially
use this as an advantage for treatment, since some tyrosine kinase inhibitors (TKI) are
non-selective to not just one receptor or mutation but to multiple, taking advantage of
those tumors with multiple targetable mutations [7–9].

Regarding non-neoplastic conditions, NRG1 expression has been identified as an
adaptive response to tissue alteration. The systems that this has been described are the
cardiac, gastrointestinal tissues, as well as the nervous system. In the specific example of
heart failure, when cardiomyocytes are injures or overloaded, NRG1 expression increases,
leading to fibroblast and macrophage activation. This has led to studies in which NRG1 is
administered to patients with heart failure, improving cardiac function in different models,
and is currently being researched in other pathologies such as atrial fibrillation as well as
other cardiac diseases, such as Hirschsprung’s disease [10–12].

Regarding the nervous system, the presence or absence of the NRG1 gene has shown a
relationship with Alzheimer’s disease. A study by Mouton-Liger et al. showed that a high
NRG1 expression in cerebrospinal fluid (CSF) shows a negative correlation with cognition
in Alzheimer’s disease patients. Other studies show a positive correlation with cognition
in patients with a diagnosis of schizophrenia and even a protective correlation for cortical
stroke treatment [13–16].

3. NRG1 and Early Reports in Cancer

NRG1 gene fusions have been identified in multiple types of cancers. Jonna et al.
profiled 21,858 tumor specimens over a 3-year time spam and found the incidence to be
0.2%. The greatest incidence was in non-small-cell lung cancer (NSCLC). Other tumor types
harboring an NRG1 fusion included PDAC, CRC, gastrointestinal stromal tumors (GISTs),
squamous cell carcinomas (SCCs), breast, cholangiocarcinoma, thyroid, renal cell carcinoma,
bladder, ovarian, neuroendocrine and sarcoma and are clinically actionable oncogenic
drivers [17–21]. In another cohort of patients, Drilon et al. reported 17,485 patients with
a variety of advanced solid tumors, where NRG1 rearrangements were detected in 0.14%
(3/2079) of NSCLC cases, specifically lung adenocarcinomas, 0.13% (1/791) of pancreatic
adenocarcinomas and 0.04% (1/2703) of patients with ER+/HER2-positive breast cancer.
Of note, they describe how in patients with wild-type KRAS lung cancer, NRG1 fusions
were detected in 11% of patients (4 of 36) [22]. Regarding epidemiology, Fernandez-Cuesta
et al. found that NRG1 rearrangements are more common in those that have never smoked.
By screening 102 lung adenocarcinomas negative for known oncogenic alterations, they
found that NRG1 was present in 4 out of 15 of the invasive mucinous adenocarcinoma
(IMA) subtype [18].

Kim et al. report the treatment of two patients with lung IMA NRG1+ that were treated
with lumretuzumab, a monoclonal anti-ERBB3 antibody, in combination with erlotinib
during a clinical trial. Both patients were treated in a setting of more than three lines of
therapy failure. At least sixteen weeks of progression-free survival (PFS) were achieved
without any unacceptable toxicity. Given that IMA is a rare but aggressive disease, this
small case series show how other options for treatment should be further studied, such
as targeting HER2 for patients with NRG1 rearrangements [23]. Howarth et al. describe
a complex mechanism of NRG1 alterations, where some mutations can lead to increase
cell proliferation and evasion of apoptosis but on the contrary, some NRG1 fusion proteins
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can lead to cell death. The authors theorize that not only the upregulation of this pathway
but also its downregulation can lead to cell proliferation. This theory encourages more
research in the signal pathway to determine if not only inhibition of this pathway but
maybe agonism can lead to tumor regression. Whether or not this is the explanation,
because many NRG1 rearrangements seem to be inactivating, the correct identification of
activating fusions may require care [24].

ERBB2-positive breast cancer is treated with directed therapy as the standard of care.
If patients develop resistance to HER2-targeted therapies, Yang et al. theorize that NRG1
expression could be responsible for HER2 resistance, specifically to trastuzumab, making
this gene abnormality even more attractive to research since it could potentially represent
not only another targetable receptor but a modifiable one with which to avoid resistance to
anti-HER2 therapies [25]. Specifically in breast cancer, some authors, such as Prentice et al.,
report that NRG1 rearrangements can represent a poor prognosis factor [26].

The most common treatment approach to patients with lung cancer is to receive
chemotherapy with or without surgery and radiation. Patients that relapse or become
resistant to multiple modalities receive molecular studies such as next-generation sequenc-
ing (NGS) to determine the next best approach to treatment if an actionable mutation is
present. Hegde et al. hypothesize that chemotherapy may induce NRG1 expression in
tumor cells, making them resistant to its cytotoxic effects and leading to chemotherapy
resistance [27]. Cadranel et al. published a case series of six patients harboring NRG1 gene
fusions, five with LMA and one with CRC, and all were treated with afatinib. From the five
lung cancer patients, four had a partial response (PR) and one had stable disease (SD). The
CRC patient had stable disease. Of note, 100% of patients were treated not as a first-line
treatment, and most were in the setting of failing multiple lines of treatment. A conclusion
by this case series is that NRG1 inhibitors can be an option for patients who have already
had undergone multiples lines of treatment [28]. Jones et al. published a case series of
47 patient with pancreatic ductal adenocarcinoma from which three (67%) were found to
have NGR1 rearrangements and received afatinib. These three patients were identified as
wild-type KRAS by whole-genome sequencing. All wild-type KRAS tumors were positive
for gene fusions involving the ERBB3 ligand NRG1. Two of three patients with NRG1
fusion-positive tumors were treated with afatinib and demonstrated a significant and rapid
response while on therapy. One of these patients had a family history of gastrointestinal
cancers (colon and gastric), and another patient had a family history of prostate and colon
cancer. All this contributes to the growing amount of evidence that not only could NRG1
represent a targetable alteration, but also that its presence increases the risk of different
types of tumor; it could, potentially, be used as a genetic assessment in liquid biopsies.
These authors point out that the mechanisms of resistance to NRG1-targeting agents could
be potentially explained by the upregulation of NRG1 as well as parallel pathway activa-
tion, as seen in HER2-positive breast cancer models and ALK-positive lung cancer [29].
Yung et al. evaluated the presence of NRG1 in 502 gastric cancer samples and found that
28.1 % (141 patients) were expressors. NRG1 overexpression was significantly associated
with aggressive features, including infiltrative tumor growth, lymphovascular and neural
invasion, a high pathologic stage and poor prognosis, but it was not associated with the
presence of EBV, MSI or HER2 status. These results suggest that NRG1 overexpression may
predict poor clinical outcomes and that targeting NRG1 represents a therapeutic oppor-
tunity in gastric cancer [30]. Duruisseaux et al. reported a case series of 25 patients from
France with a diagnosis of IMA. A driver oncogene was identified in 14/25 IMAs, namely
12 KRAS mutations (48%), 1 ROS1 rearrangement (4%) and 1 ALK rearrangement (4%). The
detection of NRG1 rearrangements was conducted in 11 pan-negative IMA. One NRG1
rearrangement which was a 61-year-old non-smoking woman of Vietnamese ethnicity,
and was the sole patient of Asian ethnicity in the cohort. This patient had a history of
breast cancer treated with neoadjuvant chemotherapy, radiation and surgery, so there are
many factors that could potentially lead to NRG1 rearrangements. The authors conclude
two main points. First, that NRG1 FISH detection should be considered in patients with
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pan-negative IMA, and second, these results might suggest that NRG1 abnormalities are
more frequent in IMA in patients of Asian descent, but with the acknowledgement that the
cohort of patient was small [31]. Jones et al. published a two-case-series treatment report
published in the Annals of Oncology where one patient had lung adenocarcinoma and one
patient had cholangiocarcinoma. Both patients had different NRG1 rearrangements, but
both were treated with the TKI afatinib. Both displayed a significant and durable response
to treatment [32].

4. Recent NRG Studies Reported

Results of the eNRGy1 Global Multicenter Registry were published recently. This is the
largest retrospective study evaluating the clinic-pathological characteristics and outcomes
of lung cancer patients harboring NRG1 rearrangements, providing useful information re-
garding testing methods and responses to convectional therapies as well as afatinib. NRG1
gene fusions were more common in those that had never smoked (57%), in non-metastatic
patients (71%) and in the IMA subtype (57%). The use of RNA sequencing was associated
with higher detection rates when compared to DNA sequencing. In addition, patients
harboring NRG1 rearrangements tended to exhibit low response rates and short PFS when
treated with platinum-based or taxane-based chemotherapy (ORRs 13% and 14%, respec-
tively; median PFS 5.8 and 4.0 months, respectively) and with chemo-immunotherapy
(ORR 0% and PFS 3.3 months) or immunotherapy alone (ORR 20% and PFS 3.6 months).
Among 110 patients, 20 patients received afatinib as a treatment for metastatic disease,
with encouraging signals of activity (ORR 25% and PFS 2.8 months), regardless of fusion
partner [33]. Laskin et al. report a 19-case series where multiple types of tumors were
included and it was seen that the minimum number of months of response was three and
the maximum was more than 36 months. This authors also comment that NRG1 could
potentially not only be a targetable alteration but also a potential good prognostic factor,
although available data are conflicting [5]. Pan et al. reported that 115 surgical specimens
who underwent lung cancer resection were analyzed and showed that negative expression
of NRG1 was associated with overall survival (OS) and a lower probability of recurrence. Of
note, more than 50% of tumors samples had no concomitant other gene alterations besides
NRG1 [34]. In another study, Shin et al. evaluated the presence of NRG1 rearrangements in
59 patients with IMA, showing that the concomitant presence of other driver mutations
is detectable in a significant proportion of cases (10/16 NRG1 fusion-positive cases had
concurrent KRAS mutations and two additional cases harbored an NRAS mutation and an
ALK fusion, respectively). Interestingly, the presence of an SLC3A2-NRG1 rearrangement
was associated with poor OS [35].

5. Discussion: Where Are We Going with NRG1

Ongoing and future research will determine if and when NRG1 can become a target
for agnostic treatment and shift standard-of-care treatment options, just as other targeted
therapies have. NRG1 fusions are present in multiple cancer types and in a relative high
proportion of lung cancer, specifically IMA, which is one of the most aggressive types
of lung cancer. Although these gene fusions are relatively uncommon in most cancer
types, they are detectable and targetable. Other NRG1-positive tumor types include pan-
creatic, gallbladder cancer, renal cell carcinoma, bladder cancer, ovarian cancer, breast
cancer, neuroendocrine tumor, sarcoma and CRC, showing how an actionable medication
could benefit a large group of patients with a large variety of tumors. Currently, there are
multiple clinical trials ongoing attempting to either target or amplify NRG1 for different
conditions such as heart failure and multiple neoplasia. Multiple phase I, II and III trials are
underway, assessing how using the understanding of NRG1 directly can impact treatment
considerations and even prognostic models (NCT03388593, NCT01214096, NCT01439893
and NCT01439789) [36–38]. A phase II clinical trial aims to investigate the efficacy of the
pan-ERBB inhibitor afatinib in advanced-stage NRG1-rearranged malignancies across all
tumor entities following progression in standard therapy (NCT04410653) [39]. An open-
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label, single-arm, phase IV clinical study was designed to evaluate the efficacy of afatinib in
the treatment of NRG1-fused locally advanced/metastatic NSCLC and explore the clinical
factors that may predict the effectiveness of treatment (NCT04814056) [40]. Phase II clinical
trials are evaluating seribantumab, a novel monoclonal antibody against HER3, which
binds HER3 and inhibits NRG1-dependent activation and HER2 dimerization. This study is
in patient with recurrent, locally advanced or metastatic solid tumors, including metastatic
pancreatic cancer harboring NRG1 gene fusions (NCT04790695, NCT04383210) [41,42]. An
open-label phase II trial for patients with various stages of NSCLC and other solid tumors is
recruiting patients with NSCLC (EGFR exon 20 insertion, HER2-activating mutations) and
other solid tumors with NRG1/ERBB gene fusions to be treated with tarloxotinib bromide
(NCT03805841) [43]. Another phase I/II study is studying single-agent zenocutuzumab
(MCLA-128) in patients with solid tumors, including NSCLC and pancreatic cancer, har-
boring an NRG1 fusion. Zenocutuzumab is a full-length IgG1 bispecific antibody targeting
HER2 and HER3 (NCT02912949) [44]. Recently, the preliminary results of the phase I/II
global clinical trial eNRGy in advanced solid tumors harboring NRG1 rearrangements
were presented. In total, 47 patients were included (25 NSCLC, 12 PDAC and 10 solid
tumors with different histologies). In patients with PDAC, an impressive 42% ORR was
reported with an additional 50% of patients achieving SD. Responses were seen regardless
of tumor histology (ORR in the overall cohort was 29%) and fusion partners. Treatment
was well-tolerated with most of the adverse events of grade 1–2 [45]. Based on these results,
the FDA granted fast-track designation to zenocutuzumab.

It is the authors’ opinion that the mentioned studies highlight the potential clinical
importance that NRG1 can have, but acknowledge the limited data and the rareness of
its presence in the cancer population, being somewhat specific to lung cancer patients.
With broader next-generation sequencing testing of tumor samples, this gene abnormality
will become more prevalent and subsequently so will its research and potential clinical
significance. One question the authors pose is whether the effect of agonisms, antagonisms
and mixed effects on this class of receptors could be compared to the ones seen in medica-
tions such as selective estrogen receptor modulators (SERMs) in the case of breast cancer,
where they are an agonist of estrogen in some tissues and an antagonist in others. SERMs
have been widely used for the treatment of breast cancer, where they have shown clinical
benefits when they agonize and antagonize the same class of receptors in different tissues.

NRG1 also opens the door to debate as to whether other diagnostic tools such as
liquid biopsy can be used to detect this mutation and target it. Given the now widely used
next-generation sequencing (NGS) diagnostic tool, which detects such mutations in tumor
tissues and in blood, it becomes a matter of whether NRG1 can be a clinically targeted
mutation. With this in mind, the authors also state that this diagnostic tool is not 100%
sensitive or specific. This has the pitfall of creating higher rates of false-positive results of
NRG1 presence that could potentially translate into targeted therapies that could lead to
adverse effects for this patient population.

6. Conclusions

In conclusion, NRG1 mutations defined a unique molecular subgroup for further
research. The NRG1 gene was originally studied for its role in the development and damage
response pathway of cardiac, nervous and gastrointestinal tissues. Currently it is regarded
as an oncogene of increasing importance, with potential targeted-therapy implications.
Currently, we have valuable information on the targetable potential of this mutation that
will continue to grow and incorporate higher numbers of patients and a broader inclusion
of other tumor types besides lung cancer. This will inevitably lead to further studies of its
mechanisms of resistance for this combination regimen. The development of new drugs
for rare diseases is challenging, but the evaluation of drugs already approved for other
indications is a pragmatic option. Options for personalized lung cancer therapy will be
increased with the help of multiplex diagnosis systems able to detect multiple druggable
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gene fusions. It is essential to pursue promising therapies that may provide meaningful
clinical benefits for individuals whose tumors harbor NRG1 fusions.
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