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Neuregulin-1 and ALS19 (ERBB4): 
at the crossroads of amyotrophic lateral sclerosis 
and cancer
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Shumei Kato2† and Razelle Kurzrock7,8,9*† 

Abstract 

Background Neuregulin-1 (NRG1) is implicated in both cancer and neurologic diseases such as amyotrophic 
lateral sclerosis (ALS); however, to date, there has been little cross-field discussion between neurology and oncology 
in regard to these genes and their functions.

Main body Approximately 0.15–0.5% of cancers harbor NRG1 fusions that upregulate NRG1 activity and hence 
that of the cognate ERBB3/ERBB4 (HER3/HER4) receptors; abrogating this activity with small molecule inhibitors/
antibodies shows preliminary tissue-agnostic anti-cancer activity. Notably, ERBB/HER pharmacologic suppression 
is devoid of neurologic toxicity. Even so, in ALS, attenuated ERBB4/HER4 receptor activity (due to loss-of-function 
germline mutations or other mechanisms in sporadic disease) is implicated; indeed, ERBB4/HER4 is designated ALS19. 
Further, secreted-type NRG1 isoforms may be upregulated (perhaps via a feedback loop) and could contribute to ALS 
pathogenesis through aberrant glial cell stimulation via enhanced activity of other (e.g., ERBB1-3/HER1-3) receptors 
and downstream pathways. Hence, pan-ERBB inhibitors, already in use for cancer, may be agents worthy of testing 
in ALS.

Conclusion Common signaling cascades between cancer and ALS may represent novel therapeutic targets 
for both diseases.
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Background
Neuregulins, a family of epidermal growth factor (EGF)-
like signaling molecules, are involved in cell-to-cell cross-
talk and also participate in the development and repair 
of diverse body elements including those of the nervous 
system, skeletal muscle, heart, breast, and other organs 
[1–3]. The neuregulin family includes NRG1 (types I–
VI), NRG2, NRG3, and NRG4.

The NRG1 gene is located on the 8p12 region of the 
short arm of chromosome 8; it can translate to six differ-
ent NRG1 (neuregulin1) protein types and over 30 dif-
ferent isoforms that act as extracellular EGF-like ligands 
for ERBB3/HER3 and ERRB4/HER41; the many differ-
ent isoforms may be the reason why NRG1 can influence 
diverse functions such as proliferation and differentia-
tion of glial, neuronal, and Schwann cells, expression of 
acetylcholine receptors in synaptic vesicles during neu-
romuscular junction formation, growth of skeletal mus-
cle cells, lobuloalveolar budding/milk production in 
the breast, differentiation of breast cancer cells, and the 
development of the myocardium [4]. Neurohypophyseal 
NRG1 is derived from the hypothalamus as a prolactin 
modulator and is mainly expressed in rat pituitary gon-
adotrope cells and possibly regulates prolactin secretion 
in a juxtacrine manner [5, 6].

As mentioned, NRG1 binds to ERBB3/HER3 and 
ERBB4/HER4. ERBB3/HER3 lacks or has little intrinsic 

tyrosine kinase enzymatic activity; however, it frequently 
forms heterodimers with other ERBB/HER tyrosine 
kinases and, in cancer cells, can activate oncogenic sign-
aling. While EGFR/ERBB1/HER1, ERBB3/HER3 and 
ERBB4/HER4 have ligands, ERBB2/HER2 has no known 
ligand. When a ligand binds to the extracellular region 
of EGFR/ERBB1/HER1, ERBB3/HER3, or ERBB4/HER4, 
the dimerization arm in domain II is exposed leading to 
receptor-receptor interaction; dimerization is a crucial 
step for receptor function and activation of cytoplasmic 
signaling [7]. In contrast, ERBB2/HER2 is always in a 
constitutively active conformation with its dimerization 
arm opening even without ligand binding.

Importantly, the NRG family, of which NRG1 is a 
member, includes three other subtypes (NRG-2 (Don-1, 
NTAK), NRG-3, and NRG-4), each with unique function-
ality profiles and binding sites (Fig. 1 panels A–F; Table 1) 
[1, 4, 8–20]. Specifically, NRG1-2 serve as ligands that 
bind to ERBB3/HER3, and NRG1-4 bind to ERBB4/
HER4 (Fig.  1A). Because ERBB3/HER3 and ERBB4/
HER4 can each heterodimerize with EGFR/ERBB1/HER1 
and ERBB2/HER2 (and with each other), NRG1 can also 
indirectly affect the function of EGFR/ERBB1/HER1 
and ERBB2/HER2 through ERBB3/HER3 and ERBB4/
HER4 by recruiting the former co-receptors, resulting 
in ligand-induced tyrosine phosphorylation. Depend-
ing on which receptor NRG has bound itself to, and its 

(See figure on next page.)
Fig. 1 A (i) ERBB/HER family members and their cognate ligands (ii) Structural difference of various (I-VI) types of NRG1. Abbreviations: CD, 
cytoplastmic domain; CRD, Cysteine-rich domain; ECD, extracellular domain; EGF, epidermal growth factor; EGF-L; EGF-like repeat; HB-EGF, 
heparin-binding EGF-like growth factor; Ig, Ig-like C2-type domain; LIMK, LIM kinase; N-CoR, Nuclear receptor co-repressor; TA B2, TGF-Beta 
Activated Kinase 1 (MAP3K7) Binding Protein 2); TGF, transforming growth factor; TM, transmembrane; TMD, transmembrane domain; WT, wild 
type. B Examples of various fusions of NRG1. The structure of some representative variants of NRG1 fusions is shown. The EGF domain is preserved 
in all fusion proteins. C ERBB/HER family and potential downstream cascades. Figure represents possible sets for ERBB3/HER3 or ERBB4/HER4 
dimerization with other ERBB/HER family members (HER1:HER4, HER1:HER3, HER2:HER4, HER4:HER4, HER3:HER4, and HER2:HER3) and their ligand(s) 
(e.g., NRG1, 2, 3, and 4) binding or their binding with EGF-like structure of NRG1 fusion-protein. Note that ERBB4/HER4 is also known as ALS19. 
NRG1 fusion-protein exerts a tumorigenic effect that requires HER2:HER3 heterodimerization-mediated activation, which can result in oncogenic 
signaling. The NRG1 fusion product is a transmembrane protein with an extracellular EGF-like domain that binds to ERBB3/HER3 in the cell 
membrane (see inside the box). NRG or NRG1-fusion-induced HER2:HER3 heterodimerization is depicted as the inset. The binding of ligands 
to receptors triggers dimerization and activation of the downstream signaling events responsible for tumorigenesis. Out of four family members, 
ERBB3/HER3 has six YXXM motifs responsible for the recruitment of p85, leading to activation of the PI3K-AKT-mTOR pathway. Other receptor 
dimerization also activates the RAS-RAF-MAPK pathway responsible for proliferation and survival. The NRG-HER signaling pathway also activates 
downstream JAK-STAT and PLCγ-PKC pathways, and both play a role in various oncogenic phenotypes. Examples of FDA-approved drugs are shown 
in the red color font, and examples of non-approved drugs are presented in blue font (inside the box). ERBB2/HER2 may also interact with ERBB3/
HER3 and IGF1R to form heterotrimeric complex (HER2-HER3-IGF1R) [not shown in the figure] in trastuzumab-resistant breast cancer cells. D 
NRG1-mediated ERBB4/HER4 activation forward signaling (non-canonical). Non-canonical ERBB4/HER4 (also known as ALS19) forward signaling 
is shown. The ERBB4/HER4 intracellular domain is cleaved by γ-secretase (or others) (separated from the extracellular domain (ECD); the ERBB4/HER4 
intracellular domain translocates to the nucleus to regulate gene expression. Also, NRG1-mediated HER4 activation (phosphorylation) promotes 
the association with an adaptor protein TA B2. TA B2 also recruits N-CoR and forms a signaling complex that, upon translocation to the nucleus, 
represses the transcription of certain genes required for the differentiation of neuronal precursor cells. E NRG1- mediated backward signaling. 
For NRG1-mediated backward signaling, the C-terminal fragment of NRG1 (CD: cytoplasmic domain) is cleaved from the Pro-NRG1 by the help 
of a protease; NRG1 CD may translocate to the nucleus to regulate gene transcription. The CD of Pro-NRG1 also interacts with LIM kinase (LIMK). 
LIMK (a non-receptor tyrosine kinase) has been shown to regulate cytoskeletal rearrangement/actin dynamics in many cell types including neuronal 
cells. In addition, ERBB4/HER4 (ALS19) or its diffusible extracellular domain can act as a ligand for pro-NRG1
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heterodimerization or homodimerization partners, a 
downstream signaling cascade is activated via PI3K-
AKT-mTOR pathway, RAS-RAF-MAPK, JAK-STAT, and 
PLCγ-PKC pathways (Fig. 1C) [21].

Recently, molecular alterations in ERBB4/HER4 recep-
tor (loss-of-function) or in NRG1 have been linked to 
several neurological diseases such as amyotrophic lateral 
sclerosis (ALS) and schizophrenia [8, 9, 22]. Indeed, the 
ERBB4/HER4 gene is designated ALS19 in the neuro-
logic literature [11]. Furthermore, NRG1 genomic abnor-
malities (especially fusions, which enhance the activity of 
NRG1) have been found in advanced cancers. These dis-
coveries could be therapeutically important for both can-
cer and non-cancer conditions (Fig. 1B) [23–25].

Herein we discuss the diverse role of NRG1 in various 
disease types, as well as possible implications for preci-
sion targeted therapeutics in both neurologic disease and 

cancer, based on cross-fertilization of knowledge from 
each field to the other [22, 26]. Additionally, we present 
a case of a woman with pancreatic cancer harboring a 
VTCN1-NRG1 fusion whose tumor had progressed after 
multiple treatments but was responsive to pertuzumab 
and trastuzumab (anti-HER2 targeted antibodies).

Main text
Function of NRG
Under normal conditions, NRG1 has several important 
functions based on the specific isoform of the protein, 
with each NRG1 isoform contributing to the frictionless 
function of a complex neuronal network (Table 1). NRG1 
types 1 and 3 are designed to maintain normal neuronal 
growth, especially during development [27]. These func-
tions include processes such as the development of glial 
cells, synaptic plasticity, and synaptic transmissions 

Fig. 1 (See legend on previous page.)
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[28]. An extension of this neuronal network includes 
the enteric nervous system that lines the gastrointestinal 
wall, and within the enteric nervous system are NRG1-
positive neurons [29]. NRG1 is also expressed in the 
heart, liver, kidneys, spinal cord, ovaries, and skin, and 
multiple fusions have been found in cancer [25, 26]; it has 
also been linked to cardiac development and disease [3]. 
Taken together, NRG1–ERBB/HER signaling is critically 
important for neuronal progenitor proliferation, survival, 
maturation, and synapse formation, but is also multifunc-
tional, and particularly important in cancer.

NRG2 expression remains quite localized within the 
brain and thymus regions where it promotes astrocyte 
survival and dendrite outgrowth [13, 14]. However, a 
CD74-NRG2 alpha fusion has been described in lung 
cancer [12]. Although further research is needed for 
NRG3, it seems to mirror the functionality of NRG1 by 
aiding neuronal development, differentiation, and plas-
ticity [16, 17]. NRG3 also has a key function promot-
ing normal breast development and may be involved in 
breast cancer [30, 31]. Lastly, NRG4 undertakes meta-
bolic functionalities by maintaining normal lipid levels 
in the liver as an adipocytokine [19, 32]. NRG4 levels 
are also modified in inflammatory bowel disease models 
[33, 34].

NRG1 and bidirectional signaling
NRG1 is a ligand for ERBB3/HER3 and ERBB4/HER4 
and, hence, also influences EGFR/ERBB1/HER1 and 
ERBB2/HER2 receptor signaling via heterodimerization 
with ERBB3/HER3 and ERBB4/HER4 (Fig.  1A). Impor-
tantly, NRG1 signaling is bidirectional and quite com-
plex (Fig. 1C–E). In traditional forward signaling, NRG1 
stimulates the PI3K–Akt–S6K and the Raf–MEK–ERK 
pathways (Fig.  1C); in non-canonical forward signaling, 
ERBB4/HER4 undergoes cleavage resulting in release of 
an intracellular domain that can journey to the nucleus 
and control gene expression (Fig.  1D) [35, 36]. In the 
other direction — backward signaling — ERBB4/HER4 
or its diffusible extracellular domain can act as a ligand 
for pro-NRG1 (Fig.  1E). To further complicate matters, 
the intracellular domain of pro-NRG1 also regulates 
transcription (Fig. 1E) [36].

NRG‑ERBB/HER pathway in ALS and other neurologic 
diseases: clinical and therapeutic implications
Mutations (loss of function) and other alterations of the 
ERBB4/HER4 receptor (also known as ALS19) have been 
linked to several neurological and psychiatric disorders, 
including ALS and schizophrenia (Table  1) [1, 4, 8–20, 
37, 38]. Increasing recent evidence suggests that fron-
totemporal dementia and ALS also share some clinical, 

pathological, and molecular features as part of a common 
neurodegenerative spectrum disorder [9, 39].

Researchers have posited that loss-of-function mutated 
ERBB4/HER4 (ALS19) receptors do not properly auto-
phosphorylate even in the presence of the NRG1 ligand 
[9]. Additionally, alteration of the NRG1-ERBB4/HER4/
ALS19 pathway detrimentally affects motor neurons 
within the spinal cord in ALS [11]. While studies con-
ducted by Takahashi et  al. have attributed this patho-
genesis model to familial ALS, which can carry germline 
mutations in ERBB4/HER4/ ALS19 [37], the research 
group further applied this chain of events to sporadic 
ALS, which accounts for over 90% of ALS patients [11]. 
They found attenuated expression of ERBB4/HER4/
ALS19 receptors, as assessed by immunohistochemis-
try, in the spinal cord of patients with sporadic ALS [11]. 
Decreased activity levels of ERBB4/HER4/ALS19 seem to 
be present in frontotemporal dementia as well, wherein 
Sun et al. showed minimal signaling when ERBB4/HER4/
ALS19 was mutated [9].

There is also growing evidence that aberrant NRG1 
expression itself may be implicated in the pathogen-
esis of ALS [40]. The transgenic superoxide dismutase 1 
(mSOD1) ALS mouse model, which partially recapitu-
lates the phenotype of human ALS, has shown increased 
type I (secreted) NRG1 expression that could contribute 
to disease progression as it was associated with glial cell 
activation (though type III (membrane-bound) NRG1 
expression was reduced in parallel with motor neuron 
loss) [40]. Similarly, plasma NRG1 levels (which correlate 
with cerebrospinal fluid levels) were found to be higher in 
patients with Alzheimer’s dementia as compared to neu-
rologic controls (p < 0.001), further implicating the role 
of NRG1 in the pathogenesis of neurodegenerative dis-
eases [41].

NRG1 may also participate in the pathogenesis of 
schizophrenia [8]; a marked increase in NRG1 signal-
ing can be seen in the prefrontal cortex in schizophrenia 
and, moreover, NRG1 stimulation suppresses N-methyl-
D-aspartate (NMDA) receptors (a family of L-glutamate 
receptors that play an important role in learning and 
memory) in the human prefrontal cortex in schizophre-
nia and in schizophrenic brain models [42].

The reason for NRG1 upregulation in ALS is unclear; 
we postulate that upregulation of the NRG1 ligand 
may occur as a feedback loop in response to attenu-
ated ERBB4/HER4/ALS19 signaling due to loss-of-
function mutation or dampened expression for other 
reasons and may in turn upregulate other ERBB recep-
tors [9, 11]. Importantly, disease progression may be 
slowed in the mSOD1 mouse model of ALS by blocking 
neuregulin-induced microglial activation [43]. Of inter-
est in this regard, in mSOD1 mice and in ALS patients, 



Page 6 of 13Adashek et al. BMC Medicine           (2024) 22:74 

spinal cord microglial cells express the activated form of 
ERBB2 receptor and there are enhanced levels of NRG1 
in microglial cells [40]. Conversely, the interactions may 
be more nuanced. For instance, other studies have shown 
decreased levels of NRG1 type III (membrane-bound 
form) and increased levels of NRG1 type I (secreted 
form) in the cerebrospinal fluid of patients with ALS, 
and the effects are mirrored in mSOD1 knockout mice 
[40, 44]. Further, reintroducing the NRG1 type III gene 
via a viral-vector restores neuromuscular function and 
improves survival in these knockout mice [45, 46].

Mutations of both NRG2 and NRG3 can also induce 
neuropathology. Though further studies are required, 
NRG2 mutations seem to be related to mood dysfunction 
due to bipolar disorders and/or depression [47]. NRG3 
mutations, especially those that result in overexpression, 
are thought to cause symptoms synonymous to those 
seen in attention deficit hyperactive disorder (ADHD), 
as well as broader cognition disorders [16]. Mutations 
in either NRG2 or NRG3 may also correlate with schizo-
phrenia; however, the latter is contingent on the maturity 
of the medial prefrontal cortex [15, 17]. Lastly, although 
mutations of NRG4 may occur, they present as metabolic 
disorders rather than neurologic disorders [18, 19].

There are no currently FDA-approved therapies and 
no clinical trials that we could find for patients with neu-
rologic or psychiatric disorders that address NRG1 or 
ERBB4/HER4/ALS19 alterations/perturbations. How-
ever, masitinib, a multikinase inhibitor (with activity 
against Kit, Lyn, PDGFR/Abl/Fms/Src, and FGFR3, some 
of which may signal downstream of the ERBB/HER sys-
tem [48]) has shown activity in an mSOD1-mutant rodent 
model of ALS [49] and has demonstrated potential effi-
cacy in a phase 2/3 clinical trial in ALS (NCT02588677) 
[50], a trial in primary progressive multiple sclerosis or 
nonactive secondary progressive multiple sclerosis [51], 
and Alzheimer’s disease [52, 53]. Importantly, a rand-
omized, placebo-controlled phase 2/3 study of masitinib 
demonstrated that orally administered masitinib slowed 
rate of functional decline, with acceptable safety, in ALS 
patients and prolonged survival by over two years as 
compared with placebo, provided that treatment starts 
prior to severe impairment of functionality [50].

NRG1 in malignancy
NRG1 fusions can be found in diverse cancer types 
(Table 2), albeit at a low rate — ~0.15–0.5% across can-
cers (Table  2). Jonna et  al. [54] reported that, among 
21,858 patients with a variety of tumor types, although 
ultra-rare, NRG1 fusions were detected in malignancies 
including sarcoma, non-small cell lung cancer, gallblad-
der, pancreatic, renal, ovarian, breast, bladder, and colo-
rectal cancers, with several fusion partners observed 

(Table  2) [23, 29, 54–60]. These genomic fusions are a 
result of chromosomal inversions, insertions and dele-
tions, or translocations [28, 61]. The hybrid gene is 
then able to bind to specific receptor types and initi-
ate downstream cascades that often lead to deregulated 
activity. Various combinations of the NRG protein and 
receptor type lead to unique cellular pathway signaling. 
When gene fusions are involved, this can account for the 
aggressiveness of the cancer type as well as resistance to 
targeted therapeutics. An example is the gene fusion of 
CD74-NRG1 in invasive mucinous adenocarcinoma of 
the lung; this specific fusion allows for a stronger affinity 
for receptor binding relative to other isoforms [61]. Path-
ways downstream of this fusion all contribute to deregu-
lated activity within the cell.

NRG1 and cancer therapeutics
NRG1 fusion-bearing cancers may be therapeutically 
important. Fusions of several different gene types (e.g., 
BCR-ABL, NTRK, and RET fusions) are known drivers of 
cancer, and several successful therapies have been devel-
oped to target them [62–69]. Moreover, a recent study 
suggested that not targeting a fusion, if present, is asso-
ciated with poorer clinical outcome even when genomic 
co-alterations are targeted [62].

NRG1 fusions are found in a variety of forms and 
cancers (Table  2) [23, 29, 54–61, 70–73]. For example, 
NRG1 fusions with CD74 are predominantly seen in non-
small cell lung cancers (NSCLCs) [54, 55, 58, 59, 73], the 
NOTCH2-NRG1 fusion in gallbladders cancers [54], and 
the CDH1-NRG1 fusion in pancreatic ductal adenocarci-
noma [26, 54, 55, 71, 72] (Table  2). NRG1 fusions have 
also been characterized in renal cell carcinoma, ovarian, 
breast, and some sarcomas [23, 54, 56, 61, 70]. Impor-
tantly, roughly 90% of patients with pancreatic ductal 
adenocarcinomas have a KRAS mutation but, for those 
patients without a KRAS mutation, an NRG1 fusion can 
sometimes be found [26, 71, 72]. This is clinically signifi-
cant since, although rare, NRG1 fusions can be targeted 
with HER-tyrosine kinase inhibitors such as afatinib 
(pan-HER inhibitor), trastuzumab (anti-HER2 antibody) 
or pertuzumab (antibody to the extracellular domain II 
of HER2 that attenuates ligand-dependent HER2–HER3 
dimerization) (Fig. 1C) [26, 72]. Jones et al. reported two 
patients with NRG1 fusion, one of which had lung ade-
nocarcinoma and the other had cholangiocarcinoma, 
treated with afatinib who had durable responses [24]. 
Other investigators have suggested that irreversible pan-
ERBB/HER inhibitors such as neratinib or lapatinib may 
also block impact of NRG1 [22, 74, 75]. Notably, another 
study [23] argued that anti-HER3 targeted therapy might 
be effective for NRG1 fusion tumors since NRG1 binds 
ERBB3/HER3–ERBB2/HER2 heterodimers and activates 
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Table 2 Examples of NRG1 fusions, their frequency, and partners, in various cancers (see also Fig. 2)

Cancer type Frequency of NRG1 fusions in 
designated cancer

Fusion partner(s) with NRG1 References

All cancers 0.15–0.5% Multiple—see below  [54]

Non-small cell lung cancer 0.3–0.8% CD74
SDC4
SLC3A2
TNC
MDK
ATP1B1
DIP2B
RBPMS
MRPL13
ROCK1
DPYSL2
PARP8

 [54–56]

Gallbladder 0.5% NOTCH2
ATP1B1

 [54]

Pancreatic ductal adenocarcinoma 0.5–1.2% ATP1B1
CDH1
VTCN1

 [54–56]

Renal cell carcinoma 0.5% RBPMS  [54, 55]

Ovarian 0.4% SETD4
TSHZ2
ZMYM2

 [54, 55]

Breast 0.2–0.5% ADAM9
COX10-AS1

 [54–56]

Sarcoma 0.2% WHSC1L1  [54, 55]

Bladder 0.1% GDF15  [54, 55]

Colorectal 0.1% POMK  [54, 55]

NRG1 fusion partners and their relative frequency across cancers
Fusion partner with NRG1 Frequency of fusion partner References
CD74 29–31%  [29, 54, 57, 58]

ATP1B1 10%  [23, 54, 59]

SDC4 7–11%  [54, 57]

RBPMS 2–5%  [54, 57, 59]

ADAM9 2%  [54, 59, 60]

CDH1 2%  [54, 60]

COX10-AS1 2%  [54, 60]

GDF15 2%  [54]

NOTCH2 2%  [54, 60]

POMK 2%  [54, 60]

SETD4 2%  [54, 60]

SLC3A2 2%  [29, 54, 59]

TSHZ2 2%  [54, 60]

VTCN1 2%  [54, 60]

WHSC1L1 2%  [54, 60]

ZMYM2 2%  [54, 60]

ROCK1 1–2%  [54, 59, 60]

MDK 1–2%  [54, 60]

MRPL13 1–2%  [54, 59, 60]

TNC 1–2%  [54, 59, 60]

DIP2B 1–2%  [54, 60]

PARP8 1–2%  [54, 59, 60]

DPYSL2 1–2%  [54, 59, 60]
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downstream signaling; they provided evidence of a dura-
ble response in an NRG1-rearranged  invasive mucinous 
adenocarcinoma of the lung treated with the anti-ERBB3 
monoclonal antibody (GSK2849330) [23]. Although  in 
vitro data supported the use of either ERBB3 or ERBB2 
inhibition, they saw more profound antitumor activity 
and downstream signaling inhibition with anti-ERBB3/
HER3 versus anti-ERBB2HER2 therapy in an  NRG1-
rearranged patient-derived xenograft model [23]. Thus, 
cancers that harbor NRG1 fusions may be treated with 
specific ERBB2/HER2 or ERBB3/HER3 or pan ERBB/
HER pathway inhibitors.

Other drugs targeting the consequences of NRG1 
fusions are currently under development. The HER2-
HER3 bispecific antibody zenocutuzumab has received 
FDA fast track designation; it docks on ERBB2/HER2, 
then binds to, and blocks the NRG1 fusion-ERBB3/HER3 
interaction and ERBB3/HER3 heterodimerization with 
ERBB2/HER2. The response rate was 34% and median 
duration of response of 9.1 months across multiple NRG1 
fusion bearing solid tumors (e.g., NSCLC, pancreas can-
cer, breast cancer, cholangiocarcinoma) [76]. The anti-
HER3 antibody seribantumab is also under development 
and was tested in a small multicenter phase 2 study, with 
most patients having NRG1 fusion NSCLC; the response 
rate was 30% [77].

Taken together, several drugs that target ERBB2/HER2 
and/or ERBB3/HER3, including small molecule inhibi-
tors and antibodies, have shown evidence of pan-cancer 
activity in NRG1 fusion bearing malignancies. Responses 
have been observed in multiple tumor types including, 
but not limited to lung, pancreatic, cholangiocarcinoma, 
and ovarian cancer and with a variety of fusion partners 
for NRG1 (Table 3) [61, 77–82].

Case study: Patient with pancreatic cancer 
and VTCN1‑NRG1 fusion (KRAS wild type) treated 
with trastuzumab and pertuzumab
A 47-year-old woman with metastatic pancreatic cancer, 
who had progressed on multiple prior therapies includ-
ing, but not limited to folinic acid, fluorouracil, irinote-
can, and oxaliplatin, gemcitabine plus nab-paclitaxel, 
and a pembrolizumab-based treatment, had next-gen-
eration sequencing, which showed microsatellite-stable 
(MSS), tumor mutation burden (TMB) of 7 mutations/
megabase, CREBBP exon 16 p.E1058fs, PBRM1 exon 12 
p.Y417fs, and a VTCN1-NRG1 fusion (Caris Life Sci-
ences and Ashion/Exact Sciences). She was started on 
trastuzumab (ERBB2/HER2 targeting antibody), pertu-
zumab (antibody that inhibits ligand-dependent ERBB2/
HER2–ERBB3/HER3 dimerization), and gemcitabine. 
Trastuzumab and pertuzumab have shown synergy in 
breast cancer [82]. Her scans showed marked reduction 

in tumor size (Fig. 2) at 6 months. She tolerated the ther-
apy well.

Conclusions
NRG1 and ERBB4 (ALS19) at the intersection 
between neurodegenerative disease and cancer
Neuregulins are a family of EGF-like signaling molecules 
that are implicated in the development and repair of 
diverse body elements including those of the nervous sys-
tem, skeletal muscle, heart, breast, and other organs [1–
3]. The neuregulin family includes NRG1 (types I–VI), 
NRG2, NRG3, and NRG4. The NRG1 gene can translate 
to six different NRG1 protein types and over 30 differ-
ent isoforms that act as extracellular EGF-like ligands 
for ERB3/HER3 and ERRB4/HER41. The numerous iso-
forms enable NRG1 to impact protean biologic functions, 
such as growth and differentiation of glial, neuronal, and 
Schwann cells, as well as skeletal muscle and mammary 
cells, and the myocardium [4].

Recently, molecular alterations in ERBB4/HER4/ALS19 
receptors (loss of function) have been linked to several 
neurological diseases such as ALS and schizophrenia [8, 
9, 11, 22, 37]. ALS is a devastating neurodegenerative dis-
order affecting primarily the motor system; there is loss 
of corticospinal neurons in the motor cortex, as well as 
in motor neurons in the anterior horn of the spinal cord, 
giving rise to progressive muscle weakness and wasting, 
with survival limited to 2 to 5 years [83].

Since some patients with ALS appear to have damp-
ened ERBB4/ALS19 function in tissues of the central 
nervous system [8, 9, 22], either due to germline muta-
tions or via other mechanisms [11, 37], it seems unex-
pected that even potent pan-ERBB/HER kinase inhibitors 
such as neratinib and dacomitinib that are used in the 
clinic to treat cancer do not have significant neurologic 
side effects, even though these pan-ERBB2/HER inhibi-
tors attenuate ERBB4/HER4/ALS19 function, and can 
be continued for months or years for cancer treatment 
[84, 85]. This observation suggests that it is plausible that 
ERBB4/HER4/ALS19 dampened activity in of itself may 
not be enough to cause neurodegeneration. Of inter-
est in this respect, there is accumulating evidence that 
aberrant NRG1 expression (in addition to the loss-of-
function ERBB4/HER4/ALS19 mutations) may be impli-
cated in the pathogenesis of ALS [40]; murine models 
have shown increased type I (secreted) NRG1 expression 
that could contribute to disease progression via glial cell 
over-stimulation in ALS. The reason for NRG1 upregu-
lation is unclear; we postulate that upregulation of the 
NRG1 ligand may occur as a feedback loop in response to 
reduced ERBB4/HER4/ALS19 signaling caused by loss-
of-function ERBB4/HER4/ALS19 mutations or damp-
ened ERBB4/HER4/ALS19 expression that occurs for 
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other reasons in ALS [9, 11, 37]. Perhaps the heightened 
NRG1 expression in the presence of ERBB4/HER4 loss 
overstimulates ERBB1/HER1, ERBB2/HER2 or ERBB3/
HER3 in neuronal tissue, leading to damage. Indeed, in 
mSOD1 ALS model mice and in ALS patients, spinal cord 
microglial cells express the activated form of ERBB2/
HER2 receptor and there were enhanced levels of NRG1 
in microglial cells [40]. When patients with cancer are 
given pan-ERBB/HER inhibitors, ERBB4/HER4/ALS19 
function is attenuated, but any feedback upregulation of 
NRG1 should it occur cannot overstimulate ERBB1/2/3 
because the pan-ERBB/HER inhibitor diminishes the 
function of these other ERBBs. It is therefore conceivable 
that pan-ERBB/HER inhibition should be investigated for 
ALS, preclinically or clinically in a subset of patients who 
may have altered ERBB or NRG1 function. Notably, a 
randomized, placebo-controlled phase III study of masi-
tinib (which targets multiple kinases, including some that 
may be downstream of the ERBB/HER receptors) dem-
onstrated slowed rate of functional decline, with accept-
able safety, in ALS patients, and prolonged survival by 
over two years as compared with placebo, provided that 
treatment started prior to severe impairment of function-
ality [50]. However, it should be kept in mind that neuro-
degenerative diseases are complex and heterogenous and 
other mechanisms such as messenger RNA translation 

defects might be operative in patients [86]. Indeed, there 
is an increasing appreciation that ALS is a heterogenous 
disorder; further biomarker analysis of ALS populations 
may yield subsets of patients whose disease may be sus-
ceptible to pan-ERBB/HER inhibition.

In the cancer realm, NRG1 genomic abnormalities 
(especially fusions that result in enhanced function) have 
been found in advanced cancers, a discovery which could 
be therapeutically important (Fig.  1C, Tables  2 and 3) 
[23–25]. Multiple small molecule and antibody inhibitors 
that impact the ERBB3/ERBB4 axis upregulated in the 
face of NRG1 fusions are under investigation. Although 
NRG1 fusions are rare in cancer, occurring in 0.15-0.5% 
of malignancies, they can be found in multiple types of 
cancer and, in addition, NRG1 may have numerous fusion 
partners (Table  2). Emerging preliminary data suggests 
that NRG1 fusion-bearing malignancies are susceptible 
to targeting by pan-ERBB/HER small molecule inhibitors 
(including afatinib) and by antibodies that impact ERBB3/
ERRB4 and/or dimerization partners such as ERBB2/
HER2 (e.g., zenocutuzumab and seribantumab and, as 
in our illustrative VCTN1-NRG1 fusion/KRAS wild-type 
pancreatic cancer patient, with trastuzumab and pertu-
zumab) (Table 3, Fig. 2). Responses appear to occur in a 
tumor-agnostic fashion and have been described in NRG1 
fusion-bearing lung, cholangiocarcinoma, ovarian, and 

Fig. 2 Imaging before panel A receiving anti-HER2 directed therapy and 6 months after panel B receiving trastuzumab, pertuzumab, 
and gemcitabine. Patient is a 47-year-old woman with NRG1 fusion (VTCN1/NRG1), KRAS wild-type pancreatic cancer (whose disease had previously 
progressed on gemcitabine-based therapy). Panel A represents a scout film from PET imaging that shows innumerable hepatic lesions (red 
arrows), splenic metastases (blue arrows), normal tracer in the kidneys, brain, and urinary bladder before receiving anti-HER2 therapy. Panel B 
shows decreased in the number of liver lesions (red arrow), diminished splenic metastases, and redemonstrates normal tracer in the kidneys, brain, 
and urinary bladder, 6 months after receiving trastuzumab, pertuzumab, and gemcitabine
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pancreatic cancers, suggesting that malignancies harbor-
ing NRG1 fusions merit further investigation for another 
tissue-agnostic approval [67, 87].

In summary, disruption of the NRG1/ERBB4 (ALS19) 
axis offers therapeutic possibilities for both cancer and 
neurologic diseases such as ALS. In the cancer realm, 
suppression of this axis is being tested and shows prom-
ising results in patients whose tumors harbor NRG1 
fusions and similar alterations leading to aberrant 
activation/expression. In ALS, the interactions may be 
more complex, but current data suggest the possibil-
ity that dampened ERBB4 (ALS19) function could lead 
the upregulation of NRG1 and secondary overstimula-
tion of other ERBB (HER) receptors; hence, clinical tri-
als of pan-ERBB/HER inhibitors, currently in use and 
approved for cancer, merit investigation in ALS.

Abbreviations
ADCC  Antibody-dependent cell-mediated cytotoxicity
ALS  Amyotrophic lateral sclerosis
CBR  Clinical benefit rate
CD  Cytoplasmic domain
CR  Complete response
CRD  Cysteine-rich domain
DCR  Disease control rate
ECD  Extracellular domain
EGF  Epidermal growth factor
EGF-L  EGF-like repeat
HB-EGF  Heparin-binding EGF-like growth factor
Ig  Ig-like C2-type domain
LIMK  LIM kinase
mCRPC  Metastatic castrate-resistant prostate cancer
mSOD1  Transgenic superoxide dismutase 1
N-CoR  Nuclear receptor co-repressor
NMDA  N-methyl-D-aspartate
NRG1  Neuregulin-1
NSCLC  Non-small cell lung cancer
ORR  Objective response rate
PD  Progressive disease
PK  Pharmacokinetics
PR  Partial response
PSA50  Prostate-specific antigen level ≥ 50%
SD  Stable disease
TAB2  TGF-Beta Activated Kinase 1
TGF  Transforming growth factor
TM  Transmembrane
TMD  Transmembrane domain
WT  Wild type

Acknowledgements
Razelle Kurzrock is funded in part by 5U01CA180888-08 and 
5UG1CA233198-05.

Authors’ contributions
JJA, NJM, PRC, SK, and RK contributed to the conception and design of the 
study; JJA, CP, SK, and RK contributed to the acquisition and analysis of data; 
JJA, CP, SK, PD, and RK contributed to drafting the text or preparing the figures. 
All authors read and approved the final manuscript.

Funding
No funding was received for this manuscript.

Availability of data and materials
All relevant data is presented within the publication.

Declarations

Ethics approval and consent to participate
Consent was obtained from the patient presented in this manuscript.

Consent for publication
Consent was obtained from the patient presented in this manuscript.

Competing interests
Jacob J. Adashek serves on the advisory board of CureMatch Inc. and serves as 
a consultant for datma. Chinmayi Pandya has no conflicts of interest. Nicholas 
J. Maragakis serves as a consultant and/or advisory boards of Amylyx; Cytoki-
netics; Healey Center; Nura Bio, Northeast ALS Consortium; Akava. He receives 
research/grant support from Apellis Pharma; Biogen Idec; Cytokinetics; Roche; 
Helixmith; Calico; Sanofi; Department of Defense ALSRP; Maryland Stem Cell 
Research Fund; Massachusetts General Hospital; Medicinova; NINDS. Pradip 
De is a paid consultant of Viecure. Philip R. Cohen is a consultant for ParaPRO. 
Shumei Kato serves as a consultant for Foundation Medicine. He receives 
speaker’s fee from Roche and advisory board for Pfizer. He has research 
funding from ACT Genomics, Sysmex, Konica Minolta, and OmniSeq. Razelle 
Kurzrock has received research funding from Biological Dynamics, Boehringer 
Ingelheim, Debiopharm, Foundation Medicine, Genentech, Grifols, Guardant,
Incyte, Konica Minolta, Medimmune, Merck Serono, Omniseq, Pfizer, Seque-
nom, Takeda, and TopAlliance; as well as consultant and/or speaker fees and/
or advisory board for Actuate Therapeutics, AstraZeneca, Bicara Therapeutics, 
Biological Dynamics, Caris, Daiichi Sankyo, Inc., Datar Cancer Genetics, EISAI, 
EOM Pharmaceuticals, Iylon, LabCorp, Merck, NeoGenomics, Neomed, Pfizer, 
Prosperdtx, Roche, TD2/Volastra, Turning Point Therapeutics, X-Biotech; has 
an equity interest in CureMatch Inc., CureMetrix, and IDbyDNA; serves on the 
Board of CureMatch and CureMetrix; and is a co-founder of CureMatch.

Received: 2 November 2023   Accepted: 12 February 2024

References
 1. Cespedes JC, Liu M, Harbuzariu A, Nti A, Onyekaba J, Cespedes HW, Bharti 

PK, Solomon W, Anyaoha P. Krishna S et al Neuregulin in Health and 
Disease. Int J Brain Disord Treat. 2018;4(1):024.

 2. Park J, Sarode VR, Euhus D, Kittler R, Scherer PE. Neuregulin 1-HER axis as 
a key mediator of hyperglycemic memory effects in breast cancer. Proc 
Natl Acad Sci U S A. 2012;109(51):21058–63.

 3. Rupert CE, Coulombe KL. The roles of neuregulin-1 in cardiac develop-
ment, homeostasis, and disease. Biomark Insights. 2015;10(Suppl 1):1–9.

 4. https:// www. genec ards. org/ cgi- bin/ cardd isp. pl? gene= NRG1.
 5. Zhao WJ, Jiang Q, Mei JP. Neurohypophyseal Neuregulin 1 Is Derived from 

the Hypothalamus as a Potential Prolactin Modulator. Neuroendocrinol-
ogy. 2015;102(4):288–99.

 6. Zhao W, Ren SG. Neuregulin-1 (Nrg1) is mainly expressed in rat pituitary 
gonadotroph cells and possibly regulates prolactin (PRL) secretion in a 
juxtacrine manner. J Neuroendocrinol. 2011;23(12):1252–62.

 7. Diwanji D, Trenker R, Thaker TM, Wang F, Agard DA, Verba KA, Jura N. 
Structures of the HER2-HER3-NRG1beta complex reveal a dynamic dimer 
interface. Nature. 2021;600(7888):339–43.

 8. Stefansson H, Sigurdsson E, Steinthorsdottir V, Bjornsdottir S, Sigmunds-
son T, Ghosh S, Brynjolfsson J, Gunnarsdottir S, Ivarsson O, Chou TT, et al. 
Neuregulin 1 and susceptibility to schizophrenia. Am J Hum Genet. 
2002;71(4):877–92.

 9. Sun L, Cheng B, Zhou Y, Fan Y, Li W, Qiu Q, Fang Y, Xiao S, Zheng H, Li X. 
ErbB4 Mutation that Decreased NRG1-ErbB4 Signaling Involved in the 
Pathogenesis of Amyotrophic Lateral Sclerosis/Frontotemporal Dementia. 
J Alzheimers Dis. 2020;74(2):535–44.

 10. Vyklicky V, Korinek M, Smejkalova T, Balik A, Krausova B, Kaniakova M, 
Lichnerova K, Cerny J, Krusek J, Dittert I, et al. Structure, function, and 
pharmacology of NMDA receptor channels. Physiol Res. 2014;63(Suppl 
1):S191-203.

 11. Takahashi Y, Uchino A, Shioya A, Sano T, Matsumoto C, Numata-
Uematsu Y, Nagano S, Araki T, Murayama S, Saito Y. Altered 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=NRG1


Page 12 of 13Adashek et al. BMC Medicine           (2024) 22:74 

immunoreactivity of ErbB4, a causative gene product for ALS19, 
in the spinal cord of patients with sporadic ALS. Neuropathology. 
2019;39(4):268–78.

 12. Kohsaka S, Hayashi T, Nagano M, Ueno T, Kojima S, Kawazu M, Shiraishi 
Y, Kishikawa S, Suehara Y, Takahashi F, et al. Identification of Novel 
CD74-NRG2alpha Fusion From Comprehensive Profiling of Lung 
Adenocarcinoma in Japanese Never or Light Smokers. J Thorac Oncol. 
2020;15(6):948–61.

 13. Nakano N, Kanekiyo K, Nakagawa T, Asahi M, Ide C. NTAK/neuregulin-2 
secreted by astrocytes promotes survival and neurite outgrowth of 
neurons via ErbB3. Neurosci Lett. 2016;622:88–94.

 14. Shin DH, Lee D, Hong DW, Hong SH, Hwang JA, Lee BI, You HJ, Lee 
GK, Kim IH, Lee YS, et al. Oncogenic function and clinical implications 
of SLC3A2-NRG1 fusion in invasive mucinous adenocarcinoma of the 
lung. Oncotarget. 2016;7(43):69450–65.

 15. Longart M, Liu Y, Karavanova I, Buonanno A. Neuregulin-2 is devel-
opmentally regulated and targeted to dendrites of central neurons. J 
Comp Neurol. 2004;472(2):156–72.

 16. Li Z, Liu L, Lin W, Zhou Y, Zhang G, Du X, Li Y, Tang W, Zhang X. NRG3 
contributes to cognitive deficits in chronic patients with schizophrenia. 
Schizophr Res. 2020;215:134–9.

 17. Loos M, Mueller T, Gouwenberg Y, Wijnands R, van der Loo RJ, Neuro 
BMPC, Birchmeier C, Smit AB, Spijker S. Neuregulin-3 in the mouse 
medial prefrontal cortex regulates impulsive action. Biol Psychiatry. 
2014;76(8):648–55.

 18. Chen Z, Wang GX, Ma SL, Jung DY, Ha H, Altamimi T, Zhao XY, Guo 
L, Zhang P, Hu CR, et al. Nrg4 promotes fuel oxidation and a healthy 
adipokine profile to ameliorate diet-induced metabolic disorders. Mol 
Metab. 2017;6(8):863–72.

 19. Pfeifer A. NRG4: an endocrine link between brown adipose tissue and 
liver. Cell Metab. 2015;21(1):13–4.

 20. Ou G-y, Lin W-w. Zhao W-j Neuregulins in Neurodegenerative Diseases. 
Fron Aging Neurosci. 2021;13:662474.

 21. Barrenschee M, Lange C, Cossais F, Egberts JH, Becker T, Wedel T, 
Bottner M. Expression and function of Neuregulin 1 and its signaling 
system ERBB2/3 in the enteric nervous system. Front Cell Neurosci. 
2015;9:360.

 22. Kurppa KJ: ERBB4 mutations in cancer and amyotrophic lateral sclerosis. 
2014. https:// www. utupub. fi/ bitst ream/ handle/ 10024/ 102148/ Annal 
esD11 52Kur ppa. pdf; jsess ionid= D6A6C B9DA7 4C875 5AC78 4F306 BA690 
DE? seque nce=2.

 23. 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 Targeted Therapy in NRG1-Rearranged Cancers. Cancer Discov. 
2018;8(6):686–95.

 24. 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.

 25. 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.

 26. Aguirre AJ. Oncogenic NRG1 Fusions: A New Hope for Targeted Therapy 
in Pancreatic Cancer. Clin Cancer Res. 2019;25(15):4589–91.

 27. Liu X, Bates R, Yin DM, Shen C, Wang F, Su N, Kirov SA, Luo Y, Wang JZ, 
Xiong WC, et al. Specific regulation of NRG1 isoform expression by neu-
ronal activity. J Neurosci. 2011;31(23):8491–501.

 28. Talmage DA. Mechanisms of neuregulin action. Novartis Found Symp. 
2008;289:74–84 discussion 84-93.

 29. Szymanska K, Makowska K, Calka J, Gonkowski S. The Endocrine Disrup-
tor Bisphenol A (BPA) Affects the Enteric Neurons Immunoreactive to 
Neuregulin 1 (NRG1) in the Enteric Nervous System of the Porcine Large 
Intestine. Int J Mol Sci. 2020;21(22):8743.

 30. Hijazi MM, Young PE, Dougherty MK, Bressette DS, Cao TT, Pierce JH, 
Wong LM, Alimandi M, King CR. NRG-3 in human breast cancers: activa-
tion of multiple erbB family proteins. Int J Oncol. 1998;13(5):1061–7.

 31. Howard BA. The role of NRG3 in mammary development. J Mammary 
Gland Biol Neoplasia. 2008;13(2):195–203.

 32. Yang F, Zhou N, Zhu X, Min C, Zhou W, Li X. n-3 PUFAs protect against 
adiposity and fatty liver by promoting browning in postnatally overfed 
male rats: a role for NRG4. J Nutr Biochem. 2021;93: 108628.

 33. Bernard JK, McCann SP, Bhardwaj V, Washington MK, Frey MR. Neuregu-
lin-4 is a survival factor for colon epithelial cells both in culture and 
in vivo. J Biol Chem. 2012;287(47):39850–8.

 34. Schumacher MA, Dennis IC, Liu CY, Robinson C, Shang J, Bernard JK, 
Washington MK, Polk DB, Frey MR. NRG4-ErbB4 signaling represses proin-
flammatory macrophage activity. Am J Physiol Gastrointest Liver Physiol. 
2021;320(6):G990–1001.

 35. Huang X, Gao L, Wang S, McManaman JL, Thor AD, Yang X, Esteva FJ, Liu 
B. Heterotrimerization of the growth factor receptors erbB2, erbB3, and 
insulin-like growth factor-i receptor in breast cancer cells resistant to 
herceptin. Cancer Res. 2010;70(3):1204–14.

 36. Mei L, Xiong WC. Neuregulin 1 in neural development, synaptic plasticity 
and schizophrenia. Nat Rev Neurosci. 2008;9(6):437–52.

 37. Takahashi Y, Fukuda Y, Yoshimura J, Kurppa K, Moritoyo H, Belzil VV, Dion 
PA, Higasa K, Doi K, et al. ERBB4 mutations that disrupt the neuregulin-
ErbB4 pathway cause amyotrophic lateral sclerosis type 19. Am J Hum 
Genet. 2013;93(5):900–5.

 38. Chung DW, Volk DW, Arion D, Zhang Y, Sampson AR, Lewis DA. Dysregu-
lated ErbB4 Splicing in Schizophrenia: Selective Effects on Parvalbumin 
Expression. Am J Psychiatry. 2016;173(1):60–8.

 39. Gascon E, Gao FB. The emerging roles of microRNAs in the pathogenesis 
of frontotemporal dementia-amyotrophic lateral sclerosis (FTD-ALS) 
spectrum disorders. J Neurogenet. 2014;28(1–2):30–40.

 40. Song F, Chiang P, Wang J, Ravits J, Loeb JA. Aberrant neuregulin 1 
signaling in amyotrophic lateral sclerosis. J Neuropathol Exp Neurol. 
2012;71(2):104–15.

 41. Vrillon A, Mouton-Liger F, Martinet M, Cognat E, Hourregue C, Dumurgier 
J, Bouaziz-Amar E, Brinkmalm A, Blennow K, Zetterberg H, et al. Plasma 
neuregulin 1 as a synaptic biomarker in Alzheimer’s disease: a discovery 
cohort study. Alzheimers Res Ther. 2022;14(1):71.

 42. Hahn CG, Wang HY, Cho DS, Talbot K, Gur RE, Berrettini WH, Bakshi 
K, Kamins J, Borgmann-Winter KE, Siegel SJ, et al. Altered neuregulin 
1-erbB4 signaling contributes to NMDA receptor hypofunction in schizo-
phrenia. Nat Med. 2006;12(7):824–8.

 43. Liu J, Allender E, Wang J, Simpson EH, Loeb JA, Song F. Slowing disease 
progression in the SOD1 mouse model of ALS by blocking neuregulin-
induced microglial activation. Neurobiol Dis. 2018;111:118–26.

 44. Modol-Caballero G, Herrando-Grabulosa M, Garcia-Lareu B, Solanes N, 
Verdes S, Osta R, Francos-Quijorna I, Lopez-Vales R, Calvo AC, Bosch A, 
et al. Gene therapy for overexpressing Neuregulin 1 type I in skeletal 
muscles promotes functional improvement in the SOD1(G93A) ALS mice. 
Neurobiol Dis. 2020;137: 104793.

 45. Lasiene J, Komine O, Fujimori-Tonou N, Powers B, Endo F, Watanabe S, 
Shijie J, Ravits J, Horner P, Misawa H, et al. Neuregulin 1 confers neuropro-
tection in SOD1-linked amyotrophic lateral sclerosis mice via restoration 
of C-boutons of spinal motor neurons. Acta Neuropathol Commun. 
2016;4:15.

 46. Modol-Caballero G, Garcia-Lareu B, Verdes S, Ariza L, Sanchez-Brualla I, 
Brocard F, Bosch A, Navarro X, Herrando-Grabulosa M. Therapeutic Role 
of Neuregulin 1 Type III in SOD1-Linked Amyotrophic Lateral Sclerosis. 
Neurotherapeutics. 2020;17(3):1048–60.

 47. Yan L, Shamir A, Skirzewski M, Leiva-Salcedo E, Kwon OB, Karavanova 
I, Paredes D, Malkesman O, Bailey KR, Vullhorst D, et al. Neuregulin-2 
ablation results in dopamine dysregulation and severe behavio-
ral phenotypes relevant to psychiatric disorders. Mol Psychiatry. 
2018;23(5):1233–43.

 48. Papich MG: Masitinib Mesylate. In: Saunders Handbook of Veterinary 
Drugs (Fourth Edition). edn. Edited by Papich MG. St. Louis: W.B. Saunders; 
2016: 476-477.

 49. Palomo V, Nozal V, Rojas-Prats E, Gil C, Martinez A. Protein kinase 
inhibitors for amyotrophic lateral sclerosis therapy. Br J Pharmacol. 
2021;178(6):1316–35.

 50. Mora JS, Bradley WG, Chaverri D, Hernandez-Barral M, Mascias J, Gamez J, 
Gargiulo-Monachelli GM, Moussy A, Mansfield CD, Hermine O, et al. Long-
term survival analysis of masitinib in amyotrophic lateral sclerosis. Ther 
Adv Neurol Disord. 2021;14:17562864211030364.

 51. Vermersch P, Brieva-Ruiz L, Fox RJ, Paul F, Ramio-Torrenta L, Schwab 
M, Moussy A, Mansfield C, Hermine O, Maciejowski M, et al. Efficacy 
and Safety of Masitinib in Progressive Forms of Multiple Sclerosis: A 
Randomized, Phase 3, Clinical Trial. Neurol Neuroimmunol Neuroinflamm. 
2022;9(3):e1148.

https://www.utupub.fi/bitstream/handle/10024/102148/AnnalesD1152Kurppa.pdf;jsessionid=D6A6CB9DA74C8755AC784F306BA690DE?sequence=2
https://www.utupub.fi/bitstream/handle/10024/102148/AnnalesD1152Kurppa.pdf;jsessionid=D6A6CB9DA74C8755AC784F306BA690DE?sequence=2
https://www.utupub.fi/bitstream/handle/10024/102148/AnnalesD1152Kurppa.pdf;jsessionid=D6A6CB9DA74C8755AC784F306BA690DE?sequence=2


Page 13 of 13Adashek et al. BMC Medicine           (2024) 22:74  

 52. Ettcheto M, Cano A, Sanchez-Lopez E, Verdaguer E, Folch J, Auladell C, 
Camins A. Masitinib for the treatment of Alzheimer’s disease. Neurode-
gener Dis Manag. 2021;11(4):263–76.

 53. Li T, Martin E, Abada YS, Boucher C, Ces A, Youssef I, Fenaux G, Forand 
Y, Legrand A, Nachiket N, et al. Effects of Chronic Masitinib Treatment 
in APPswe/PSEN1dE9 Transgenic Mice Modeling Alzheimer’s Disease. J 
Alzheimers Dis. 2020;76(4):1339–45.

 54. 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 Res. 2019;25(16):4966–72.

 55. Liu X, Hwang H, Cao L, Buckland M, Cunningham A, Chen J, Chien KR, 
Graham RM, Zhou M. Domain-specific gene disruption reveals critical 
regulation of neuregulin signaling by its cytoplasmic tail. Proc Natl Acad 
Sci U S A. 1998;95(22):13024–9.

 56. 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.

 57. Dhanasekaran SM, Balbin OA, Chen G, Nadal E, Kalyana-Sundaram S, Pan 
J, Veeneman B, Cao X, Malik R, Vats P, et al. Transcriptome meta-analysis 
of lung cancer reveals recurrent aberrations in NRG1 and Hippo pathway 
genes. Nat Commun. 2014;5:5893.

 58. Fernandez-Cuesta L, Thomas RK. Molecular Pathways: Targeting NRG1 
Fusions in Lung Cancer. Clin Cancer Res. 2015;21(9):1989–94.

 59. Nagasaka M, Ou SI. Neuregulin 1 Fusion-Positive NSCLC. J Thorac Oncol. 
2019;14(8):1354–9.

 60. Stalbovskaya V, Wasserman E, Fryzek J, Bylsma LC, Sirulnik LA. NRG1 
fusion-driven cancers: A systematic literature review and meta-analysis. J 
Clin Oncol. 2020;38(15):e15605–e15605.

 61. Laskin J, Liu SV, Tolba K, Heining C, Schlenk RF, Cheema P, Cadranel J, 
Jones MR, Drilon A, Cseh A, et al. NRG1 fusion-driven tumors: biology, 
detection, and the therapeutic role of afatinib and other ErbB-targeting 
agents. Ann Oncol. 2020;31(12):1693–703.

 62. Nikanjam M, Okamura R, Barkauskas DA, Kurzrock R. Targeting fusions for 
improved outcomes in oncology treatment. Cancer. 2020;126(6):1315–21.

 63. Kurzrock R. Selpercatinib Aimed at RET-Altered Cancers. N Engl J Med. 
2020;383(9):868–9.

 64. Adashek JJ, Goloubev A, Kato S, Kurzrock R. Missing the target in cancer 
therapy. Nat Cancer. 2021;2:369–71.

 65. Westin JR, Kurzrock R. It’s about time: lessons for solid tumors 
from chronic myelogenous leukemia therapy. Mol Cancer Ther. 
2012;11(12):2549–55.

 66. Okamura R, Boichard A, Kato S, Sicklick JK, Bazhenova L, Kurzrock R: 
Analysis of NTRK Alterations in Pan-Cancer Adult and Pediatric Malignan-
cies: Implications for NTRK-Targeted Therapeutics. JCO Precis Oncol. 
2018;2018. https:// pubmed. ncbi. nlm. nih. gov/ 30637 364/.

 67. Adashek JJ, Subbiah V, Kurzrock R. From Tissue-Agnostic to N-of-One 
Therapies: (R)Evolution of the Precision Paradigm. Trends Cancer. 
2021;7(1):15–28.

 68. Pal SK, Bergerot P, Dizman N, Bergerot C, Adashek J, Madison R, Chung 
JH, Ali SM, Jones JO, Salgia R. Responses to Alectinib in ALK-rearranged 
Papillary Renal Cell Carcinoma. Eur Urol. 2018;74(1):124–8.

 69. Adashek JJ, Sapkota S, de Castro Luna R, Seiwert TY. Complete response 
to alectinib in ALK-fusion metastatic salivary ductal carcinoma. NPJ Precis 
Oncol. 2023;7(1):36.

 70. Dermawan JK, Zou Y, Antonescu CR. Neuregulin 1 (NRG1) fusion-
positive high-grade spindle cell sarcoma: A distinct group of soft 
tissue tumors with metastatic potential. Genes Chromosomes Cancer. 
2022;61(3):123–30.

 71. 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.

 72. 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, 
Clinically Actionable Gene Rearrangements in KRAS Wild-Type Pancreatic 
Ductal Adenocarcinoma. Clin Cancer Res. 2019;25(15):4674–81.

 73. Muscarella LA, Rossi A. NRG1: a cinderella fusion in lung cancer? Lung 
Cancer Manag. 2017;6(4):121–3.

 74. Solca F, Dahl G, Zoephel A, Bader G, Sanderson M, Klein C, Kraemer O, 
Himmelsbach F, Haaksma E, Adolf GR. Target binding properties and cel-
lular activity of afatinib (BIBW 2992), an irreversible ErbB family blocker. J 
Pharmacol Exp Ther. 2012;343(2):342–50.

 75. Collins DM, Conlon NT, Kannan S, Verma CS, Eli LD, Lalani AS, Crown J. 
Preclinical Characteristics of the Irreversible Pan-HER Kinase Inhibitor Ner-
atinib Compared with Lapatinib: Implications for the Treatment of HER2-
Positive and HER2-Mutated Breast Cancer. Cancers (Basel). 2019;11(6):737.

 76. Schram AM, Goto K, Kim D-W, Martin-Romano P, Ou S-HI, O’Kane GM, 
O’Reilly EM, Umemoto K, Duruisseaux M, Neuzillet C, et al. Efficacy 
and safety of zenocutuzumab, a HER2 x HER3 bispecific antibody, 
across advanced NRG1 fusion (NRG1+) cancers. J Clin Oncol. 
2022;40(16):105–105.

 77. Carrizosa DR, Burkard ME, Elamin YY, Desai J, Gadgeel SM, Lin JJ, Waqar 
SN, Spigel DR, Chae YK, Cheema PK, et al. CRESTONE: Initial efficacy and 
safety of seribantumab in solid tumors harboring NRG1 fusions. J Clin 
Oncol. 2022;40(16):3006–3006.

 78. Alsina M, Boni V, Schellens JHM, Moreno V, Bol K, Westendorp M, Sirulnik 
LA, Tabernero J, Calvo E. First-in-human phase 1/2 study of MCLA-128, a 
full length IgG1 bispecific antibody targeting HER2 and HER3: Final phase 
1 data and preliminary activity in HER2+ metastatic breast cancer (MBC). 
Journal of Clinical Oncology. 2017;35(15):2522–2522.

 79. Gan HK, Millward M, Jalving M, Garrido-Laguna I, Lickliter JD, Schellens 
JHM, Lolkema MP, Van Herpen CLM, Hug B, Tang L, et al. A Phase I, First-
in-Human Study of GSK2849330, an Anti-HER3 Monoclonal Antibody, in 
HER3-Expressing Solid Tumors. Oncologist. 2021;26(10):e1844–53.

 80. Liu SV, Minasi LAE, Herpers M, Frohn C. Efficacy of afatinib in patients with 
advanced/metastatic solid tumors harboring NRG1 gene fusions. A novel, 
prospective real-world outcomes study based on single-patient protocol 
data. J Clin Oncol. 2022;40(16):TPS3180–TPS3180.

 81. Liu SV, Villaruz LC, Lee VHF, Zhu VW, Baik CS, Sacher A, McCoach CE, 
Nguyen D, Li JYC, Pacheco JM, et al. LBA61 First analysis of RAIN-701: 
Study of tarloxotinib in patients with non-small cell lung cancer (NSCLC) 
EGFR Exon 20 insertion, HER2-activating mutations & other solid tumours 
with NRG1/ERBB gene fusions. Annals of Oncology. 2020;31:S1189.

 82. Nami B, Maadi H, Wang Z. Mechanisms Underlying the Action and Syner-
gism of Trastuzumab and Pertuzumab in Targeting HER2-Positive Breast 
Cancer. Cancers (Basel). 2018;10(10):342.

 83. Masrori P, Van Damme P. Amyotrophic lateral sclerosis: a clinical review. 
Eur J Neurol. 2020;27(10):1918–29.

 84. https:// www. acces sdata. fda. gov/ drugs atfda_ docs/ label/ 2017/ 20805 
1s000 lbl. pdf.

 85. https:// www. acces sdata. fda. gov/ drugs atfda_ docs/ label/ 2018/ 21128 
8s000 lbl. pdf.

 86. Storkebaum E, Rosenblum K, Sonenberg N. Messenger RNA Trans-
lation Defects in Neurodegenerative Diseases. N Engl J Med. 
2023;388(11):1015–30.

 87. Subbiah V, Wirth LJ, Kurzrock R, Pazdur R, Beaver JA, Singh H, Mehta GU. 
Accelerated approvals hit the target in precision oncology. Nat Med. 
2022;28(10):1976–9.

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

https://pubmed.ncbi.nlm.nih.gov/30637364/
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/208051s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/208051s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/211288s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/211288s000lbl.pdf

	Neuregulin-1 and ALS19 (ERBB4): at the crossroads of amyotrophic lateral sclerosis and cancer
	Abstract 
	Background 
	Main body 
	Conclusion 

	Background
	Main text
	Function of NRG
	NRG1 and bidirectional signaling
	NRG-ERBBHER pathway in ALS and other neurologic diseases: clinical and therapeutic implications
	NRG1 in malignancy
	NRG1 and cancer therapeutics

	Case study: Patient with pancreatic cancer and VTCN1-NRG1 fusion (KRAS wild type) treated with trastuzumab and pertuzumab
	Conclusions
	NRG1 and ERBB4 (ALS19) at the intersection between neurodegenerative disease and cancer

	Acknowledgements
	References


