
The role of SPP/SPPL intramembrane proteases in
membrane protein homeostasis

Torben Mentrup, Nadja Leinung, Mehul Patel, Regina Fluhrer, Bernd
Schröder

Angaben zur Veröffentlichung / Publication details:

Mentrup, Torben, Nadja Leinung, Mehul Patel, Regina Fluhrer, and Bernd
Schröder. 2024. “The role of SPP/SPPL intramembrane proteases in membrane
protein homeostasis.” The FEBS Journal 291 (1): 25–44.
https://doi.org/10.1111/febs.16941.

Nutzungsbedingungen / Terms of use:

Dieses Dokument wird unter folgenden Bedingungen zur Verfügung gestellt: / This document is made available under
these conditions:
CC-BY 4.0: Creative Commons: Namensnennung
Weitere Informationen finden Sie unter: / For more information see:
https://creativecommons.org/licenses/by/4.0/deed.de

CC BY 4.0

https://doi.org/10.1111/febs.16941
https://creativecommons.org/licenses/by/4.0/deed.de


STATE-OF-THE-ART REVIEW

The role of SPP/SPPL intramembrane proteases in
membrane protein homeostasis
Torben Mentrup1, Nadja Leinung1, Mehul Patel1, Regina Fluhrer2,3 and Bernd Schr€oder1

1 Institute for Physiological Chemistry, Technische Universit€at Dresden, Germany

2 Biochemistry and Molecular Biology, Institute of Theoretical Medicine, Faculty of Medicine, University of Augsburg, Germany

3 Center for Interdisciplinary Health Research, University of Augsburg, Germany

Keywords

atherosclerosis; autoimmunity;

intramembrane proteolysis; membrane

protein proteostasis; signal peptide

peptidase; spermatogenesis; SPPL

proteases; c-secretase

Correspondence

B. Schr€oder, Institute for Physiological

Chemistry, Medizinisch-Theoretisches

Zentrum MTZ, Technische Universit€at

Dresden, Fiedlerstraße 42, D-01307

Dresden, Germany

Tel: +49 (0) 351 458 6450

E-mail: bernd.schroeder@tu-dresden.de

(Received 24 May 2023, revised 3 July

2023, accepted 23 August 2023)

doi:10.1111/febs.16941

Signal peptide peptidase (SPP) and the four SPP-like proteases SPPL2a,

SPPL2b, SPPL2c and SPPL3 constitute a family of aspartyl intramembrane

proteases with homology to presenilins. The different members reside in dis-

tinct cellular localisations within the secretory pathway and the endo-

lysosomal system. Despite individual cleavage characteristics, they all cleave

single-span transmembrane proteins with a type II orientation exhibiting a

cytosolic N-terminus. Though the identification of substrates is not com-

plete, SPP/SPPL-mediated proteolysis appears to be rather selective. There-

fore, according to our current understanding cleavage by SPP/SPPL

proteases rather seems to serve a regulatory function than being a bulk pro-

teolytic pathway. In the present review, we will summarise our state of

knowledge on SPP/SPPL proteases and in particular highlight recently iden-

tified substrates and the functional and/or (patho)-physiological implications

of these cleavage events. Based on this, we aim to provide an overview of the

current open questions in the field. These are connected to the regulation of

these proteases at the cellular level but also in context of disease and patho-

physiological processes. Furthermore, the interplay with other proteostatic

systems capable of degrading membrane proteins is beginning to emerge.

Introduction

Intramembrane proteolysis was initially conceptualised

based on analysis of processing of the amyloid precur-

sor protein (APP) [1] and the sterol element-binding

protein (SREBP) [2,3]. Since then, it has emerged as

an important cellular regulatory pathway. Metallo-,

serine, glutamyl and aspartyl intramembrane-cleaving

proteases can be distinguished based on their catalytic

mechanism [4]. Together with the presenilins, the cata-

lytically active subunits of the c-secretase complex, sig-

nal peptide peptidase (SPP) and the related four SPP-

like (SPPL) proteases SPPL2a, SPPL2b, SPPL2c and

SPPL3 constitute the mammalian aspartyl intramem-

brane proteases [5,6]. Subcellular localisations of the

different SPP/SPPL proteases range from the secretory

pathway (ER: SPP, SPPL2c; Golgi: SPPL3) to the

plasma membrane (SPPL2b) and the endo-lysosomal

system (SPPL2a; Table 1) [7–9]. In contrast to the pre-

senilins, no accessory subunits have been identified to

date, which are essential for proteolytic activity of

SPP/SPPL proteases. However, SPP can form homo-

tetramers [10] and both SPP and SPPL2c are part of

distinct high-molecular weight protein complexes of
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currently unknown composition [11]. Altogether, very

little is known about the interactome of SPP/SPPL

proteases and how this may influence the function of

these enzymes.

All SPP/SPPL proteases cleave single-span trans-

membrane proteins with a type II topology of their

transmembrane segment, so that the N-terminus of the

protein faces the cytosol [5,6]. Different types of sub-

strates can be distinguished based on the size of their

luminal/ecto-domain. The capability of the individual

SPP/SPPL family members to cleave different sub-

strate types is summarised in Table 1. Lists of the

identified substrates and also graphical visualisations

of the different cleavage modes were provided in

recent review articles [6,12] and an accompanying arti-

cle (H€oppner et al.). Prototypical substrates of SPP,

SPPL2a, SPPL2b and SPPL2c exhibit a short luminal/

ectodomain [5,13]. Therefore, in many cases the action

of these proteases is part of a proteolytic sequence

referred to as regulated intramembrane proteolysis

(RIP) [14], in which the size of the luminal/ecto-

domain of a type II membrane protein is first reduced.

The resulting membrane-bound N-terminal fragment

(NTF) represents the actual substrate of SPP/SPPL

proteases. Luminal/ecto-domains of tail-anchored (TA)

proteins, which are post-translationally inserted into

the membrane in a type II orientation [15], usually

comprise just a few residues. This allows direct cleav-

age by SPP/SPPL intramembrane proteases without

the need of the preceding action of an ectodomain

removing protease. Cleavage of TA proteins was ini-

tially reported for SPP [16,17], but later also for

SPPL2c [11,18] and recently also for SPPL2a and

SPPL2b [19]. SPPL3 cleaves a wide spectrum of type

II membrane proteins with larger ectodomains directly,

which leads to the shedding and secretion of the sub-

strates’ ectodomains [20,21]. This property was initially

considered to be unique within the SPPL family. How-

ever, also SPP [22] and SPPL2a [23] accept specific

substrates with larger ectodomains without any pre-

processing. It remains to be determined, if this also

applies to further substrates and/or the other family

members SPPL2b and SPPL2c, for which this cleavage

mode has not been observed yet.

In comparison to the closely related c-secretase, for
which more than 100 different substrates were reported

[24], numbers of proteins cleaved by SPP/SPPL prote-

ases are still rather limited. This may indicate that the

substrate spectrum of SPP/SPPL proteases is not fully

unravelled yet and/or that cleavage occurs with a

higher selectivity. The sequence- and/or structural fea-

tures that determine whether a specific type II or TA

protein is cleaved by SPP/SPPL proteases are still

poorly understood. Current views on this as well as

the structural layout of SPP/SPPL proteases are dis-

cussed in an accompanying review in this issue

(H€oppner et al.). In addition to their proteostatic func-

tion, SPP/SPPL proteases impact on a wide range of

cellular pathways including membrane trafficking, pro-

tein glycosylation and signal transduction as compiled

Table 1. Properties and functions of the different SPP/SPPL proteases. Nd, not observed yet.

SPP SPPL2a SPPL2b SPPL2c SPPL3

Subcellular localization ER Endosomes,

lysosomes

Plasma membrane ER Mid-Golgi

Tissue expression in mice Ubiquitous Ubiquitous Strong in brain, presumably

ubiquitous at lower level

Testis Ubiquitous

RIP Yes Yes Yes Nd (Yes)

Direct cleavage of

substrates with long

ectodomains

(Yes) Yes Nd Nd Yes

TA protein cleavage Yes Yes Yes Yes Nd

Cellular and (patho-)phy-

siological pathways

Signal peptide

processing

Viral infections

Carcinogenesis

Antigen

presentation

ER

morphogenesis

B cell maturation

DC function

Atherosclerosis

Antimycobacterial

immunity

Tooth enamel

formation

Vesicle

trafficking?

Atherosclerosis

Antifungal immunity

Carcinogenesis

Vesicle trafficking?

Male germ

cell

development

Regulation of protein

glycosylation

Regulation of

glycosphingolipid

repertoire

NK cell maturation

NFAT activation
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in Table 1. These aspects will be elaborated here

with a specific focus on those SPP/SPPL substrates

and functions, for which validation in vivo has been

obtained. In light of a number of previous review arti-

cles on this protease family [5,6,12,25,26], which

readers are encouraged to consult, we will put a cer-

tain focus on the more recent findings being described

in more detail in comparison to earlier studies. Beyond

summarising our current state of knowledge about

SPP/SPPL proteases, we aim to highlight and discuss

open questions in the field.

Proteolytic and non-proteolytic
functions of SPP/SPPL proteases

SPP – signal peptide degradation, ERAD, cancer

and viral protein processing

Signal peptide peptidase was the first member of the

SPP/SPPL family to be identified based on its ability

to process certain signal peptides [27]. It is still not

clear, if this is limited to select signal peptides or rep-

resents a universal mechanism for signal peptide clear-

ance. Later it was found that different viral proteins

undergo and require processing by host cell SPP in

order to allow virus production [25] with the core pro-

tein of the hepatitis C virus being the best-

characterised example [28]. With regard to cell-intrinsic

substrates, SPP-mediated cleavage of different TA pro-

teins has come into focus [16,17,29]. However, the

functional relevance of these cleavage events is only

partially understood.

Signal peptide peptidase interacts with important

components of the ER-associated degradation

(ERAD) machinery like Derlin1 and the E3 ubiquitin

ligase TRC8 [22], suggesting SPP to be part of the

ERAD machinery. Along this line, TRC8 and another

E3 ligase, MARCH6, facilitate the degradation of mis-

folded TA proteins as well as of SPP cleavage prod-

ucts [30]. Furthermore, SPP can cleave mitochondrial

TA proteins, which become mis-localised to the ER in

the absence of ATP13A1 [31]. However, further studies

will be required to fully understand the role of SPP in

the context of the unfolded protein response.

Signal peptide peptidase is overexpressed in several

different types of cancer [32,33], where high SPP

expression was associated with a poor prognosis [33].

Expression of SPP correlated strongly with pan-cancer

immune checkpoint gene expression and immune cell

infiltration. Knockdown of SPP in different tumour

cell lines inhibited proliferation and migration in vitro

as a correlate for their invasive potential [32,33]. Along

this line, SPP depletion also reduced tumour growth

in vivo in a xenograft model with MDA-MB-231 cells

[32]. Cleavage of the TA protein heme oxygenase 1

(HO-1) [17] and the type II membrane protein FKBP8

[32] have been proposed as biochemical mechanisms,

by which SPP supports growth and invasiveness of

malignant cells. Presumably, additional substrates and

pathways will be involved.

Beyond the emerging role in tumour biology, the

pathophysiological function and therefore also the

potential of SPP as a therapeutic target is just beginning

to be discovered. A major limitation in this context is

that the function of SPP in vivo and the physiological

relevance of the cleavage events, which have been char-

acterised in cellulo, are mostly unknown. Constitutive

SPP knockout mice were reported to exhibit perinatal

lethality [34]. In this regard, it was surprising, that a

systemic knockout induction in mice carrying a condi-

tional floxed SPP allele starting at the age of 2 weeks

seemed to be well tolerated over several weeks [35]. This

constellation could indicate a specific requirement of

SPP around birth, which is bypassed by the postnatal

knockout induction. Alternatively, residual amounts of

SPP due to incomplete depletion in the inducible system

may be sufficient to prevent certain lethal phenotypes.

To date, the described conditional system has only been

employed to investigate the impact of SPP on corneal

herpes simplex virus (HSV) replication. This is based on

the finding that binding of the HSV glycoprotein K

(gK) to SPP is important for HSV replication in cul-

tured cells [36]. Several studies utilising the described

floxed SPP allele to deplete SPP in the eye (Pax6-Cre)

or peripheral sensory neurons (Advillin-Cre) now con-

firmed an important impact of SPP on HSV infection

in vivo [35,37,38]. In line with the HSV life cycle, block-

ing SPP expression in the eye reduced primary viral rep-

lication but not latency reactivation [38], which was the

opposite when SPP was depleted in sensory neurons

[37]. A general phenotypic characterisation of the condi-

tional SPP knockout mice and especially the analysis of

substrate accumulation will be needed to define the

physiological function of SPP and its different sub-

strates in vivo, which would also be essential to assess

the risks of a pharmacological inhibition potentially

being useful in the context of an HSV infection or

cancer.

SPPL2a and SPPL2b - two proteases with unique

as well as overlapping functions

Based on our current knowledge, SPPL2a and SPPL2b

can be regarded as the most closely related members

of the SPP/SPPL family. When assessing substrate

cleavage in cellular protease-substrate
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co-overexpression assays, their substrate spectra mostly

overlap [6,12]. Nevertheless, they differ in their pri-

mary subcellular localisations as described above as

well as in their tissue expression profiles [9]. This con-

stellation may help to explain why the characterisation

of SPPL2a/b single and double-deficient mice has

revealed both non-redundant and synergistic functions

of these two proteases.

The first applies to the cleavage of CD74, the invari-

ant chain of the MHCII complex, for which under

endogenous conditions in vivo only SPPL2a is respon-

sible [9]. In SPPL2a KO mice, CD74 NTFs accumulate

and were linked to a maturation defect of B lympho-

cytes and loss of certain dendritic cell (DC) subsets by

us and others [39–42]. This phenotype was not present

in SPPL2b-deficient mice and was not aggravated by

additional loss of SPPL2b in the SPPL2a KO [9]. The

molecular mechanisms of how the CD74 NTF disturbs

the respective immune cells are still only partially

understood [43]. A common feature of SPPL2a KO B

cells and DCs seems to be disturbed subcellular mem-

brane trafficking manifesting as an accumulation of

endosome-derived vacuoles in SPPL2a-deficient B cells

and a reduced surface delivery of critical receptor pro-

teins in both cell types [39,42,43]. Human patients car-

rying mutations within the SPPL2A gene exhibit

impaired CD74 processing [44,45]. The respective

patients fail to mount effective immune responses

against mycobacteria reflecting primarily the disturbed

differentiation and function of DCs [45]. This confirms

a conserved role of SPPL2a in the immune system of

mice and humans and was the basis for proposing

SPPL2a inhibition as a novel immuno-modulatory

approach [46].

Whereas CD74 degradation is specifically conducted

by SPPL2a in vivo, we observed that SPPL2a and

SPPL2b synergistically cleave NTFs of the Lectin-like

oxidised lipoprotein receptor 1 (LOX-1) in vivo [47,48].

LOX-1 is a receptor protein, which can mediate the

uptake of oxidised LDL (oxLDL) into endothelial cells

and macrophages [49]. At the same time, ligand bind-

ing triggers a signalling response promoting endothe-

lial dysfunction and atherosclerotic plaque

development [48,50]. We found that the signalling

function of LOX-1 is modulated by NTFs derived

from this receptor [47]. LOX-1 NTFs can be generated

both by ectodomain shedding as well as lysosomal

proteolysis. Irrespective of their generation, these frag-

ments require SPPL2a/b for their degradation, which

is why they accumulate in the vasculature of SPPL2a/

b-deficient (SPPL2a/b dKO) mice [47]. LOX-1 NTFs

can interact with the full-length receptor and by this

means enhance its ligand-induced signalling.

Furthermore, the NTFs can self-associate and thereby

initiate signal transduction independent of ligand stim-

ulation. Altogether, this leads to enhanced pro-

atherogenic and pro-fibrotic signalling in the absence

of SPPL2a/b. In agreement, we found that the devel-

opment of atheroscleroteric plaques is significantly

enhanced in SPPL2a/b dKO mice [47].

In LOX-1 over-expressing HeLa cells steady state

LOX-1 NTF levels were not modulated by the pres-

ence of oxLDL, suggesting that proteolytic processing

of LOX-1 involving generation and removal of NTFs

occurs independent of ligand-binding and takes place

constitutively. Thus, although the NTF levels at least

in the analysed experimental systems were not depen-

dent on the induction of signalling, their presence was

able to enhance signalling. Due to these properties of

the LOX-1 NTF, the removal of this fragment by

intramembrane proteolysis provides a critical negative

regulation of pro-atherogenic signalling. LOX-1

belongs to the family of C-type lectin receptors

(CLRs), which includes several other proteins with a

type II membrane topology. Based on this, we recently

identified another member of this family, Dectin-1

(CLEC7A) as SPPL2a/b substrate [51].

SPPL2a/b as regulator of an anti-fungal pattern

recognition receptor

Dectin-1 is a type-II-oriented pattern recognition

receptor (PRR) that participates in the activation of

cellular pathways initiating the secretion of pro-

inflammatory cytokines and reactive oxygen species

(ROS) upon recognition of fungal pathogens (Fig. 1)

[52,53]. Upon ligand-binding, tyrosine phosphorylation

of the cytoplasmic hemITAM motif of Dectin-1 initi-

ates various signalling cascades via recruitment and

activation of the tyrosine kinase Syk as well as the

internalisation of the receptor/ligand complex into

the phagosome, where it is degraded [54].

Dectin-1 exists in two major isoforms termed

Dectin-1a and -1b. These are solely distinguished by

the presence of the juxtamembrane stalk domain pre-

sent in Dectin-1a, but not Dectin-1b [55,56]. Interest-

ingly, both isoforms follow different degradative

pathways upon their internalisation [51,57,58]. As

reported by three independent groups [58–60], the

smaller Dectin-1b isoform is degraded in an ubiquitin-

dependent manner most likely within intraluminal vesi-

cles of multivesicular bodies, which is also required for

termination of receptor-mediated signal transduction.

By contrast, we demonstrated that a stable NTF is gen-

erated from the longer Dectin-1a variant within the

phagosomal membrane by endo�/lysosomal proteases
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(Fig. 1). The mechanisms stabilising the Dectin-1a NTF

in the limiting phagosomal membrane remain unclear.

Importantly, the NTF was found to significantly con-

tribute to Dectin-1 signalling because of its ability to

recruit essential factors of the signalling machinery

downstream of the receptor including the spleen tyro-

sine kinase Syk [51]. This isoform-specific Dectin-1 sig-

nalling mode combines rapid delivery of the receptor

and the bound pathogens to degradative phagosomes,

while at the same time allowing a persistent signalling

response based on the retention of the Dectin-1a NTF.

The termination of this Dectin-1a NTF-mediated

signal transduction requires its proteolytic processing

by SPPL2a/b (Fig. 1). As intramembrane proteases are

considered to be intrinsically slow enzymes [61], these

may be particularly well suited for this purpose. While

SPPL2a naturally resides within endosomal/lysosomal

compartments [8], SPPL2b is co-internalised with

Dectin-1a to the phagosome where cleavage of the

Dectin-1a NTF takes place. In contrast to

the constitutive processing of LOX-1, generation and

the subsequent intramembrane proteolysis of the

Dectin-1a NTF are ligand-induced. Clearance of the

Dectin-1a NTF was delayed in mouse embryonic fibro-

blasts lacking both SPPL2a and SPPL2b and in HEK

cells with pharmacological inhibition or knockdown of

SPPL2a/b [51]. Analysis of SPPL2a/b single-deficient

cells, also in combination with additional pharmaco-

logical inhibition, suggests a synergistic contribution of

SPPL2a and SPPL2b to degradation of the Dectin-

1a NTF.

To demonstrate the functional relevance of this pro-

teolytic pathway, we have analysed Dectin-1a induced

responses in bone marrow-derived dendritic cells

(BMDC) and macrophages (BMDM). Although

SPPL2b single deficiency may only provide partial

inhibition of Dectin-1a NTF intramembrane proces-

sing, this system was selected since SPPL2a deficiency

leads to CD74 NTF accumulation which has wide-

spread impact on DC function as described before

ROS generation/
fungal killing

Cytokine production

O2
-

P
ERK1/2

SPPL2a/b

Dectin-1a

ß-glucan

Dectin-1a
NTF

phagosome

SykSyk

SykSyk

Syk

P

Signal 
transduction

-

+

P P

P P

P
P

P

P

P

P
ERK1/2

Fig. 1. SPPL2a/b terminate Dectin-1a-dependent anti-fungal immune responses. Upon binding of fungal b-glucans, Dectin-1a initiates signal-

ling cascades via Syk and the MAP kinase pathway that lead to cytokine secretion and ROS generation as anti-fungal response. Ligand bind-

ing simultaneously induces the internalisation of the receptor to phagosomes, where a stable Dectin-1a NTF is generated that still

participates in signal transduction. Dectin-1a-dependent signalling is finally terminated by SPPL2a/b-mediated intramembrane proteolysis of

the NTF. The expression of SPPL2a/b is controlled in a feedback loop by Dectin-1-induced signalling cascades thereby allowing efficient fine-

tuning of Dectin-1-dependent anti-fungal immune responses.
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[42]. In mice, Dectin-1 isoform expression differs in a

strain-dependent way [56]. As C57BL/6 mice express

very little Dectin-1a, this pathway had to be investi-

gated on a Balb/c background. Due to the delayed

turnover of endogenous Dectin-1a NTF, BMDCs and

BMDMs derived from SPPL2b-deficient mice demon-

strated enhanced Dectin-1a signalling, which translated

into enhanced ROS production upon stimulation with

fungal ligands or living Candida albicans [51]. In the

latter case, also secretion of pro-inflammatory

cytokines was significantly increased in the protease-

deficient cells. This confirms a relevant role of intra-

membrane proteolysis in order to limit and terminate

anti-fungal immune responses.

Intriguingly, activation of the immune cells by the

described stimulants upregulated expression of SPPL2a

and SPPL2b [51] thereby creating a negative feedback

loop preventing exacerbated signalling responses

upon contact with fungal pathogens (Fig. 1). As the

described proteolytic pathway only applies to Dectin-

1a, it is important to mention that in humans the

SPPL2a/b-regulated Dectin-1a isoform constitutes

about 50% of the total Dectin-1 pool. Therefore, this

pathway can be anticipated to be of functional and

pathophysiological relevance also in humans. Further

members of the CLR family act as anti-fungal pattern

recognition receptors [62]. It was found that also

NTFs derived from the CLRs Mincle and DC-SIGN

were stabilised by SPPL2 inhibition [51]. However,

these NTFs seemed to be generated in a constitutive

way independent of ligand binding. How processing of

these or potentially further CLRs by SPPL2a/b, con-

tributes to the immunomodulatory function of these

proteases remains to be analysed in detail.

SNARE proteins as substrates of SPPL2a/b

Soluble N-ethylmaleimide-sensitive-factor attachment

receptor (SNARE) proteins comprise a family of 36

proteins in humans, which are responsible for catalys-

ing membrane fusion events [63,64]. This is achieved

by the zipper-like complex formation between SNARE

proteins of different subfamilies on the opposing mem-

branes (Fig. 2). In addition to this canonical function,

SNARE proteins are also discussed to contribute to

earlier steps in vesicular trafficking, for example, by

interacting with tethering factors and thereby helping

in targeting vesicles to their correct destinations [64].

Though initially identified and investigated based

on their role in synaptic vesicle exocytosis [65],

SNARE proteins function broadly in cellular mem-

brane trafficking.

Regulation of vesicle fusion?

VAMP
1/2/3/4

SPPL2a/b

SNARE
ICD

vesicle

Degradation

VAMP

Syntaxin

SNAP25

Fig. 2. Regulation of SNARE homeostasis by SPPL2a/b. VAMP1/2/3/4 can be directly cleaved by SPPL2a/b without any preceding cleavage

event, which might impact on vesicle fusion. The major cleavage fragment, the SNARE intracellular domain (ICD) is further degraded by an

unknown mechanism. VAMP1-4 accumulate upon inhibition of SPPL2a/b or in tissues of SPPL2a/b dKO mice. It is currently unknown if this

SNARE protein accumulation affects membrane trafficking pathways.
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The vast majority of SNARE proteins are TA pro-

teins [66] qualifying them as potential SPP/SPPL

protease substrates. As two ER-resident syntaxins had

been found to be substrates of SPP or SPPL2c

[11,18,29], we aimed to assess if any SNARE proteins

in the late secretory and endo-lysosomal pathway are

substrates of SPPL2a and/or SPPL2b. Therefore, we

screened 18 SNARE proteins in cellular protease-

substrate co-expression assays [19]. Of these, only the

vesicle-associated membrane proteins (VAMP)

VAMP1-4 were cleaved by SPPL2a/b (Fig. 2). Surpris-

ingly, none of the evaluated syntaxins was processed

despite members of this family being SPP and SPPL2c

substrates. Most of the SNARE proteins, for which no

cleavage was observed, showed overlapping subcellular

distributions with the proteases. This points to addi-

tional, yet unknown substrate features which are

required for cleavage (H€oppner et al., accompanying

review). Fusion of GFP to the N- and C-termini of

VAMP2 and VAMP4 abolished cleavage [19]. Thus,

the size and/or confirmation of the extramembraneous

domains—in addition to other factors—may play a

role in this context.

Importantly, we could confirm cleavage of endoge-

nous VAMP1-4 by SPPL2a/b based on the accumula-

tion of these proteins upon SPPL2a/b inhibition in cell

lines and in tissues of SPPL2a/b dKO mice [19]. Alto-

gether, cleavage of the four VAMP proteins occurs in

a tissue- and cell-type-specific manner as different pat-

terns of substrate accumulation were observed. Sur-

prisingly, in total brain lysates from SPPL2a/b dKO

mice, VAMP1 and VAMP3 levels were only very

mildly increased, while cerebellum showed a more

robust increase in VAMP1, VAMP3 and VAMP4.

VAMP2 levels in the CNS were not affected by

SPPL2a/b deficiency. Altogether, the impact of

SPPL2a/b-induced VAMP2-4 accumulation was much

more pronounced in non-neuronal tissues. Heart, pan-

creas, liver, spleen, thymus and also immune cells like

DCs and macrophages, showed clear accumulations of

VAMP2 and VAMP4, while VAMP3 varied in a

tissue-dependent way [19]. This unambiguously con-

firms a role of SPPL2a/b in the turnover of VAMP1-4

(Fig. 2). At the endogenous level, the individual contri-

bution of SPPL2a and SPPL2b to this process has not

been analysed yet. In the overexpression assay, both

were comparably capable of proteolysing VAMP1-4.

It is currently unknown if the SPPL2a/b-induced

degradation of VAMP1-4 occurs constitutively or in a

regulated way, for example, following certain traffick-

ing events involving the delivery of the VAMP pro-

teins to compartments where SPPL2a/b reside. It

seems conceivable, but it has not been demonstrated

yet that the modulation of cellular VAMP1-4 levels,

possibly even restricted to certain compartments, has a

relevant impact on SNARE-mediated membrane traf-

ficking and fusion. VAMP1-4 have been broadly

detected in the late secretory and endo-lysosomal path-

way [66]. In addition to exocytosis, they have also

been implicated in endosomal recycling [67–69] as well

as in antero- and retrograde endosome-Golgi traffick-

ing [66,70]. It remains to be determined if the degree

of VAMP1-4 accumulation seen in SPPL2a/b dKO

mice influences any of these routes and can be linked

with any yet unknown phenotypes of these mice. As

the activity of SNARE proteins is also regulated by

other mechanisms [64], it is not clear yet to which

extent the increased amount of SNARE proteins con-

tributes to the active pool of these proteins.

SPPL2c and sperm-oocyte fusion

With regard to tissue expression, SPPL2c is much more

restricted than the other family members as it has only

been detected in developing male germ cells so far [11].

There, SPPL2c has been implicated in the formation of

the sperm acrosome and regulation of sperm motility. As

we have demonstrated, this may be based on the intra-

membrane proteolysis of either selected SNARE mole-

cules including Syntaxin-8 or the Ca2+-regulating protein

Phospholamban [11,18]. While the above-mentioned phe-

notypes of SPPL2c-deficient male mice, that reproduce

rather normally when bred with wild-type females, rely

on the proteolytic activity of the enzyme, the protease

also impacts male fertility in a non-catalytic mode by sta-

bilising the membrane protein Frey1 (also called

C11orf94 or 1700029I15Rik; Fig. 3) [71].

Frey1 is a small type II-oriented protein that resides

within the ER. In mice, it is exclusively expressed in

round spermatids from stages V to VIII but absent

from mature spermatozoa [72]. As demonstrated by

two independent groups, Frey1 physically interacts

with SPPL2c both in cell-based overexpression systems

but also in vivo in the murine testis, while not being

proteolytically processed [71,73]. This interaction is

essential to stabilise the intrinsically unstable Frey1

molecule (Fig. 3). In the absence of SPPL2c, Frey1 is

depleted by a yet unknown, post-transcriptional mech-

anism, most likely representing degradation at the pro-

tein level [11,71]. Remarkably, the interaction of

SPPL2c and Frey1 depends on the catalytically rele-

vant aspartates within the active site of the enzyme,

suggesting that Frey1 is able to directly bind to these

residues. In line with these findings, Frey1 efficiently

inhibits SPPL2c-mediated intramembrane proteolysis

in cell-based overexpression assays without affecting
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SPP-dependent cleavage of the same substrates [71].

Even though this establishes Frey1 as the first direct

and highly specific protein inhibitor of an aspartyl

intramembrane protease in general, so far, there is no

direct evidence for Frey1-mediated inhibition of

SPPL2c in vivo. This might point to the existence

of different pools of SPPL2c in developing male germ

cells that take over non-redundant functions.

Intriguingly, a full ablation of Frey1 by genetic

knockout of the corresponding gene has much stronger

consequences on male germ cell function than that of

SPPL2c, although Frey1 protein levels are already sub-

stantially reduced in testes from SPPL2c-deficient mice

[71]. Frey1-deficient male mice suffer from normozoos-

permic infertility, meaning that they generate normal

or only slightly reduced amounts of morphologically

intact sperm cells that, however, fail to fertilise oocytes

even in in vitro fertilisation set-ups [73]. Additional

ablation of SPPL2c on a Frey1 knockout background

does not restore fertility of the double knockout males

[71]. Therefore, the phenotype of Frey 1-deficient mice

is independent of a potential increase in SPPL2c activ-

ity in the absence of the inhibitory function of Frey 1.

Instead, it reflects a role of Frey1 in the organisation

of protein complexes required for sperm-oocyte fusion

and the control of stability as well as post-translational

modifications of acrosomal proteins (Fig. 3) [71,73].

Although the precise role of SPPL2c in this context

remains to be investigated, in cell-based assays, the

protease supports binding of Frey1 to the male fusion

factor Izumo1, suggesting that it might aid the forma-

tion of Izumo1-containing protein complexes by pro-

viding a molecular platform for their assembly. This

scaffold-like function is reminiscent of that of

iRhom1/2, that regulate the proper trafficking of

ADAM17 [74–77], suggesting that intramembrane pro-

teases might be a useful cellular scaffold for the

arrangement of protein complexes in general.

SPPL2c

Frey1

Frey1

Degradation

Izumo1

Izumo1
interacting

proteins

Izumo1
complexes sperm

Juno

oocyte

Fig. 3. Role of SPPL2c and Frey1 in sperm-oocyte fusion. SPPL2c stabilises the small ER-resident Frey1 molecule within spermatids. By

doing so, SPPL2c acts as a platform for assembly of Izumo1-containing protein complexes, which are essential for fusion of sperm cells

with oocytes. In the absence of SPPL2c, Frey1 is unstable and rapidly degraded.
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SPPL3 - regulation of protein glycosylation

SPPL3 is unique within the SPP/SPPL family with its

broad preference for direct cleavage of type II trans-

membrane proteins with large ectodomains without

any pre-processing [20,21,78]. Most of the known sub-

strates are Golgi-resident glycosyltransferases, which

become secreted by SPPL3 cleavage so that their cata-

lytic activity is depleted from the cell. Systematic pro-

teomic approaches for identification of SPPL3

substrates have uncovered a variety of candidate sub-

strates by analysing changes in the cellular secretome

associated with modulation of SPPL3 [21,78]. More

than 20 of these have been experimentally verified as

substrates [20,21,78]. It should be kept in mind that

SPPL3-mediated cleavage events, which do not result

in substrate secretion would not have been uncovered

by these approaches. Modulation of SPPL3 activity

has significant impact on cellular protein glycosylation

[20,78]. However, the primary physiological purpose

and the regulation of this pathway are still not fully

resolved. Constitutive SPPL3 knockout mice were

smaller than their wild-type littermates and died

shortly after birth [79], for which the reasons have not

been further analysed yet. While supporting a critical

function of SPPL3, conditional depletion of SPPL3 in

the haematopoetic system demonstrated a rather spe-

cific, cell-intrinsic impact on the development and

function of natural killer (NK) cells, while B- and T-

cell numbers were not affected [79]. It remains unclear

if the protein hyper-glycosylation observed in SPPL3-

deficient NK cells is causally connected to the

described phenotype [79].

A cell-based screen has identified SPPL3 as a mod-

ulator of HLA-class I-driven immune responses.

These were linked to SPPL3-induced changes in the

cell surface glyco-sphingolipid repertoire, which influ-

ence protein interactions of HLA-class I [80]. Upre-

gulation of SPPL3 and activation of the described

pathway may help tumour cells to evade immune

responses. In the opposite direction, loss of SPPL3

expression in malignant B cells results in hyperglyco-

sylation of CD19 and by this means accounts for a

resistance against chimeric antigen receptor (CAR) T

cells and impairment of anti-tumour cytotoxicity [81].

These examples indicate that despite the general

modulation of glycan synthesis, the pathways affected

by SPPL3 in a critical way are quite cell-type spe-

cific. So far, no further tissue-specific SPPL3 knock-

out mouse models have been reported in the

literature so that the cell-type-specific functions of

SPPL3 in vivo in a physiological context remain an

open question.

Open questions in the field

Over the recent years, our knowledge on SPP/SPPL

intramembrane proteases has significantly increased by

defining general cleavage modes and in particular

by identifying substrates. At the same time, characteri-

sation of protease-deficient mouse models has indi-

cated in which cell types SPP/SPPL are active and

have critical functions under physiological conditions.

Nevertheless, many very general aspects are still poorly

understood (Fig. 4).

In general, the proteolytic cleavage of a target pro-

tein can pave the way to its degradation or represent a

selective post-translational modification, which alters

its functional state and/or generates cleavage frag-

ments with new biological functions. This functional

dualism applies similarly to intramembrane proteases,

for example, when thinking of c-secretase as a ‘mem-

brane proteasome’ [82] or vice versa the transcription

factor function of the Notch or SREBP cytosolic

domains released by such enzymes [3,83]. With regard

to SPP/SPPL proteases, many studies support that

these enzymes have a degradative and proteostatic

function. When these proteases are inhibited or

knocked out, the uncleaved substrates start to accumu-

late, irrespective of whether these are TA proteins,

NTFs within a RIP cascade or full-length type II

membrane proteins. In several examples, the accumu-

lation or delayed clearance of substrates such as the

CD74 [39], LOX-1 [47] or Dectin-1 [51] NTFs could

be linked to major functional consequences on mem-

brane trafficking and or signalling pathways. In other

cases, for example, for the accumulation of VAMP1-4

in SPPL2a/b dKO mice [19] similar effects have not

been demonstrated yet. Nevertheless, these findings

suggest a picture that SPP/SPPL proteases are meant

to titrate cellular levels of certain membrane proteins.

As cells possess other systems to degrade membrane

proteins, this leads to the question discussed below

how SPP/SPPL proteases cooperate with these other

pathways and which factors determine whether a given

protein takes the one or the other route for degrada-

tion (Fig. 4). Like other intramembrane proteases, also

SPP/SPPL proteases generate and release cleavage

products into the cytosol and/or into the extracellular/

luminal space. The fate of these SPP/SPPL-derived

cleavage products and whether they have biological

functions or are merely degradation intermediates is

only barely understood. In any case, whether clearance

of substrate proteins from cellular membranes or gen-

eration of functional soluble cleavage products may be

regarded as the primary purpose of SPP/SPPL prote-

ases, the question arises to what extent cleavage by
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these enzymes occurs in a constitutive homeostatic or

a regulated way. Therefore, trying to understand if

processing by SPP/SPPL proteases is regulated and,

if so, which mechanisms are involved here is one cen-

tral question in the field. This applies to the cellular

level but is not limited to this. When analysing SPP/

SPPL function in vivo using knockout mice, the focus

so far has been to characterise their basal phenotype,

which is the obvious starting point. A potential dysre-

gulation in pathophysiological and disease contexts

has not been systematically analysed yet but is

required considering that these proteases are drug-

gable enzymes.

What is the interplay of SPP/SPPL proteases

with other membrane degradation pathways?

Being embedded in a phospholipid bilayer degradation

of integral membrane proteins requires mechanisms to

liberate these from the membrane. In addition to intra-

membrane proteases, other mechanisms have evolved

to solve this problem (Fig. 4). In ER-associated degra-

dation, the p97 ATPase (in yeast cdc48) uses the

energy from ATP hydrolysis to extract the target pro-

tein from the membrane in order to deliver it to the

proteasome [84,85]. In the endo-lysosomal system,

cargo membrane proteins can be segregated into

(Patho-)physiological 
functions?

p97

Interplay with other degradative
pathways?

MVB-associated 
degradation

membrane extraction
and proteasome

MVB

?

?

Post-translational regulation?

?

?

?? ?

SPPL locus

SPPL
mRNA

Transcriptional regulation?

transcription
factors

Post-translational modifications?
Scaffold proteins?

Activators/inhibitors?
Protease supercomplexes?

Fate/function of 
cleavage products?

SPP/SPPL protease

Non-proteolytic
functions?

Fig. 4. Open questions in SPP/SPPL protease research. Despite recent advances in our understanding of these enzymes, several

substantial questions regarding the function of these enzymes as well as their embedding in cellular pathways remain to be answered. This,

among others, include the post-translational as well as transcriptional and translational regulation of these enzymes, the fate of their cleav-

age products and their interplay with other degradative pathways. Analysis of these aspects will aid our understanding of the patho-

physiological relevance of these druggable enzymes.
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intraluminal vesicles, for example, by the ESCRT

(endosomal sorting complexes required for transport)

system [86], and are then degraded in the lysosomal

lumen.

For several SPP/SPPL substrates, also the utilisation

of degradation pathways other than the intramembrane

cleavage has been described. For instance, in vascular

smooth muscle cells, the ER-resident SPP substrate HO-

1 was found to be degraded by ERAD and the protea-

some, which was dependent on p97 [87]. In contrast,

Bri2, a SPPL2a/b substrate, was found to undergo

intra-lysosomal degradation, as inhibition of lysosomal

acidification with chloroquine stabilised both the Bri2

full-length protein as well as the Bri2 NTF [88]. Also,

for the SNARE proteins VAMP2 and VAMP4 delivery

to lysosomes for degradation has been reported [89,90].

In case of VAMP2, dependence on ESCRT was demon-

strated [89], whereas the precise mechanism used for

turnover of VAMP4 in this context remains unknown

[90]. These examples demonstrate that the role of SPP/

SPPL proteases for the turnover of these proteins is not

exclusive. Nevertheless, the alternative degradative

pathways in most cases cannot completely compen-

sate for the abolished intramembrane proteolysis,

since SPP/SPPL inhibition or knockout goes along

with an accumulation of the respective substrates.

This might indicate that separate protein pools des-

tined to use a certain pathway for turnover exist. It

remains to be analysed for each substrate, to what

extent the different degradative pathways are utilised

(Fig. 4), which is likely to vary in a cell type- and

context-dependent manner.

The close inter-connection of SPP/SPPL proteases

with other membrane protein degradation pathways is

most obvious for Dectin-1, where the presence of the

stalk domain in Dectin-1a determines its degradation

by SPPL proteases [51]. It is currently unknown how

Dectin-1a at least partially evades processes that

efficiently remove the shorter Dectin-1b. These were

suggested to involve ubiquitination and ESCRT-

dependent sorting [58–60]. Attachment and subsequent

recognition of ubiquitin by the sorting machinery takes

place at the cytosolic domain, which is identical in

Dectin-1a and Dectin-1b. Therefore, it is not obvious

how the stalk domain, which is in the extracellular/

luminal part of the receptor, helps to avoid this and

retains the Dectin-1a NTF in the endosomal mem-

brane, where it then can be cleaved by SPPL2a/b. It is

tempting to speculate that the stalk mediates an inter-

action with a phagosomal membrane protein, which

then prevents the packaging into intraluminal vesicles.

Both for ERAD and ESCRT-mediated sorting in

the lysosomal system, specific types of ubiquitination

of the target protein represent a canonical trigger. It

remains to be systematically investigated if ubiquitina-

tion of substrates influences cleavage by SPP/SPPL

proteases. A VAMP2 mutant where all lysine residues

have been mutated to arginines was cleaved by ectopi-

cally co-expressed SPPL2a/b similar to wild-type

VAMP2. This argues against canonical lysine-directed

ubiquitination as a cleavage pre-requisite at least for

this substrate [19]. A thorough analysis of further post-

translational modifications of substrates including

phosphorylation and lipidation may be helpful in iden-

tifying switches between different degradative routes.

This is of particular relevance as protein removal by a

SPP/SPPL intramembrane protease in contrast to the

other pathways has the potential to release a func-

tional cleavage product into the cytoplasm.

What is the fate and/or function of cleavage

products released by SPP/SPPL proteases?

In general, intramembrane proteases release cleavage

products to either side of the membrane (Fig. 4).

Depending on the substrate type, the size of the released

fragments differs significantly. The fragments liberated

into the cytosol (intracellular domain, ICD) of TA pro-

teins comprise nearly the entire protein, whereas ICDs

of type II membrane proteins released at the end of a

RIP sequence typically comprise < 100 amino acids. As

a common feature, these cytosolic cleavage fragments

were found to be difficult to detect in many cases sug-

gesting that they are rather short-lived. If so, the ques-

tion arises how their degradation is achieved. An

involvement of the proteasome may seem obvious and

was supported for some substrates, for example, HO-1

[16], Stx18 [29] and CD74 [91]. However, the require-

ment and involved pathways of ubiquitin conjugation

have not been analysed in most cases. In case of HO-1,

a role of the E3 ligases MARCH6 and TRC8 has been

demonstrated, as degradation of the released ICD is

delayed in MARCH6/TRC8 double-deficient cells [30].

It would also need to be resolved what the precise

sequence of events is: Does intramembrane proteolysis

trigger ubiquitination of the cleavage fragment? Or does

ubiquitination of the membrane-bound substrate initi-

ate the intramembrane cleavage? Even if canonical ubi-

quitination, as seen in case of VAMP2, is not an

essential pre-requisite for cleavage [19], it could still be

an activating factor.

Although a role of the proteasome has been demon-

strated for degrading cleavage products of certain sub-

strates, there are hints to assume a relevant

contribution of other cytosolic proteases. For many

substrates, proteasome inhibition seemed to stabilise
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the released ICDs only partially. Furthermore, in case

of VAMP1-4 no stabilisation of the cleavage products

was observed upon proteasome inhibition with epoxo-

micin [19]. These were very efficiently turned over and

could be only detected at very low levels not corre-

sponding to the amount of cleaved full-length proteins.

This may be necessary as in other contexts soluble var-

iants of SNARE proteins were found capable of acting

in a dominant-negative way by forming non-functional

complexes with membrane-bound SNARE proteins

[92]. Altogether, analysing the further degradative fate

of cytosolic domains released by SPP/SPPL proteins is

strongly advocated, which should include the evalua-

tion of proteasome-independent pathways.

Despite their inherent instability, biological functions

of different cytosolic cleavage fragments have been

reported. These include HO-1 [17,93], TNFa [7], CD74

[91,94] and the transmembrane serine protease epithin/

PRSS14 [95]. These different fragments are assumed to

influence transcriptional regulation in the nucleus,

where they can translocate after being released from

the membrane. The molecular details and the transcrip-

tion factors involved have not been very well charac-

terised. In particular, the TNFa, CD74 and PRSS14

ICDs with sizes < 60 residues would most likely require

partners for this task, which remain to be identified.

The pathophysiological role of the HO-1 and PRSS14

ICDs was demonstrated with regard to cancer. Overex-

pression of these protein fragments in tumour cells

enhanced their malignant potential in xenograft models

in mice [17,95]. It is currently unclear how relevant

these proteolytically released fragments in non-

transformed cells are. So far, no basal loss-of function

phenotypes of SPP/SPPL-deficient mice could be linked

with this. This also applies to the TNFa and CD74

ICDs. However, in case of the CD74 ICD, which was

suggested to work as a transcriptional regulator in B

cells [94], these would probably be masked by the

major changes induced in these cells by the accumulat-

ing CD74 NTF [39,43]. Obviously, when analysing

SPPL2a-deficient mice depletion of the CD74 cleavage

fragment and accumulation of the uncleaved substrate

cannot be uncoupled. Altogether, based on our current

knowledge it may be concluded that in a physiological

context, the functional consequences of losing the pro-

teostatic function of SPP/SPPL proteases seem to dom-

inate over effects associated with the depletion of

certain cleavage fragments.

In parallel to the cytosolic cleavage fragments, pro-

cessing by SPP/SPPL proteases also releases corre-

sponding fragments into the lumen of organelles or the

extracellular space depending on the localisation of

the individual protease. The extracellular/luminal

domains of tail-anchored proteins typically just com-

prise a few residues and may therefore be disregarded.

However, the cleavage of full-length type II membrane

domains, for example, glycosyltransferases by SPPL3

releases potentially functional proteins. Even if cleav-

age does not occur at the cell surface like in case of

SPPL3, such fragments can follow the secretory path-

way, reach the extracellular space [20] and are even

detected in human blood [78,96]. It was proposed that

these secreted glycosyltransferases are active outside of

a cell, although it is an ongoing question how the

required UDP-activated sugars are provided there.

This process has been implicated in producing sialy-

lated IgG immunoglobulins in the circulation as well

as modulating cell surface glycans on bone marrow

progenitor cells, which may suppress granulopoiesis in

the context of multiple myeloma [97].

In addition to processing TNFa NTFs, SPPL2a was

recently shown to also be able to cleave full-length

TNFa, which leads to a secretion of the entire ectodo-

main, thus a slightly longer fragment than that

released by its canonical sheddase ADAM17 [98]. So

far, these experiments were performed under overex-

pression conditions. It remains unknown, if this alter-

native soluble TNFa exists under physiological

conditions and if it has the same affinity to TNF

receptors and pro-inflammatory activity as canonically

released soluble TNFa.
Finally, it should be mentioned that also the cleav-

age of NTFs in a RIP sequence like of LOX-1 at the

plasma membrane, in the secretory or endocytic path-

way produces C-terminal cleavage fragments, often

referred to as C-peptides, which have access to the

extracellular space and the circulation in vivo. The fate

of these cleavage fragments has not been investigated

so far. With their rather small size of 30–50 amino

acids, they may be anticipated to be rather short-lived

after release from a cell. Nevertheless, it may not be

justified to fully ignore these fragments, even if cur-

rently no function of any of these C-peptides produced

by SPP/SPPL proteases is known.

How is cleavage by SPP/SPPL proteases

regulated?

One possible idea, why intramembrane proteolysis has

evolved in addition to other degradative pathways, is

that the level of the protease in principle allows an

additional layer of regulation. However, our knowl-

edge about the control of aspartyl intramembrane pro-

teases in general and of SPP/SPPL proteases in

particular is still quite limited. In fact, for a long

period, these enzymes were believed to function as a
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kind of unregulated proteasome of the membrane

removing membrane-embedded stubs of single span

membrane proteins [82]. This concept has been chal-

lenged by the notion that c-secretase but also SPP/

SPPL proteases are capable of cleaving proteins with

naturally short ectodomains without any regulatory

preceding cleavage event [11,16,18,19,99]. This implies

that the activity of these enzymes needs to be

fine-tuned to avoid depletion or accumulation of such

substrates under homeostatic conditions. In principle,

regulation of intramembrane protease activity could

take place translationally, post-translationally but also

on the transcriptional level based on altered gene

expression (Fig. 4). There is at least some experimental

evidence for the latter mechanism for SPPL2a/b. Both

SPPL2a and SPPL2b can be upregulated by microbial

pro-inflammatory factors including bacterial LPS as

well as fungal ligands of pattern recognition receptors

including Zymosan (a cell wall preparation of

S. cerevisiae) and heat-killed C. albicans yeasts [51].

Since the receptors targeted by these ligands typically

transmit signals by MAPK and NF-jB pathways

[100], this might suggest that transcription factors

responsive to these signal transduction pathways affect

SPPL2 gene expression in an inflammatory context.

Furthermore, SPPL2b protein levels are significantly

higher in SPPL2a-deficient BMDCs [9], suggesting a

compensatory upregulation of SPPL2b under this con-

dition. However, as this was only assessed by western

blotting, it is currently unknown, whether the observed

changes were caused at the transcriptional or transla-

tional level or by post-translational stabilisation of the

intramembrane protease. In-depth analysis of tran-

scriptome data combined with a bioinformatic analysis

of the SPPL2a/b promotors might shed further light

into the transcriptional regulation of these enzymes. In

light of the therapeutic potential of SPPL and c-
secretase inhibitors that in many cases also target

related proteases to various degrees [101], it is also of

translational relevance to understand any compensa-

tory regulatory mechanisms within these protease

families.

Beyond the level of transcription and translation

that allows the adjustment of available enzymes in a

rather delayed time frame, enzymatic activity of SPP/

SPPL proteases may also be controlled more dynami-

cally in a post-translational manner. In fact, post-

translational modifications impact on the activity of

the closely related c-secretase. Although phosphoryla-

tion of presenilin 1 only has minor effects on the activ-

ity of the enzyme complex [102], attachment of

phosphate groups to the accessory nicastrin molecule

is connected to destabilisation of this subunit thereby

also affecting the activity of the whole enzyme com-

plex [103,104]. In addition to covalent modifications of

c-secretase, its catalytic activity can also be modulated

by interaction with several accessory proteins that

affect c-secretase in different ways. These include the

hypoxia-inducible factor-1a (HIF-1a) [105], the small

ER-resident stress-associated ER protein 1 (SERP1),

which itself is cleaved by SPP [11,16,106], the c-
secretase activating protein (GSAP) [107,108], the

interferon-induced transmembrane protein 3 (IFITM3)

[109] and the ER-Golgi-resident Transmembrane pro-

tein 21 (TMP21) [110,111]. While in case of c-
secretase, the unbiased analysis of the interactome of

this enzyme has yielded significant progress in our

understanding of regulatory processes for intramem-

brane proteolysis, our knowledge about the post-

translational control of SPP/SPPL protease activity is

still very limited. In fact, Frey1 represents the first

in vivo validated regulator of a member of this intra-

membrane protease family [71]. However, based on the

broad expression of SPP/SPPL proteases and their

position as crucial switches in several disease-relevant

pathways [47], it is tempting to speculate that Frey1

will not remain the only modulatory interaction part-

ner of a SPP/SPPL protease. As exemplified by the

above-mentioned examples of c-secretase, analysis of

the interactome of these enzymes by mass-

spectrometric approaches might provide novel insights

into their regulation. Validation of potential regulators

would also substantially benefit from the availability

of an in vitro assay as it is available for c-secretase
that would allow the analysis of the proteolytic activity

of SPP/SPPL proteases in a non-cellular and defined

context. However, so far despite several attempts such

an assay has not been established for these enzymes

representing a major limitation for the field.

Physiological role: are challenges needed to

discover function?

Unravelling the (patho-)physiological relevance of

SPP/SPPL proteases may be regarded as one of the

most relevant open questions in the context of these

enzymes (Fig. 4). In case of SPP and SPPL3, loss of

these enzymes is linked to perinatal lethality suggesting

an important role in embryonic development [34,79].

This is supported by a rather high expression of SPP

in the developing embryo, which decreases around

birth [112]. Furthermore, global deletion of SPP

employing a tamoxifen-inducible system—when initi-

ated 2 weeks after birth - does not lead to similarly

drastic phenotypes [35]. However, the molecular mech-

anisms underlying the perinatal death of the SPP and
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also SPPL3 knockout mice remain elusive until to

date, highlighting the need of a more in-depth analysis

of death-causing events in these animals. In addition

to this approach, the analysis of conditional knockout

mice might significantly aid our understanding of these

enzymes as already successfully demonstrated for

SPPL3 [79]. With regard to different substrates, deple-

tion of SPP in different cell types and tissue will be of

interest. Based on the documented function of SPP in

the degradation of HO-1 [16], which fulfils crucial

functions in the turnover of heme, macrophages would

represent an interesting starting point to study the

effects of an SPP knockout. Analysing the function of

SPP in HO-1 turnover under conditions in which high

amounts of heme need to be processed, for example,

hemolytic anaemias, might provide insights into the

relevance of proteolytic cleavage of HO-1 by SPP

under pathophysiological conditions.

With the exception of SPP and SPPL3, of which con-

stitutive ablation is more problematic [34,79], loss of

SPPL2 proteases is in general well tolerated by mice that

are typically housed in a rather protective environment.

Many of the validated substrates of SPPL2a/b identified

so far fulfil specified functions in the immune system

(CD74, TNFa, FasL, Dectin-1) or are functionally

linked to certain diseases (LOX-1, Epithin)

[7,39,47,51,95,113]. Along this line, large parts of our

knowledge about the physiological functions of SPPL2

proteases originate from experiments, in which SPPL2a/

b-deficient immune cells or mice were challenged by var-

ious means including nutritional changes [47] or stimu-

lation with pathogens like mycobacteria or C. albicans

[42,51] as well as the analysis of human patients lacking

SPPL2a suffering from Mendelian susceptibility for

mycobacterial disease [45]. Together with the above-

mentioned increased expression of SPPL2a/b under

inflammatory conditions, this might point to the fact

that beyond their general proteostatic functions, the role

of these enzymes might be more pronounced in specific

stress or disease conditions. This might hamper both the

validation of known substrates identified in cell-based

overexpression systems and the identification of novel

proteins that depend on SPPL2a/b proteases for their

degradation in non-challenged mice or other model

organisms. In light of these thoughts, it may be advo-

cated to study the function of these enzymes in a broad

setup of inflammatory diseases or models thereof, for

example, rheumatoid arthritis. Given the fact that SPP/

SPPL proteases are druggable enzymes for which

potent, bioavailable and at least partially selective com-

pounds have been developed [114,115], this might also

open the door towards novel treatment strategies of

these diseases. Importantly, this approach is not limited

to models of inflammation or immune diseases, but

could also be extended to other pathophysiologically

relevant processes based on the molecular pathways

known substrates of SPPL2a/b are implicated in. Based

on the processing of the NTF of Transferrin receptor 1

by SPPL2b [116], the physiological relevance of the

cleavage event which was identified in overexpression

setups and has not been validated in a more physiologi-

cal context, yet, might be analysed in mouse models of

iron depletion or overload. Another example is provided

by VAMP1-4, which accumulate in the absence of

SPPL2a/b in several organs of respective knockout mice

[19]. So far, no physiological function has been attrib-

uted to the SPPL2a/b-mediated VAMP degradation.

Considering this, one could envision to monitor pro-

cesses with increased vesicular trafficking rates like exci-

tation of neurons, pathogen phagocytosis or stimulated

exocytosis to validate the physiological relevance of

SPPL2a/b-dependent turnover of selected SNARE

proteins.

In a more unbiased way, genomic approaches might

point to disease conditions in which SPPL2a/b

proteases could be involved. For example, several

genome-wide association studies (GWAS) suggest an

association of SPPL2a with Alzheimer’s disease [117–
121]. Albeit being expressed at rather low levels in the

mouse brain as compared to other tissues [9], expres-

sion of SPPL2a might be of high relevance in specific

cell types such as microglia, which express several

already characterised SPPL2a/b substrates including

CD74 [122,123] and Dectin-1 [124]. Based on the high

expression of SPPL2b in brain, specifically within the

hippocampus as well as the piriform cortex and

the cerebellum [9], it could be speculated about an

involvement of this enzyme into neurodegenerative

disorders.

As demonstrated by these examples, our knowledge

about the pathophysiological functions of SPP/SPPL

proteases still remains limited. This also applies to

many other aspects of the biology of these enzymes

including their interplay with other degradative path-

ways as well as their embedding into cell biological

pathways. Since SPP/SPPL proteases in principle rep-

resent ideal drug targets, addressing these questions in

addition to broadening our understanding of intra-

membrane proteolysis in general might also open the

perspective of novel therapeutic strategies based on

selective targeting of SPP/SPPL proteases.
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