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Abstract
Neuregulin 2 (NRG2) belongs to the EGF family of growth factors. Most of this family members require proteolytic cleavage to
liberate their ectodomains capable of binding and activating their cognate ErbB receptors. To date, most of the studies investi-
gating proteolytic processing of neuregulins focused on NRG1, which was shown to undergo ectodomain shedding by several
ADAM proteases and BACE1 and the remaining fragment was further cleaved by γ-secretase. Recently, NRG2 attracted more
attention due to its role in the neurogenesis and modulation of behaviors associated with psychiatric disorders. In this study, we
used genetic engineering methods to identify proteases involved in proteolytic processing of murine NRG2. Using non-neuronal
cell lines as well as cultures of primary hippocampal neurons, we demonstrated that the major proteases responsible for releasing
NRG2 ectodomain are ADAM10 and BACE2. Co-expression of NRG2 and BACE2 in neurons of certain brain structures
including medulla oblongata and cerebellar deep nuclei was confirmed via immunohistochemical staining. The cleavage of
NRG2 by ADAM10 or BACE2 generates a C-terminal fragment that serves as a substrate for γ-secretase. We also showed that
murine NRG2 is subject to post-translational modifications, substantial glycosylation of its extracellular part, and phosphoryla-
tion of the cytoplasmic tail.
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Background

Neuregulin 2 (NRG2) is produced as a type I-oriented transmem-
brane protein. Of the four NRG genes identified (denoted as
NRG1–4), NRG1 and NRG2 share the greatest homology.
Like all NRGs, NRG2 has an EGF-like domain located in its
extracellular portion; this domain is responsible for binding and
activation of the ErbB receptors. Similarly to some NRG1 iso-
forms, NRG2 also possesses a single Ig-like domain, which may
mediate interactions with extracellular matrix proteoglycans.
Although both NRG1 and NRG2 bind to the same receptors,
ErbB3 and ErbB4 [1, 2], their roles are not interchangeable and

knockout (KO) animals show non-overlapping phenotypes. It
might be explained by distinct sites of expression of NRG1
and NRG2, different affinities for their cognate ErbB receptors,
and triggering different cellular responses [1–3]. Busfield et al.
reported that the expression of NRG2 is confined to specific
regions of the brain (cerebellum, olfactory bulb, and hippocam-
pal dentate gyrus), non-overlapping with NRG1 expression pat-
tern [4]. However, recent study regarding NRG2 expression in
adult mouse brain, which utilized more sensitive methods, sug-
gests that NRG2 expression is more ubiquitous than reported
previously [5]. NRG1 seems to be essential during development,
becauseNrg1 genetic deletion leads to embryonic lethality due to
heart abnormalities [6] that resemble those observed in Erbb2
and Erbb4 null mice [7, 8]. Mice lacking NRG1 also display
several defects in nervous system development [6, 9]. Unlike
Nrg1-KO mice, Nrg2-KO mice are viable and do not display
severe phenotypical abnormalities apart from post-birth growth
retardation [5, 10]. Nonetheless, the impaired growth rate is com-
pensated over the course of four months and Nrg2-KO mice
become indistinguishable from control mice [10]. Alteration of
NRG1 expression or genetic polymorphism in Nrg1 gene are
linked to the pathophysiology of schizophrenia [11, 12]. Single
nucleotide polymorphism analysis and association studies also
pointed to a genome region encompassing NRG2 locus to be
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associated with the vulnerability for neuropsychiatric diseases
[13–17]. A recent study shows that NRG2-KO mice develop
dopamine disbalance similar to that observed in schizophrenia
and behave abnormally in several behavioral tests [5], again
implying a role of NRG2 in the modulation of behavior impli-
cated in psychiatric disorders.

Most members of the EGF family of growth factors rely on
proteolytic cleavage to release soluble, ErbB signaling-
competent ectodomains. Currently little is known about
NRG2 processing and function. NRG1 is a substrate for shed-
ding by several metalloproteases from the ADAM family and
the beta-secretase BACE1, which belongs to aspartyl prote-
ases [18–21]. By using a broad-spectrum metalloprotease in-
hibitor GM6001, Vullhorst et al. have shown that the
ectodomain of rat NRG2 is shed by one or more enzymes of
a metalloprotease family [22].

Here, we sought to elucidate which proteases are responsi-
ble for proteolytic processing of murine NRG2. Based on our
results, we conclude that NRG2 extracellular domain is shed
by ADAM10 and BACE2 and the remaining fragment is fur-
ther processed by γ-secretase.

Materials and Methods

Cell CultureB16F10 (murine melanoma), MC38CEA (murine
colon cancer cells expressing human carcinoembryonic anti-
gen) [23], MEF (murine embryonal fibroblasts), MEF
ADAM10−/− (a gift from Prof. Paul Saftig, Christian-
Albrechts University Kiel, Germany), and ADAM17ΔZn/ΔZn

MEF (a gift from Prof. Roy Black, at that time Amgen,
Thousand Oaks, CA) were cultured at standard conditions in
DMEM (BioWest) supplemented with 10% heat-inactivated,
gamma-irradiated fetal bovine serum (BioWest). All cell cul-
tures were screened for Mycoplasma contamination using
PCR with Mycoplasma rDNA-specific probes.

Construction of Expression Vectors Total RNA was isolated
from the brain of three-week old C57BL/6 mouse using
Chomczyński and Sacchi method [24]. The tissue was obtain-
ed from the animal house at the Faculty of Biochemistry,
Biophysics and Biotechnology in Kraków. Poly(A)+ fraction
was obtained by incubating isolated RNAwith oligo(dT)-cel-
lulose tablets (Invitrogen) as described in [25]. Five hundred
nanograms of poly(A)+ RNA was reverse-transcribed using
ImProm II Reverse Transcriptase system (Promega) following
manufacturer’s recommendations, using oligo(dT) primer.
Coding sequences of NRG1 types I and III and NRG2 were
PCR-amplified using HiFi HotStart DNA Polymerase (KAPA
Biosystems) with primers listed in Supplementary Table 1.
PCR products were resolved in 1% agarose gel in TAE buffer.
Bands corresponding to sequences coding for NRG1 type I,
NRG1 type III, or NRG2 were cut out, purified using Gel/

PCR ME Mini Kit (Syngen Biotech) and cloned into
pJET1.2/blunt (Thermo Scientific). The sequences of all con-
structs were confirmed with Sanger sequencing (all sequenc-
ing procedures were performed in Genomed S.A., Warsaw,
Poland). During the cloning of Nrg2, four plasmids were se-
quenced. HA-tag and/or FLAG-tag were introduced to
pJET1.2-NRG vectors using QuikChange technique as de-
scribed in [26] or by inverse PCR using primers listed in
Supplementary Table 1. FLAG- and/or HA-tagged NRGs
were then subcloned into pLVX-IRES-puro plasmid
(Clontech) using XhoI/XbaI restriction sites. The sequences
coding for ADAM10, BACE1, and BACE2 were PCR-
amplified from reverse-transcribed total RNA isolated from
C57BL/6 mouse tissues with primers containing BamHI,
EcoRI, or NotI restriction sites (listed in Supplementary
Table 1) and cloned into pJET1.2/blunt, then subcloned into
LeGO-iT2 plasmid [27] (a gift form from Boris Fehse;
Addgene plasmid # 27343), using BamHI/NotI or BamHI/
EcoRI restriction sites. In the case of ADAM10, every
resulting plasmid contained a frameshifting mutation in
ADAM10 coding sequence; to restore the correct reading
frame, a clone containing a single nucleotide deletion was
subjected to QuikChange site-directed mutagenesis with
primers that restore the correct reading frame. For generation
of Sleeping Beauty transposon vector, a sequence coding for
FLAG- and HA-tagged NRG2 was PCR-amplified with
Phanta Max polymerase (Vazyme Biotech), digested with
SfiI and cloned into SfiI-digested pSBbi-Pur [28] (a gift from
Eric Kowarz; Addgene plasmid # 60523). The resulting vector
was called pSBbi-Pur-NRG2ΔC, because it coded for NRG2
lacking a part of its predominant C-terminus.

The full-length C-terminal fragment of NRG2 was codon-
optimized to decrease GC content, synthesized as double-
stranded DNA (GeneArt Strings, Thermo Scientific), and
cloned into PCR-amplified pSBbi-Pur-NRG2ΔC using
NEBuilder HiFi DNA Assembly Mix (NEB). For generation
of lentiviral vector encoding NRG2 containing the full-length
C-terminal fragment, pSBbi-Pur-NRG2 was propagated in
dam−/dcm− E. coli (NEB); a SalI-BclI restriction fragment
from pSBbi-Pur-NRG2 was ligated into the SalI/BamHI
digested pLVX-IRES-puro-NRG2ΔC.

For generation of a lentiviral vector encoding full-length
NRG2 under neuron-specific human synapsin I promoter
(hSyn), NRG2 coding sequence was PCR-amplified from
pSBbi-Pur-NRG2 and hSyn promoter was PCR-amplified
from human genomic DNA. NRG2 and hSyn promoter se-
quences were inserted into XbaI/EcoRI-digested LeGO-G/
BSD [27] (a gift from Boris Fehse, Addgene plasmid #
27354) using NEBuilder HiFi DNA Assembly Mix (NEB).

Lentivirus Production and Generation of Stable Cell Lines by
Transduction or Transfection Lentiviral particles were pro-
duced in HEK293T cells as described previously [29].
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Briefly, 293T cells were cotransfected with pLVX-IRES-puro
or LeGO expression constructs, packaging plasmid psPAX2,
and envelope plasmid pMD2.G (psPAX2 and pMD2.G,
Addgene plasmids #12260 and #12259, respectively, gifts
from Didier Trono) using Polyethylenimine HCl MAX,
Linear, MW 40,000 (PEI; PolySciences) at a ratio of DNA
to PEI 1:3. Pseudoviral particles were concentrated by centri-
fugation for 3 h at 23,000g at 4 °C and resuspended in serum-
free DMEM. pLVX-IRES-puro-based vectors were titrated
using QuickTiter Lentivirus Titer Kit (Lentivirus-Associated
HIV p24; Cell Biolabs); LeGO-iT2-based vector titers were
assessed by transduction of target cells with serial dilutions of
concentrated media and estimation of tdTomato-positive frac-
tion using flow cytometer (FACSCalibur, BD Bioscience).
The cells were transduced in 12-well plates in the presence
of 8 μg/ml polybrene at MOI 5. For pLVX-IRES-puro vec-
tors, puromycin was added 48 h after transduction at a final
concentration of 10 μg/ml for MEF, 5 μg/ml for MC38CEA,
or 1.25 μg/ml for B16F10. MEF WT, ADAM10−/−, and
ADAM17ΔZn/ΔZn were seeded in 12-well plates. On the fol-
lowing day, the cells were transfected with 950 ng of pSBbi-
NRG vector together with 50 ng of transposase-encoding vec-
tor pCMV(CAT)T7-SB100 [30] (a gift from Zsuzsanna
Izsvak; Addgene plasmid # 34879) using jetPRIME reagent
(Polyplus Transfection) according to the manufacturer’s pro-
tocol. One day after transfection, puromycin was added to the
cell culture medium at a final concentration of 10 μg/ml.

Treatment with Inhibitors Inhibitors were dissolved in DMSO
and used at the indicated final concentrations: BB-94
(Batimastat; Sigma-Aldrich) 10 μM; BB-2516 (Marimastat;
Sigma-Aldrich) 10 μM; GM6001 (Tocris Bioscience) 25 μM;
GI254023X (Sigma-Aldrich) 10 μM; PF-06649283 (Sigma-
Aldrich) 10 μM; AZD3839 (Selleck Chemicals) 10 μM;
DAPT (Sigma-Aldrich) 5 μM; deshydroxy-LY411575
(Sigma-Aldrich) 10 μM. The cells were cultured overnight
in the presence of inhibitors or vehicle control (DMSO). The
final concentration of DMSO in a culture medium did not
exceed 0.1%.

siRNA Transfection Cells were plated in 12-well plates. On the
following day, the cells were transfected with siRNA at a final
concentration of 5 nM using Lipofectamine RNAiMAX
(Thermo Scientific) according to manufacturer recommenda-
tions. RNA was isolated 48 h after transfection; protein was
isolated 72 h after transfection. Trilencer-27 siRNA duplexes
were purchased from OriGene. The silencing efficiencies of
siRNA pool were evaluated using RT-qPCR and were in the
range of 70–95%.

Western Blotting The cells were lysed in ice-cold RIPA buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS), enriched with 0.5%

CHAPS, 5 mM EDTA and Halt Protease Inhibitor Cocktail
(Thermo Scientific). Equal amounts of protein (in a range of
10–25 μg in individual experiments) were resolved on 8%
polyacrylamide gels in Laemmli buffer. Cultured primary neu-
rons were lysed directly in SDS-PAGE loading buffer.
Collected media were centrifuged (5 min, 2000g) to remove
cell debris and concentrated by centrifugation using Amicon
Ultra 0.5 ml centrifugal units 10 MWCO (Merck) or by pre-
cipitation with ethanol. Concentrated media were subjected to
SDS-PAGE and proteins were transferred onto PVDF mem-
branes (Immobilon P, Merck). The membranes were stained
with Ponceau-S to ensure equal protein loading, destained
with TBS with Tween-20 (TBST), blocked with 5% skimmed
milk in TBST and probed with following antibodies: rabbit
anti-HA-tag (Abcam #9110, 1:10,000), rabbit anti-FLAG-tag
(Proteintech #20543-1-AP, 1:1000), rabbit anti-ADAM10
(Abcam #1997, 1:5000), rabbit anti-ADAM17 (Thermo
Scientific #PA5-17080, 1:2500), mouse anti-BACE1 (Santa
Cruz Biotechnology, clone 61-3e7, 1 μg/ml), rabbit anti-
BACE2 (Thermo Scientific #PA1-753, 1:1000), rabbit
anti-β-actin (clone 13E5, Cell Signaling Technology,
1:5000), mouse anti-β-III-tubulin (Thermo Scientific, clone
2G10, 1 μg/ml) and corresponding HRP-conjugated second-
ary antibodies: goat anti-rabbit Ig (Sigma-Aldrich, 1:20,000)
or goat anti-mouse IgG (BD Pharmingen, 1:20,000). Bands
were developed with Immobilon Western Chemiluminescent
HRP Substrate (Merck) and visualized with a luminescence
imaging platform Fusion FX (Vilber Lourmat). The exposi-
tion time was set to “auto.” Band intensities were quantified
using Fiji software [31]; chemiluminescent signal was normal-
ized to the total protein amount in each lane visualized by
Ponceau staining (unless stated otherwise). In the case of pri-
mary neurons, after NRG2 signal was developed, membranes
were subjected to antibody removal in the mild stripping buff-
er (200 mM glycine, pH 2.2, 0.1% SDS, 1% Tween-20),
blocking and reprobing with anti-β-III-tubulin. NRG2 signal
was normalized to the signal of neuron-specific marker, β-III-
tubulin. The color of images was inversed using Fiji software.
If needed, contrast of images was adjusted and the change has
been marked in the picture and its description. Original, un-
processed images and chemiluminescent images merged with
white light images of the membranes with PageRuler
Prestained Protein Ladder, 10 to 180 kDa (Thermo
Scientific) are included in the Electronic Supplementary
Material together with pictures of membranes stained with
Ponceau-S (if available). The images were merged in Fusion
FX software. The molecular mass of NRG2 was estimated by
measuring the relative migration distance of the protein and
the standards of known molecular masses, plotting the dis-
tances of the standard proteins versus their molecular masses
on a semi-log graph, fitting a linear curve and calculating the
molecular mass of NRG2 based on the equation of the stan-
dard curve.
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Protein Dephosphorylation and Deglycosylation Protein ly-
sates were dephosphorylated using FastAP Thermosensitive
Alkaline Phosphatase (Thermo Scientific) as recommended
by the manufacturer. Briefly, 20 μg of proteins from the ly-
sates of cells treated with DAPT was incubated with 10 U of
FastAP in 1 × FastAP reaction buffer at 37 °C for 1 h. Proteins
form the cell lysates or concentrated media were deglycosyl-
ated using recombinant PNGase F (Promega) according to
manufacturer’s recommendations. Dephosphorylated or de-
glycosylated proteins were subjected to SDS-PAGE and
Western blotting analysis performed with antibodies anti-
FLAG or anti-HA as described above.

RNA Isolation, Reverse Transcription, and RT-qPCRTotal RNA
was isolated by the modified guanidinium isothiocyanate and
phenol/chloroform extraction using Fenozol reagent (A&A
Biotechnology), followed by DNAse I digestion and purifica-
t ion us ing Clean-Up RNA Concen t ra to r (A&A
Biotechnology) as recommended by the manufacturer. Equal
amounts of RNA (1 μg) were reverse-transcribed using M-
MLV transcriptase (Promega) and oligo(dT)15 primer accord-
ing to manufacturer’s recommendations. RT-qPCR was per-
formed using AceQ qPCR SYBR Green Mix (Vazyme
Biotech) on Eco Real-Time PCR System (Illumina).
Reaction for each data point was performed in duplicates.
RNA expression was normalized to a geometric mean of at
least two of the following reference genes: eEF2, Tbp,
PolR2b, ActB. Primes used for qPCR experiments are listed
in Supplementary Table 2.

Immunohistochemistry Brains of C57BL/6J healthy, adult
mice (6–8 weeks old) were obtained from the Animal
Facility of the Faculty of Biochemistry, Biophysics and
Biotechnology, Jagiellonian University, Kraków, Poland,
pursuant to Directive 2010/63/EU of the European
Parliament and of the Council. The brains were fixed in 4%
paraformaldehyde in PBS, embedded in paraffin, sectioned
coronally at a thickness of 7 μm using a microtome, and
mounted onto Superfrost Plus slides (Thermo Scientific).
The slides were heated for 1 h at 60 °C in an oven, then
deparaffinized with a series of xylene and graded ethanol
washes. Endogenous peroxidase activity was blocked by in-
cubating the sections in 0.3% H2O2 in 40% methanol in PBS
overnight. After brief TBS washes, the sections underwent
antigen retrieval in 10 mM citrate buffer, 0.05% Tween-20,
pH 6.0, in a wet autoclave at 121 °C for 5 min. After three
washes in TBST, the sections were incubated in blocking so-
lution (20% normal goat serum, 3% BSA in TBS) for 30 min,
and then for additional 30 min in blocking solution containing
Mouse BD Fc Block (rat anti-mouse CD16/CD32, clone
2.4G2, BD Biosciences). Endogenous mouse immunoglobu-
lins were blocked with unstained Fab fragments of goat anti-
mouse IgG (Jackson ImmunoResearch, #115-007-003) in

TBS at 100 μg/ml for at least 2 h at room temperature. After
three washes in TBST, the sections were incubated overnight
at 4 °C with mouse anti-NRG2 (Sigma-Aldrich, clone 8D11,
2 μg/ml) or isotype control (mouse anti-human CEA, clone
COL-1, Zymed), diluted in 10% normal goat serum, 1% BSA
in TBST (dilution buffer). After washing six times for 5 min in
TBST, the slices were incubated with SuperBoost Goat anti-
Mouse Poly HRP (Thermo Scientific) for 1 h at room temper-
ature, washed six times with TBST and then subjected to sig-
nal amplification using Alexa Fluor 488 Tyramide (Thermo
Scientific) for 10 min at room temperature. Following five
washes in TBST, the sections were subjected to microwave
treatment in 10 mM citrate buffer, 0.05% Tween-20, pH 6.0,
(2min in boiling solution), to inactivate HRP. After incubation
in blocking solution containing Mouse Fc Block, the slices
were subjected to staining using rabbit anti-BACE2 antibody
(Thermo Scientific #PA1-753, 1:1000) or rabbit IgG isotype
control (Novus Biologicals, #NB810-56910), employing the
same staining procedure as described for NRG2 staining but
using SuperBoost Goat anti-Rabbit Poly HRP and Alexa
Fluor 546 Tyramide (Thermo Scientific). In some sections,
anti-BACE2 and anti-rabbit IgG were substituted with dilu-
tion buffer and then incubated with Alexa Fluor 546
Tyramide, to ensure that HRP from the first round of staining
was successfully inactivated. Finally, after additional micro-
wave treatment in boiling citrate buffer for 8 min in order to
remove mouse anti-NRG primary antibodies, TBST washes,
and blocking, the sections were incubated with mouse anti-β-
III-tubulin (Thermo Scientific, clone 2G10, 4 μg/ml) or
isotype control antibodies (mouse IgG2a Isotype Control,
Sigma-Aldrich, clone UPC-10) followed by Alexa Fluor
647-conjugated F(ab′)2 of goat anti-mouse IgG (Jackson
ImmunoResearch #115-606-062, 1:200). After dipping in
70% ethanol, the sections were transferred to a filtered solu-
tion of 0.3% Sudan Black B (Sigma-Aldrich) in 70% ethanol
for 30 min, followed by two brief washes in 70% ethanol and
PBS. The sections were mounted with Vectashield Antifade
Mounting Medium with DAPI (Vector Laboratories) and
coverslipped. Images were taken on Leica DM6Bmicroscope
equipped with Leica DMC5400 camera. Images were adjust-
ed for overall brightness and contrast in Fiji software.

Hippocampal Neuron Culture Primary hippocampal neurons
were isolated from the brains of adult C57BL6/J mice at 4–
8 weeks of age according to a published protocol [32] with
minor modifications. Briefly, isolated hippocampi were
minced with a sterile razor and digested for 30 min at 30 °C
in papain (2mg/ml;Worthington Biochemical Corporation) in
digestion buffer (68.9 mM NaCl, 5.3 mM KCl, 0.81 mM
MgCl2, 0.88 mM NaHCO3, 0.91 mM NaH2PO4, 10 mM
HEPES, 25 mM D-glucose, 0.23 mM sodium pyruvate,
10 mM MOPS, pH 7.3). Then DNase I (200 U/ml; Sigma-
Aldrich) and MgCl2 (to a final concentration of 5 mM) were
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added and the tissue was incubated for additional 5 min.
Papain/DNase solution was replaced with Hibernate-A/B27
Plus medium (Thermo Scientific) and the tissue was titurated
with fire-polished, siliconized Pasteur pipettes with descend-
ing diameters of openings and fractionated on a four step
Optiprep (Sigma-Aldrich) gradient. The neuronal fraction
was collected, rinsed with Hibernate-A/B27 Plus and subject-
ed to additional debris removal step, in which the cells were
mixed with Optiprep (9% final concentration of iodixanol) in
Hibernate-A/B27 Plus, overlayed with Hibernate-A/B27, and
centrifuged at 3000g for 10 min. The top layers were
discarded and the layer containing neurons was washed with
Hibernate-A/B27 Plus. The cell pellet was resuspended in
Neurobasal-A/B27 Plus medium (Thermo Scientific) contain-
ing 0.5 mM Ultraglutamine (Lonza), gentamicin (5 μg/ml),
and mouse FGF2 (10 ng/ml; BioLegend). Neurons were plat-
ed on poly-D-lysine-coated coverslips. One fourth of the me-
dium was replaced twice a week. The cells were transduced
with lentiviral vectors encoding NRG2 at DIV4. All experi-
ments were performed on cells at ≥DIV14.

Results

Obtaining a Full-Length Murine NRG2 Coding
Sequence

To investigate proteolytic processing of murine NRG2, we
decided to overexpress NRG2 in three different cell lines.
NRG2 expression was reported to be the highest in specific
regions of the brain and therefore we decided to amplify
NRG2 coding sequence from RNA isolated from a mouse
brain tissue. Nrg2 gene contains 12 exons; therefore, it may
produce a large number of alternatively spliced variants. The
full-length NRG2 sequence that we have amplified resembles
the predicted transcript variant X1 (XM_006525461.3) except
it lacks a fragment located in the last exon. The resulting
NRG2 protein is denoted as NRG2ΔC and the sequence of
its open reading frame is included in the Electronic
Supplementary Material.

ADAM10 and BACE2 Are the Key Enzymes Involved
in NRG2 Ectodomain Shedding

To study NRG2 processing in cells, we have chosen B16F10,
MC38CEA, and MEF cells. All of these cell lines express
NRG2 as well as its receptor and thus we expected them to
produce NRG2-competent sheddase(s). We transduced the
cells with vectors coding for NRG2ΔC with introduced com-
mon tags to enable simple detection with commercially avail-
able antibodies. The cells stably expressed either single-
tagged NRG2ΔC (C-terminal HA-tag) or double-tagged
NRG2ΔC (FLAG-tag within ectodomain and C-terminal

HA-tag; Fig. 1a). In all cell lines, NRG2ΔC was efficiently
processed because the full-length form of NRG2ΔCwas bare-
ly detectable despite a high level of transgene mRNA expres-
sion (data not shown). We first inhibited activity of
metalloproteases and BACE in B16F10 and MEF cells with
small-molecule inhibitors. Metalloprotease- and BACE inhib-
itors were chosen by analogy with NRG1, which was shown
to be processed by several ADAM metalloproteases and
BACE1. In both cel l l ines tes ted, inhibi t ion of
metalloproteases activity by Batimastat, GM6001, and
GI254023X resulted in an increase in the level of full-length
NRG2ΔC in cell lysates (detected with antibodies recogniz-
ing HA epitope; Fig. 1b). This was accompanied by a strong
reduction of the level of the soluble NRG2 ectodomain (de-
tected with anti-FLAG antibodies) in conditioned media
(Fig. 1b). We did not detect any substantial changes in
NRG2ΔC levels upon inhibition of BACE with PF-
06649283. GI254023X is a potent and selective ADAM10
inhibitor (with high selectivity over ADAM17 [33]); there-
fore, ADAM10 is most likely the main protease responsible
for NRG2ΔC shedding in the tested cell lines. Moreover, in
ADAM10−/− fibroblasts, the level of full-length NRG2ΔC
was strongly elevated and the level of soluble NRG2ΔC
was strongly reduced in comparison with wild-type MEF
cells, or cells that lack ADAM17 protease activity
(ADAM17ΔZn/ΔZn MEF; Fig. 1c). It is in agreement with
the results of experiments utilizing siRNA to silence the ex-
pression of ADAM9, ADAM10, ADAM17, or ADAM19—
only siRNA against ADAM10 was able to inhibit shedding of
NRG2ΔC (Fig. 1d and Supplementary Fig. 1a). Although we
observed an elevated level of full-length NRG2ΔC in cells, in
which ADAM19 was silenced with one of three tested
siRNAs, but this resulted most probably from the increased
total level of NRG2ΔC, because these cells showed augment-
ed Nrg2 mRNA expression (Supplementary Fig. 1b).

However, inhibition of metalloprotease activity in B16F10
did not prevent NRG shedding and significant amounts of
soluble NRG2ΔC were still detected in cell culture medium.
To further investigate if proteases other than ADAM10 are
involved in the shedding of NRG2ΔC ectodomain, we incu-
bated the cells simultaneously with ADAM10 inhibitor
GI254023X and either general BACE inhibitor PF-
06649283 or selective BACE1 inhibitor AZD3839. We ob-
served that in B16F10, the combination of ADAM10 inhibitor
with BACE inhibitor PF-06649283 further diminished the
level of soluble NRG2ΔC compared to that in the cells treated
with GI254023X only, and this was accompanied by accumu-
lation of full-length, unprocessed NRG2ΔC (Fig. 2a). This
effect was not observed in MEF and MC38CEA cells (data
not shown). The levels of both soluble NRG2ΔC
(sNRG2ΔC) and full-length NRG2ΔC in the samples from
B16F10 treated simultaneously with GI254023X and BACE1
selective inhibitor AZD3839 were comparable to those in the
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cells incubated with ADAM10 inhibitor only. RT-qPCR dem-
onstrated that all cell lines expressed Bace1 mRNA; signifi-
cant amounts ofBace2 transcript were present only in B16F10
cells (Fig. 2b). Moreover, among these unmodified lines,

BACE2 protein is detectable only in B16F10 cells (Fig. 2c,
bottom panel). Therefore, we concluded that besides
ADAM10, also BACE2 is capable of NRG2 shedding.
Using B16F10 cells that overexpressed HA-tagged NRG1

Fig. 1 Mouse NRG2 ectodomain is shed by an enzyme belonging to
metalloproteases. a Schematic representation of NRG2 used in this
study. A FLAG-tag was inserted in the extracellular domain of NRG2
(ECD) between Ig-like and EGF-like domains. HA-tag was inserted im-
mediately after NRG2 coding sequence at the C-terminus. b Western
blotting analysis of the levels of soluble NRG2ΔC in the culture medium
(sNRG2ΔC, detected with anti-FLAG antibody) and full-length
NRG2ΔC (NRG2ΔC FL, detected with anti-HA antibody) in the lysates
of B16F10 and MEF cells incubated with metalloprotease inhibitors or
general BACE inhibitor. Right panel: quantification of WB signals.
Graph represents fold changes of NRG2ΔC-linked chemiluminescent
signals. For analysis of NRG2ΔC FL, the chemiluminescent signal of
the sample from the cells treated with GI254023X was set as one and for
analysis of sNRG2ΔC the chemiluminescent signal of the sample from
the cells treated with vehicle (DMSO) was set as one. Quantification of

band intensities from four (B16F10) or three (MEF) independent exper-
iments is shown as mean value (MV) ± standard error of the mean (SEM).
c Western blotting analysis of NRG2ΔC shedding in wild-type (WT)
murine embryonal fibroblasts (WT MEF), ADAM10-deficient
(ADAM10−/− or 10−/−) MEF and MEF that lack ADAM17 catalytic ac-
tivity (ADAM17ΔZn/ΔZn or 17ΔZn/ΔZn). Band intensities in WT MEF
cells were set as one. Mean values ± SEM from three independent exper-
iments are shown. dWestern blotting analysis of full-length NRG2ΔC in
lysates of B16F10 cells transduced with a vector coding for C-terminally
HA-tagged NRG2ΔC upon silencing of ADAM9, ADAM10, ADAM17,
or ADAM19with siRNA pools. Graph represents the fold change of band
intensities normalized toβ-actin; band intensity of a sample from the cells
transfected with ADAM10 siRNA is set as one.Mean values ± SEM from
four independent experiments are shown
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type III (which may be processed by both ADAM10 and
ADAM17 as well as BACE1) or NRG2ΔC, we confirmed
that the concentration of AZD3839 used in this study was
sufficient to inhibit BACE1-mediated cleavage (Fig. 2d).
Moreover, we showed that AZD3839 was specific towards
BACE1, because it did not inhibit processing of NRG2ΔC
by BACE2, in contrast to PF-06649283, which inhibited both
BACE1 and BACE2 activity towards NRG1 and NRG2 shed-
ding, respectively.

To further confirm the contribution of BACE2, and not
BACE1, in NRG2ΔC proteolysis, we overexpressed
BACE1 and BACE2 in MEF cells, generating BACE1+

MEF and BACE2+ MEF cell lines (Figs. 2c and 3a). All cell
lines expressed comparable levels of ADAM10 (Figs. 2c and
3a). In the cells transduced with an empty vector, the levels of
full-length NRG2ΔC as well as sNRG2ΔC were comparable

between cells incubated with ADAM10 inhibitor and cells
treated with both ADAM10- and BACE inhibitors (Fig. 3b).
This finding is in agreement with the results obtained for un-
modified MEF cells. Overexpression of BACE1 did not abol-
ish suppression of NRG2ΔC shedding by ADAM10 inhibi-
tor, GI254023X; however, it led to increased sensitivity of
NRG2ΔC shedding to general BACE inhibitor, PF-
06649283. Although, this inhibitor alone did not lead to the
increase in membrane content of NRG2ΔC, but it significant-
ly potentiated the inhibitory effect of GI254023X (Fig. 3b). It
may be due to the fact that in BACE1-overexpressing cells,
the levels of Bace2 mRNAwere also elevated in comparison
with the cells transduced with an empty vector (Fig. 3a, right-
most panel). In contrast to overexpression of BACE1, trans-
duction of MEF cells with a vector encoding BACE2 led to a
substantial reduction of the level of the full-length form of

Fig. 2 Inhibitors of ADAMs and BACEs affect NRG2 shedding. a
Western blotting analysis of soluble NRG2ΔC (sNRG2ΔC) in the
culture medium and full-length NRG2ΔC (NRG2ΔC FL) in the lysates
of B16F10 cells treated with ADAM10-specific inhibitor GI254023X
(GI), general BACE inhibitor PF-06649283 (PF), BACE1-specific inhib-
itor AZD3839 (AZD), or combinations of two inhibitors. Lower panel:
quantification of WB signals. Graph represents mean values of fold
changes of NRG2ΔC-linked chemiluminescent signals ± SEM of three
independent experiments. For analysis of NRG2ΔC FL, the chemilumi-
nescent signal of the sample from the cells treated with GI254023X was
set as one and for analysis of sNRG2ΔC the chemiluminescent signal of
the sample from the cells treated with vehicle (DMSO) was set as one. b
RT-qPCR analysis of Bace1 and Bace2 mRNA levels in MEF, B16F10
and MC38CEA cells. Data is shown as MV ± SEM from three indepen-
dent experiments. c Western blotting analysis of ADAM10, BACE1 and
BACE2 protein levels in B16F10- and MEF cells transduced with an

empty vector or BACE1-, or BACE2-encoding vectors. The PVDFmem-
brane incubated with anti-BACE2 antibody was cut for bands visualiza-
tion because of a strong, unspecific signal detected below BACE2-
specific one. The original image from the uncut membrane is available
in Electronic SupplementaryMaterial. The contrast of BACE2 image was
adjusted to enable visualization of BACE2 expression in B16F10 cell
lysate. Representative images from three independent experiments are
shown. dWestern blotting analysis of NRG1 type III or NRG2ΔC shed-
ding in B16F10 cells transduced with vectors coding for HA-tagged
NRG1 type III or NRG2ΔC in the presence of vehicle (DMSO) or dif-
ferent concentrations of general BACE inhibitor PF-06649283 or
BACE1-specific inhibitor AZD3839. All cells were treated simultaneous-
ly with Batimastat to reduce ADAM10- and/or ADAM17-mediated
NRGs shedding. Representative images from three independent experi-
ments are shown
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NRG2ΔC. Treatment of BACE2+ MEF cells with ADAM10
inhibitor GI254023X resulted in only slight increase in the
level of full-length NRG2ΔC; despite similar amounts of pro-
tein loaded on the gel, the time required for optimal detection
of chemiluminescent signal was much longer for membranes
with lysates fromBACE2+ cells than from control or BACE1+

cells (e.g., ~ 80 s vs ~ 20 s). Also, the decrease in the amount
of sNRG2ΔC upon ADAM10 inhibition in BACE2+ MEF
was barely detectable. A pronounced inhibition of NRG shed-
ding was visible only after incubation of the cells with both
GI254023X and PF-06649283 (Fig. 3b). Because soluble
NRG2ΔC fragments generated upon metalloprotease or
BACE inhibition migrated with the same apparent molecular
mass, it suggested that ADAM10 cleavage site is located in

close proximity to BACE2 cleavage site. To confirm that a
canonical form of NRG2 containing a full C-terminal frag-
ment (denoted as NRG2) undergoes proteolytic processing
by the same enzymes as NRG2ΔC, we overexpressed
BACE1 and BACE2 in MEF cells overexpressing NRG2.
Similarly to NRG2ΔC, NRG2 was efficiently cleaved both
by ADAM10 and BACE2, but not BACE1 (Fig. 3c).
Moreover, NRG2 seems to be even more sensitive to
BACE2 cleavage than NRG2ΔC, because the effect of
BACE-specific inhibitor, PF-06649283 on inhibition of
NRG2 shedding is comparable to the effect of ADAM10-
specific inhibitor, GI234023X.

In ADAM10-knockout MEF cells, we detected only a
small amount of sNRG2ΔC in conditioned medium, while

Fig. 3 ADAM10 and BACE2 are
responsible for generation of
soluble NRG2. a RT-qPCR anal-
ysis of the levels of Adam10,
Bace1 and Bace2 transcripts in
MEF cells transduced with an
empty vector or vectors coding
for murine BACE1 or BACE2.
Data is shown as MV± SEM
from three independent experi-
ments. b, c Western blotting
analysis of NRG2ΔC (b) or
NRG2 (c) shedding in the pres-
ence of ADAM10-specific inhib-
itor GI254023X (GI), general
BACE inhibitor PF-06649283
(PF), or their combination inMEF
cells transduced with an empty
vector or vectors coding for mu-
rine BACE1 or BACE2. The
contrast of NRG2ΔC FL image
was adjusted to enable visualiza-
tion of NRG2ΔC FL in BACE2+

MEF cells. Right panels:
Quantification of WB signals.
Graph represents the MVof fold
change of band intensities ± SEM
from five independent experi-
ments. For analysis of NRG FL,
the chemiluminescent signal of
the sample from the cells treated
with GI254023X + PF-06649283
(GI + PF) was set as one and for
analysis of sNRG—the chemilu-
minescent signal of the sample
from the cells treated with vehicle
(DMSO)
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full-length NRG2ΔCwas present in cell lysates in large quan-
tities (Fig. 4). Restoration of ADAM10 expression in those
cells resulted in enhanced liberation of soluble NRG2ΔC
ectodomain to the cell culture medium. Increased
sNRG2ΔC level was accompanied by strong decline in the
full-length NRG2ΔC level in the cell lysates (Fig. 4).
Overexpression of BACE1 was not able to compensate for a
lack of ADAM10; full-length NRG2ΔC in lysates was pres-
ent in a much larger quantity than in the lysates of cells over-
expressing ADAM10, while the level of sNRG2ΔC was sub-
stantially lower than that observed for ADAM10+ cells. In
contrast, overexpression of BACE2 in ADAM10-knockout
MEF cells resulted in significantly diminished full-length
NRG2ΔC- and increased sNRG2ΔC levels in the cell lysate
and conditioned medium, respectively. Collectively, these re-
sults indicate that both ADAM10 and BACE2 are able to
efficiently shed NRG2 ectodomain; BACE1 may also be in-
volved in NRG2 proteolysis, although this process seems to
be much less efficient than these catalyzed by ADAM10 or
BACE2. The weak influence of BACE1 on NRG2ΔC pro-
cessing (Figs. 3b and 4) was not observed in experiments
performed with NRG2 (Fig. 3c), thus probably BACE1 has
only marginal, if any, effect on the shedding of the dominant
natural form of NRG2.

To confirm the relevance of identified NRG2 sheddases to
neuronal cells, we isolated hippocampal cells, which suppos-
edly express NRG2 as well as both ADAM10 and BACE2
and transduced them with a lentiviral vector coding for full-
length NRG2 under neuron-specific human synapsin I pro-
moter. The cells were subjected to ADAM10 and BACE in-
hibitors and the levels of unprocessed NRG2 were analyzed
by western blotting (Fig. 5a). In agreement with results ob-
tained for non-neuronal, BACE2-expressing cell lines, inhibi-
tion of either ADAM10 or BACEs resulted in moderate sup-
pression of NRG2 shedding, while simultaneous treatment of
neurons with ADAM10- and general BACE inhibitors led to
the strong accumulation of unprocessed NRG2 in the cells.

Assuming that BACE1 is not able to shed NRG2, the result
supported the notion that both ADAM10 and BACE2 may
play a role of NRG2 sheddase in neurons.

To further confirm the possible physiological signifi-
cance of BACE2 in NRG2 shedding, we performed double
immunocytochemistry on mouse brain sections with anti-
bodies against BACE2 and NRG2, in search for the cells
that show their co-expression. First, we tested the specific-
ity of the antibodies on MEF cells transfected with vectors
coding for mouse BACE1 or BACE2, or MEF ADAM10−/
− cells transfected with a plasmid encoding mouse NRG2
(Supplementary Fig. 2). Both antibodies are suitable for
immunofluorescent staining; weak non-specific signal
from anti-BACE2 antibody is observed in the nucleus,
while the specific signal is found outside the nucleus.
Anti-BACE2 antibody does not cross-react with BACE1
(Supplementary Fig. 2).

For immunohistochemistry, we used the most sensitive
fluorescent imaging method for the detection of low abun-
dance targets, which utilize tyramide amplification. In line
with previous reports [4, 5, 34], the highest NRG2 immuno-
reactivity was found in cerebellar Purkinje cells; we also ob-
served less abundant signals in other areas, including cerebral
cortex, cerebellar granule cells, cerebellar deep nuclei, hippo-
campus, striatum, thalamus, midbrain, and medulla.
Cerebellar Purkinje cells were not stained with anti-BACE2
antibody (Fig. 5b); BACE2-positive cells were observed in
the cerebral cortex, but NRG2-positive cells were rarely found
positive for BACE2 (Fig. 5c). Some neurons immunoreactive
for NRG2 in the CA3 region of the hippocampus were also
stained for BACE2; however, majority of the NRG2-positive
cells were negative for BACE2 and vice versa (Fig. 5d).
Hippocampal granule cells were positive for NRG2, but re-
sults obtained with anti-BACE2 antibody are inconclusive
(data not shown). However, in the cerebellar deep nuclei and
medulla, most of NRG2-immunoreactive cells were also pos-
itive for BACE2 (Fig. 5b, e). Both BACE2- and NRG2-

Fig. 4 BACE2 may compensate for a lack of ADAM10 in NRG2
shedding. Western blotting analysis of ADAM10, BACE1, BACE2 and
NRG2ΔC levels in ADAM10-deficient MEF cells transduced with an
empty vector or a vector encoding murine ADAM10, BACE1, or
BACE2. Lower panel: quantification of WB signals. Graph represents

mean values of band intensities ± SEM from five (for ADAM10+- and
BACE2+ cells) or three (for BACE1+ cells) independent experiments.
Band intensities in samples from cells transduced with empty vector
(for NRG2ΔC FL) or ADAM10-coding vector (for sNRG2ΔC) were
set as one
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positive cells were stained with anti-β-III-tubulin antibody
(Fig. 5b–e), confirming their neuronal origin.

NRG2 Is a Substrate for γ-Secretase

In analogy to NRG1 processing, shedding of NRG2
ectodomain by ADAM10 or BACE2 leads to generation of
C-terminal fragment (CTF) that remains anchored to the cell
membrane; such a fragment may serve as a substrate to γ-
secretase. Due to the rapid turnover of CTF, usually this

fragment is detectable only upon γ-secretase inhibition [35,
36]. To test whether NRG2, similarly to NRG1, is cleaved by
γ-secretase, we treated B16F10 andMC38CEA cells express-
ing C-terminally HA-tagged NRG2ΔC or NRG1 with one of
two γ-secretase inhibitors DAPT or deshydroxy-LY411575.
As in the case of NRG1 (both types I and III),Western blotting
analysis of NRG2ΔC cleavage products revealed accumula-
tion of NRG2ΔC CTF in lysates of the cells treated with γ-
secretase inhibitors (Fig. 6a, Supplementary Fig. 3a).
Interestingly, NRG2ΔC CTF was detected as double bands

Fig. 5 ADAM10 and BACE2 may serve as NRG2 sheddases in the
nervous system. a Western blotting analysis of NRG2 shedding in the
presence of ADAM10-specific inhibitor GI254023X (GI), general BACE
inhibitor PF-06649283 (PF), or their combination in primary hippocam-
pal neurons transduced with vectors coding for NRG2. Graph represents
the fold change of band intensities normalized toβ-III-tubulin (β-III-tub).
Bands intensities of a sample from the cells treated with DMSO is set as
one. Mean values ± SEM from three independent experiments are shown.

b–e Immunohistochemical staining of cerebellum (b), cerebral cortex (c),
CA3 region of the hippocampus (d) and medulla oblongata (e). NRG2 is
shown in red, BACE2 in green, β-III-tubulin in magenta and nuclei
(DAPI) in blue. Asterisks show artefactual signal, obtained presumably
due to the use of anti-mouse IgG antibody on mouse tissue; the same
staining pattern was observed in isotype control and secondary-only con-
trol. Scale bars: 100 μm and 25 μm for magnified areas. Representative
images from five animals are shown
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of apparent molecular masses slightly above and below
40 kDa. Incubation of B16F10 cells with DAPT together with
any of the metalloprotease inhibitors reduced the amount of
NRG2ΔC CTF, but did not significantly change the propor-
tion between the two band densities (Fig. 6b). MC38CEA
cells do not express BACE2 and NRG2ΔC CTF in this cell
line was also detected as two bands. Treatment of MC38CEA
cells with any of the metalloprotease inhibitors including
ADAM10-specific inhibitor almost completely abrogated for-
mation of NRG2ΔC CTF (Supplementary Fig. 3b).
Therefore, we concluded that the presence of two bands was
not a result of cleavage of NRG2ΔC by two different prote-
ases. There was a possibility that a single protease was able to
cleave NRG2ΔC at different positions. On the other hand,
NRG2ΔC CTF might also undergo post-translational modifi-
cation. Because most part of NRG2ΔC CTF is located in the
cytoplasm and the differences in molecular masses of its two
forms are small, we inferred that the most likely modification
of CTF is phosphorylation. Indeed, in vitro protein dephos-
phorylation with alkaline phosphatase led to CTFmigrating as
a single band with apparent molecular mass lower than any
form of untreated CTF (Fig. 6c). Therefore, both forms of
NRG2ΔC CTF are phosphorylated, albeit to a different de-
gree. NRG2ΔC CTF is most likely phosphorylated on serine
or threonine residues, because we do not routinely add phos-
phatase inhibitors to the lysis buffer but activity of serine/

threonine phosphatases is blocked with EDTA, which is typ-
ically present in our lysis buffer. Omission of EDTA in the
lysis buffer led, similarly to in vitro dephosphorylation, to
detection of NRG2ΔCCTF as a single band (data not shown).
In MEF cells overexpressing NRG2 with a full C-terminal
sequence, NRG2 CTF was also observed as multiple bands
(data not shown).

Analysis of NRG2 Protein Glycosylation

Predicted molecular mass of NRG2, including both FLAG-
and HA-tags, deduced from its translated nucleotide sequence
is 79 kDa. However, its apparent molecular mass in SDS-
PAGE is about 99 kDa (Fig. 7). We routinely observed
NRG2 ectodomain to migrate as several bands, suggesting
that it may undergo differential glycosylation. Removal of
N-linked glycans with PNGase F from proteins in lysates of
MEF cells resulted in 14 kDa downward shift in Western
blotting; removal of N-linked glycans from proteins in cell
culture medium produced one band corresponding to NRG2
with apparent molecular mass of 38 kDa, 13 kDa less than its
glycosylated form. Mouse NRG2 has four potential N-
glycosylation sites. Assuming that the molecular mass of a
mammalian N-glycan is approximately 2–3.5 kDa depending
on a number of antennae, it seems that all of NRG2 N-
glycosylation sites may be occupied. Our data show that N-

Fig. 6 NRG2 is a substrate for γ-secretase. aWestern blotting analysis of
NRG2ΔC C-terminal fragment (CTF) accumulation in B16F10 cells
transduced with C-terminally HA-tagged NRG2ΔC upon γ-secretase
inhibition with DAPT or deshydroxy-LY411575 (denoted as
LY411575). A representative image from three independent experiments
is shown. b Western blotting analysis of NRG2ΔC C-terminal fragment
accumulation in B16F10 cells transduced with C-terminally HA-tagged

NRG2ΔC upon simultaneous inhibition of metalloprotease (with
Batimastat, GM6001, or GI254023X) or BACE (with PF-06649283)
and gamma-secretase inhibition with DAPT. A representative image from
three independent experiments is shown. c In vitro dephosphorylation of
NRG2ΔC CTF with alkaline phosphatase (FastAP). A representative
image from three independent experiments is shown
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linked protein glycosylation contributes significantly to the
discrepancy between the observed molecular mass of NRG2
and the one predicted based on its amino acid sequence.

Discussion

It is generally accepted that NRGs exert most of their
functions by binding to and activating ErbB receptors.
Most of NRG isoforms are synthesized as transmembrane
proteins and require proteolytic cleavage to liberate bio-
logically active ectodomains. In order to determine which
proteases are involved in proteolytic processing of NRG2,
we developed cell lines expressing NRG2. Since antibod-
ies specifically recognizing mouse NRG2, suitable for
western blotting, are unavailable (we tested several com-
mercially available antibodies and all of them failed in
recognizing NRG2), we inserted common tags into coding
sequence of NRG2. Introduction of FLAG-tag into several
positions of NRG2 ectodomain resulted in protein frag-
mentation (data not shown). This process was most likely
spontaneous owing to the fact that NRG2 fragmentation
was not blocked with inhibitors of any class of proteases:
AEBSF, PMSF, aprotinin, pepstatin A, E-64, EDTA, or
Halt Protease Inhibitor Cocktail. Moreover, the process
did not depend on the sequence of an introduced tag,
because the insertion of the myc-tag had the same results.
The only position that did not interfere with NRG2 bio-
synthesis was between Ig-like and EGF-like domains.

Vullhorst et al. have shown previously that upon activation
of NMDAR subtype of glutamate receptors in primary neu-
rons, rat NRG2 is subject to ectodomain shedding by an en-
zyme that belongs to metalloproteinases [22]. They also tested
the ability of BACE to process NRG2 under these circum-
stances and concluded that beta-secretase activity is not re-
sponsible for rat NRG2 proteolysis. However, the inhibitor
used in the study, beta-secretase inhibitor-IV, binds to and
blocks activity of BACE1, and not BACE2. Moreover, it

was not shown whether rat hippocampal neurons and PC12
cells used in that study expressed BACE1 and/or BACE2;
therefore, their data are in line with our results confirming that
BACE1 is not a major protease involved in NRG2 processing.
In our study, the involvement of BACE1 in NRG2 proteolysis
was observed only for NRG2ΔC form and when BACE1 was
present in large quanti ty due to overexpression.
Notwithstanding, its ability to shed NRG2 was substantially
weaker than that observed for ADAM10 or BACE2.

In their recent work, published during the revision of our
manuscript, Vullhorst and Buonanno pointed to ADAM10 as
a major sheddase involved in NMDAR-mediated NRG2 pro-
cessing [37]. NMDAR are nonselective cations channels, high-
ly permeable to calcium ions. Given the fact that ADAM10 is
ubiquitously expressed in the central nervous system of adult
mice [38, 39] and calcium influx is known activator of
ADAM10, NMDAR agonist-stimulated increase in calcium
concentration may result in enhanced ADAM10 activity, lead-
ing to rapid NRG2 shedding. However, the results presented by
Vullhorst and Buonanno [37] may suggest that ADAM10 is not
the only protease responsible for NRG2 shedding, because in-
hibition of ADAM10 (and metalloproteases in general) had less
profound effect on NRG2 shedding than NMDAR antagonist.
Could BACE2 be this unidentified protease? Unfortunately,
little is known about mechanisms underlying regulation of
BACE2 activity and it is not recognized whether calcium influx
triggered by NMDAR activation may have any impact on it.
Although analysis of BACE2 expression in human and rat tis-
sues revealed that most of the brain regions expressed low level
of Bace2 mRNA [40], a recent study indicated that BACE2 is
present in a specific subsets of the neurons and glial cells of the
mouse brain [41]. Furthermore, BACE2 expression was report-
ed to increase in the brains of aged vs young mice [42]. Hence,
BACE2 may be physiologically relevant protease responsible
for liberation of NRG2 ectodomain in the adult brain, where
NRG2 is primarily expressed. Here, we also confirmed that
BACE2 is expressed in the mouse CNS and in some areas,
especially in the cerebellar deep nuclei and medulla oblongata,
BACE2-expressing cells are also immunoreactive for NRG2.
Additionally, hippocampal neurons, isolated from adult mice,
showed inhibition of NRG2 shedding after treatment with
BACE inhibitor. However, due to generally low expression of
endogenous NRG2, we transduced neurons with lentiviral vec-
tors coding for NRG2 under neuron-specific promoter.
Therefore, these results may not fully reflect the physiological
situation and thus the in vivo significance of BACE2-mediated
NRG2 shedding require further studies.

Here we show that NRG2 is efficiently cleaved by either
ADAM10 (alpha-secretase) or BACE2 and the effect of inhi-
bition of their activities on NRG2 processing is additive. It
supports the hypothesis of competitive ectodomain shedding
by alpha- and beta-secretases that was observed for NRG1 and
APP processing [18, 43]. It is currently not known, whether

Fig. 7 Western blotting analysis of NRG2ΔC glycosylation. Proteins
from MEF cell lysates or from concentrated cell culture media were
treated with peptide N-glycosidase F (PNGase F), separated by SDS-
PAGE and immunoblotted with anti-HA antibody in the case of full-
length NRG2ΔC (NRG2ΔC FL) or anti-FLAG antibody in the case of
soluble NRG2ΔC (sNRG2ΔC). Representative images from three inde-
pendent experiments are shown
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NRG2 ectodomains liberated by ADAM10 and BACE2 serve
the same function. For example, it has been shown that inhi-
bition of BACE1-mediated NRG1 shedding impaired
myelination in an in vitro myelination model, but reduction
of NRG1 processing by ADAM10 did not produce the same
effect [18]. Moreover, another group have shown that
ADAM17, which is also able to cleave NRG1, had an inhib-
itory effect on myelination in peripheral nervous system [44],
possibly via inactivation of NRG1 due to cleavage within its
EGF-like domain.

Although NRG2 shedding was severely impaired in
ADAM10-deficient MEF cells, we were still able to detect
small amounts of soluble NRG2 in the conditioned medium.
ADAM10−/− fibroblasts express minute amount of Bace2
mRNA that is barely detectable using RT-qPCR. Addition of
general BACE inhibitor did not eliminate residual NRG2
shedding (Supplementary Fig. 4, 5) therefore endogenous
BACE1 or BACE2 is not solely responsible for the liberation
of soluble NRG2 from ADAM10−/− MEF cells. Additionally,
NRG2 proteolysis was diminished by metalloprotease inhibi-
tors (Supplementary Fig. 4, 5). Hence, additional
metalloproteases involved in NRG2 cleavage in ADAM10-
deficient cells are yet to be determined.

The NRG2 CTF, which is generated by ectodomain shed-
ding mediated by ADAM10 or BACEs, may serve as a sub-
strate for γ-secretase. It is in agreement with a general opinion
that type I membrane protein-derived CTFs are further cleaved
by γ-secretase, leading to the release of their intracellular do-
mains (ICDs). These ICDs may serve as transcription regula-
tors, as it was demonstrated for Notch proteins [45] and NRG1
[46, 47]; it is also postulated that regulated intramembrane pro-
teolysis serve as a pathway to facilitate the degradation of mem-
brane proteins whose activity are exerted through their soluble
ectodomains [48]. Recent study suggests that NRG2 may have
a dual role: in the formation of GABAergic synapses, mediated
by its ectodomain, and in the maturation of glutamatergic syn-
apses as a result of NRG2-ICD reverse signaling [49]. It raises
an intriguing question whether the effects of NRG2 depletion in
mice are a result of lack of its ectodomain or rather signaling-
competent ICD.

In summary, we have shown here that murine NRG2 is
cleaved near its transmembrane domain by ADAM10 and
BACE2. The NRG2 ectodomain shedding leads to the forma-
tion of NRG2 CTF, which is then processed by γ-secretase.
Another, yet uncharacterized metalloproteases may partially
compensate for loss of ADAM10 and/or BACE2, as in
ADAM10-deficient cells that also produce negligible amounts
of BACEs, NRG2 ectodomain is, although inefficiently, re-
leased into extracellular space.
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