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Membrane-type-I matrix metalloproteinase (MT1-MMP) is one of six human
membrane-bound MMPs and is responsible for extracellular matrix remod-
elling by degrading several substrates like fibrillar collagens, including types
I-111, or fibronectin. Moreover, MT1-MMP was described as a key player in
cancer progression and it is involved in various inflammatory processes, as
well as in the pathogenesis of Alzheimer’s disease (AD). The membrane-
tethered metalloprotease meprin B as well as a disintegrin and metallopro-
teinase 10 (ADAM10) and ADAMI17 are also associated with these diseases.
Interestingly, meprin B, ADAMI10/17 and MT1-MMP also have a shared
substrate pool including the interleukin-6 receptor and the amyloid precursor
protein. We investigated the interaction of these proteases, focusing on a pos-
sible connection between MT1-MMP and meprin f, to elucidate the potential
mutual regulations of both enzymes. Herein, we show that besides
ADAMI10/17, MT1-MMP is also able to shed meprin B from the plasma
membrane, leading to the release of soluble meprin . Mass spectrometry-
based cleavage site analysis revealed that the cleavage of meprin f§ by all three
proteases occurs between Progp, and Serggs;, N-terminal of the EGF-like
domain. Furthermore, only inactive human pro-meprin B is shed by MTI1-
MMP, which is again in accordance with the shedding capability observed
for ADAMI10/17. Vice versa, meprin B also appears to shed MT1-MMP, indi-
cating a complex regulatory network. Further studies will elucidate this well-
orchestrated proteolytic web under distinct conditions in health and disease
and will possibly show whether the loss of one of the above-mentioned shed-
dases can be compensated by the other enzymes.

Introduction

The maintenance of countless biological regulatory
processes within an organism relies on the correct pro-
teolysis of proteins as an irreversible posttranslational

Abbreviations

modification. Hence, dysregulation of proteases within
this well-organized network is often involved in many
diseases, including neurodegeneration, cancer and

AD, Alzheimer's disease; ADAM, a disintegrin and metalloproteinase; APP, amyloid precursor protein; C-term., C-terminal; DMSO, dimethyl
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MT1-MMP is a sheddase of meprin §

fibrosis [1-3]. Metzincins belong to the metalloprotease
family and complex a zinc ion within their catalytic
pocket to enable proteolytic activity. Members of this
group are matrix metalloproteinases (MMPs), ADAMs
(a disintegrin and metalloproteinases), ADAMTs
(ADAMs with thrombospondin motifs) and astacins,
including meprins.

As a typical type-I transmembrane protein, meprin
B is involved in the shedding of manifold substrates,
ranging from cytokines and their receptors like the
interleukin-6 receptor (IL-6R) [4], to several compo-
nents of the extracellular matrix (ECM), such as
nidogen-I [5], mucin 2 [6], syndecan-1 [7] or pro-
collagens I, IIT and VII [3,8-10]. Meprin B is expressed
as an inactive zymogen and needs activation via tryptic
proteases like trypsin [11] or tissue kallikrein-related
peptidase (KLK) 5 [12], to cleave off its inhibitory
pro-peptide and gain its proteolytic function. Addi-
tionally, membrane-tethered matriptase 2 (MT2) or the
secreted bacterial protease Arg-gingipain (RgpB) from
Porphyromonas gingivalis are able to activate meprin f
[13,14].

Membrane-type-I matrix metalloproteinase (MTI1-
MMP, also known as MMP14) is one of six human
membrane-bound MMPs and is transported to the
plasma membrane (PM) as an active enzyme, due to
the cleavage of its pro-peptide by a pro-protein con-
vertase like furin along the secretory pathway [15].
MTI1-MMP has an important role in remodelling the
ECM, either by directly degrading substrates like fib-
rillar collagens types I-III [16,17] or by activating pro-
MMP2, enabling the degradation of collagen type IV
[18].

The most prominent examples of ADAM proteases
are ADAMI10 and ADAMI17 (in the following also
referred to as ADAM10/17). They are also membrane-
anchored proteases, capable of ectodomain-shedding
of various substrates like cell adhesion molecules,
growth factors, chemokines and their receptors [19].
Interestingly, MT1-MMP, ADAM10, ADAMI17 and
meprin B have a shared substrate pool including fibro-
nectin [17,20,21], IL-6R [4,22], IL-11R [23] or the amy-
loid precursor protein (APP) [24-28]. However, they
sometimes have opposing roles in processing the same
substrate. For instance, the shedding of APP can take
place in different ways. ADAMI0/17 are both
described as a-secretases of APP, generating sAPPa
and promoting the non-amyloidogenic pathway
(Fig. 1A) [29]. On the contrary, meprin f§ cleaves APP
as an alternative B-secretase, leading to SAPP. There-
after, the remaining membrane-stump (C99) can be
further cleaved via intramembrane-proteolysis by the
y-secretase-complex, generating toxic AP fragments
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(Fig. 1A) [30]. Importantly, the B-secretase activity of
meprin B is restricted to its membrane-bound form,
while both membrane-tethered and soluble meprin
can generate truncated fragments of APP like N-
APP20 [24,25]. Recently, MTI-MMP was also
described to play a role in the pathogenesis of Alzhei-
mer’s disease (AD) by proteolysis of APP. However,
its function in APP pathology is pleiotropic. On the
one hand, it acts as a m-secretase and directly cleaves
APP, leading to a soluble APP fragment (sAPPn, also
known as sAPP95) distinct from sAPPa or sAPPf
(Fig. 1A) [31]. Moreover, MTI-MMP has also been
described to dramatically increase C99 and AP levels,
when transiently expressed in human embryonic kid-
ney 293T (HEK 293T) cells, stably expressing APP
with the familial Swedish mutation (HEKswe), by a
yet unknown mechanism. However, it was speculated
that the membrane-stub remaining after m-cleavage
(CTF-30, also known as n-CTF) could be a precursor
of C99 [31]. On the other hand, the recombinant cat-
alytic domain of MTI-MMP could also have Ap-
degrading activities, as seen in cell culture experiments
or when incubated ex vivo on brain slices of transgenic
AD Tg2576 mice [27].

So far, only ADAMI10 and ADAMI17 were shown
to cleave meprin B from the PM, while meprin B
itself can induce the activities of ADAMY9, —10 and
—17 by cleavage of their pro-peptides [32]. However,
we speculated that MT1-MMP could also be part of
this proteolytic web. Therefore, we addressed a possi-
ble connection between MTI-MMP and meprin j,
elucidating potential mutual regulations and interac-
tions of both enzymes. Herein, we show via cell-
based in vitro experiments that MTI-MMP and
meprin [ are able to shed each other from the PM.
Moreover, the shedding of meprin f by MT1I-MMP
is similar to the shedding by ADAMI10/17 and all
enzymes use the exact same cleavage site between
Progo, and Sergp;, N-terminal of the EGF-like
domain of meprin .

Results

Co-expression of MT1-MMP and meprin p
influences their substrate cleavage

As meprin p and MTI-MMP have a shared substrate
pool, we first investigated whether co-expression of
both proteases would lead to changes in their substrate
cleavage. To exclude the effects of ADAMI10/17 and
to make the approach less complex, we used ADAM10
and ADAMI17 deficient HEK 293T cells (HEK
ADAMI10/177/~ cells). First, we co-transfected meprin
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Fig. 1. Co-transfection of MT1-MMP with meprin B can influence their substrate cleavage in HEK ADAM10/17 = cells. (A) Schematic illus-
tration of the different pathways of APP shedding. (B, C) transfection of HEK ADAM10/17 7/~ cells with human meprin B, human MT1-MMP
and human APP or human IL-6R. Immunoblotting was used to analyse cell lysates and supernatants. For detection, specific antibodies
against meprin B, MT1-MMP, APP, sAPPB and IL-6R were used. GAPDH served as loading control. (D) Western blot quantification of B and
C (B, C: * All supernatants were ultracentrifuged and TCA-precipitated). Mep, meprin; sn, supernatant. Data for western blot quantification
represent means + SD, statistical analysis was performed by 1-way ANOVA, followed by Tukey's post hoc test from three biological repli-

cates. *P < 0.05, **P < 0.01, ***P < 0.001.

B and MTI-MMP together with APP in HEK
ADAMI10/177/~ cells. Co-expression of meprin B with
APP led to a clear induction of the B-secretase path-
way, indicated by a strong signal for sAPPP in the
ultracentrifuged supernatant (Fig. 1B). Moreover, an
additional N-APP20 cleavage fragment was detectable,
which is specifically generated by meprin p [25]. In
contrast, co-transfection of APP with MT1-MMP gen-
erated the typical m-secretase cleavage fragment
sAPPn  (Fig. 1B). Interestingly, combined co-
expression of MT1-MMP and meprin B together with
APP, led to a strong decrease of both m- and B-
cleavage, indicating a competitive activity of MTI-
MMP and meprin B (Fig. 1B,D). However, N-APP
cleavage seemed not to be influenced, as the intensity
of the N-APP20 fragment was not altered, in compar-
ison to APP cleavage by meprin [ alone. Next, we

were interested in whether this mutual interference
could also be observed for the shedding of the IL-6R.
Thus, HEK ADAMI10/17/~ cells were co-transfected
with MT1-MMP, meprin B and the IL-6R. Similar to
APP, a tendency for declined shedding of the IL-6R
was observed when both proteases were present, in
comparison to their single-transfection with the IL-6R
(Fig. 1C,D).

MT1-MMP and meprin p interact with each other

Based on the competitive cleavage activity towards
APP, we were interested in whether meprin B and
MTI1-MMP could directly interact with each other. As
both proteases are described as transmembrane pro-
teins, we first checked their expression at the PM,
using immunofluorescence microscopy. Hence, HelLa
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cells were co-transfected with a pHluorin-tagged MT1-
MMP construct (MT1-MMP-pH) and flag-tagged
meprin B. The pHluorin-tag is a pH-sensitive variant
of the green fluorescent protein (GFP) and was
inserted N-terminal of the transmembrane domain of
MTI1-MMP and is primarily fluorescent at the extra-
cellular pH of 7.4 [33,34]. Thus, we were able to verify
the presence of MT1-MMP and meprin B at the PM,
enabling possible interactions (Fig. 2A). Furthermore,
cell surface biotinylation assays confirmed the exis-
tence of both proteases at the PM (Fig. 2B).

To investigate a direct interaction between meprin 3
and MT1-MMP we performed co-immunoprecipitation
(Co-IP) experiments. Therefore, HEK ADAMI10/17 "/~
cells were transfected with meprin f and MTI-MMP.
Crosswise co-immunoprecipitation of meprin  or
MTI-MMP allowed the identification of the respec-
tive corresponding protease via immunoblot assays
(Fig. 2C). To further prove that an interaction
between MTI-MMP and meprin  was not an over-
expression artefact, we performed a proximity ligation
assay (PLA) with endogenous levels of both proteins.
Therefore, we generated a meprin B-deficient Colo
320 cell line using CRISPR/Cas9 genome editing
(Fig. 2D.,E) and compared the PLA signals between
these Colo 320 MEPIB~/~ cells and Colo 320 wild-
type cells with different antibody combinations. On
the one hand, we used antibodies against the ectodo-
mains of MTI-MMP and meprin B (Fig. 2F,G); on
the other hand, we permeabilized the cells and used
antibodies against the C-terminal parts of MT1-MMP
and meprin B (Fig. 2H,I). In both cases, clear PLA
signals were detectable in Colo 320 wild-type cells in
comparison to Colo 320 MEPIB™/~ cells (Fig. 2F-I).
Hence, a direct interaction between MTI1-MMP and
meprin B is also possible with endogenous expressed
proteins.

L. Werny et al.

MT1-MMP and meprin  shed each other

Next, we investigated the effects of different inhibitors
on the endogenous shedding of meprin B in Colo 320
cells. The hydroxamate inhibitors GI254023X
(ADAM10) and GW208264X (ADAMI10/17) as well
as the broadband metalloproteinase inhibitor marimas-
tat led to a clear reduction of soluble meprin B in the
supernatant of Colo 320 cells, whereas actinonin
(meprin, ADAMI10/17) and an inhibitory antibody
against the ectodomain of MTI-MMP (Mab3328) did
not alter the shedding of meprin B (Fig. 3A).

On the contrary, we performed overexpression
experiments and transfected HEK 293T cells with
MTI1-MMP and meprin B and investigated possible
direct proteolytic events. Surprisingly, we found that
soluble meprin B fragments were induced, when MT1-
MMP was co-transfected with meprin B (Fig. 3B).
Moreover, meprin § seemed to be capable of cleaving
MTI1-MMP from the PM, as corresponding soluble
MTI1-MMP fragments were detectable in the super-
natant. As a proof of direct proteolytic interaction, we
could show that the inactive meprin f variant E153A
was not able to induce MT1-MMP shedding (Fig. 3B).

Since the shedding of meprin  in HEK 293T cells
was induced when MT1-MMP was present, we wanted
to elucidate whether MT1-MMP could interfere with
the activity of ADAMI10/17. Therefore, we transfected
HEK ADAMI10/177/~ cells with MTI-MMP and
ADAMI10 or ADAMI17. Interestingly, the autocataly-
sis of both ADAM proteases seemed to be affected by
co-transfection with MTI-MMP, as indicated by
reduced signals of soluble ADAM fragments in immu-
noblots (Fig. 3C) and less activity of soluble ADAMs
in the corresponding supernatants (Fig. 3D). However,
no explicit additional shedding events between MTI1-
MMP and ADAMI10/17 were detectable (Fig. 3C).

Fig. 2. Interaction of meprin B and MT1-MMP. (A) Hela cells were transfected with flag-tagged meprin B and MT1-MMP-pH and
immunofluorescence microscopy images were captured (scale bars, 10 um). DAPI is displayed in blue, meprin § in red and MT1-MMP in
green. MT1-MMP was pHlourin-tagged, for detection of meprin B, a flag antibody was used. (B) Cell surface biotinylation of HEK ADAM10/
177/~ cells transfected with human meprin p and human MT1-MMP. Immunoblotting was used to analyse the lysate controls and the biotin
pulldown. For detection, specific antibodies against meprin B and MT1-MMP were used. GAPDH and pan-Cadherin served as controls. (C)
HEK ADAM10/177/~ cells were transfected with human meprin f and human MT1-MMP, followed by pulling on meprin B or MT1-MMP
respectively. For detection, specific antibodies against MT1-MMP and meprin B were used. GAPDH served as loading control. (D) Genotype
PCRs of Colo 320 and Colo 320 MEP1B ™~ cells. Agarose gel was used to visualize meprin B-specific signals. (E) Immunoblotting of lysates
of Colo 320 and Colo 320 MEP1B™~ cells. For detection, a specific antibody against meprin p was used. GAPDH served as loading control.
(F) Proximity ligation assay of Colo 320 and meprin p-deficient Colo 320 cells (Colo 320 MEP1B~/") with antibodies against the ectodomains
(ecto.) of MT1-MMP and meprin B. DAPI is displayed in blue, PLA signals in red (scale bars, 5 um). (G) Quantification of the PLA signals of
the immunofluorescence images of F. (H) PLA of permeabilized Colo 320 and Colo 320 MEP1B~/~ cells with antibodies against the C-
terminal parts (C-term.) of MT1-MMP and meprin B. DAPI is displayed in blue, PLA signals in red (scale bars, 5 um). () Quantification of the
PLA signals of the immunofluorescence images of H. IP, immunoprecipitation;, MEP, meprin; PLA, proximity ligation assay. Data for
immunofluorescence quantification represent means + SD, statistical analysis was performed by an unpaired t-test from 25 individual cells.
*P < 0.05, **P < 0.01, **+*P < 0.001.
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Fig. 3. Shedding of meprin B and MT1-MMP. (A) Colo 320 cells were treated with actinonin, Mab3328, Gl, GW or marimastat. Immunoblot-
ting was used to analyse cell lysates and supernatants. For detection, a specific antibody against meprin B was used. GAPDH served as
loading control. (B) Transfection of HEK 293T cells with human meprin B, human MT1-MMP or inactive human meprin B E153A.
Immunoblotting was used to analyse cell lysates and supernatants, human MT1-MMP was C-terminal flag-tagged. For detection, specific
antibodies against flag, meprin p and MT1-MMP were used. GAPDH served as loading control. (C) Transfection of HEK ADAM10/17 7/~ cells
with human MT1-MMP, human ADAM10 or murine ADAM17. Immunoblotting was used to analyse cell lysates and supernatants. For
detection, specific antibodies against MT1-MMP, ADAM10 or ADAM17 were used. GAPDH served as loading control. (D) ADAM10/17 activ-
ity assay of ultracentrifuged supernatants of C. (E) Transfection of HEK ADAM10/17~/~ cells with human meprin B, human MT1-MMP or
inactive human meprin B E153A. Immunoblotting was used to analyse cell lysates and supernatants. For detection, specific antibodies
against meprin p and MT1-MMP were used. Actin served as loading control. (F) Meprin B activity assay of ultracentrifuged supernatants of
E. (G) Meprin P activity assay of ultracentrifuged and trypsin-activated supernatants of E. (H) Triple-transfection of HEK ADAM10/17~/~ cells
with human meprin B, human MT1-MMP, inactive human meprin B E153A and human matriptase 2. Immunoblotting was used to analyse
cell lysates and supernatants, human matriptase 2 was C-terminal myc-tagged. For detection, specific antibodies against myc, meprin B and
MT1-MMP were used. Actin served as loading control. (I) Meprin B activity assay shows results for ultracentrifuged and trypsin-activated
supernatants of H (B, C, E, H: # All supernatants were ultracentrifuged and TCA-precipitated). Gl, Gl 254023X; GW, GW 280264X; Mep,
meprin; sn, supernatant. Data for activity assays represent means + SD, statistical analysis was performed by 1-way ANOVA, followed by
Tukey's post hoc test from three biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001.
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Consequently, to investigate whether the induction
of shed meprin B was a direct effect of MT1-MMP
and not due to an increased proteolytic activity of
ADAMI10/17 at the PM, we co-transfected MTI-
MMP and meprin B in HEK ADAMI0/17/~ cells.
Since we obtained soluble fragments for both meprin f
and MTI-MMP, whenever both proteases were pre-
sent, we could verify a direct mutual shedding of
MTI1-MMP and meprin B (Fig. 3E). However, without
activation by trypsin, the shed meprin f fragment
showed no proteolytic activity against a meprin J-
specific fluorogenic substrate, suggesting that only
inactive pro-meprin B is shed by MT1-MMP (Fig. 3F,
G). This is in line with previous findings, as
ADAMI10/17 was only able to shed meprin  in its
inactive pro-form [14], which could be verified herein
by triple-transfection experiments in HEK ADAM10/
17/~ cells. Thus, following activation of meprin p on
the PM via MT2, MT1-MMP was not able to cleave
meprin  anymore, as demonstrated by immunoblot-
ting and activity assays (Fig. 3H,I). Moreover, activa-
tion of meprin B by MT2 led to increased MT1-MMP
shedding, as seen in the ultracentrifuged supernatant
blot (Fig. 3H). In the following, we wanted to focus
on the interaction between meprin f and MT1-MMP,
therefore we decided to proceed with the HEK
ADAMI10/177/~ cells.

Shedding of meprin f is a direct effect of MT1-
MMP activity

To validate that the shedding of meprin B can be
directly mediated by MT1-MMP, we used a catalyti-
cally inactive MT1-MMP variant (E240A-pH) [35] and
investigated its shedding capacity towards meprin [
in vitro. Importantly, the insertion of the pHluorin-tag
between the hemopexin-like domain and the trans-
membrane domain did not influence the shedding
capability of MTI-MMP with regard to meprin B, as
seen in immunoblots and activity assays (MT1-MMP-
pH, Fig. 4A,B). Strikingly, the use of inactive MT1-
MMP E240A-pH resulted in the complete absence of
shed meprin B (Fig. 4A,B). Furthermore, we used
marimastat and the inhibitory antibody against the
ectodomain of MTI-MMP (Mab3328) and analysed
the cleavage of meprin B. The shedding capability of
MTI-MMP towards meprin B was reduced by 50%
using the antibody, whereas marimastat almost fully
abolished the shedding of meprin B (Fig. 4C,D). The
western blot results were validated by employing the
meprin B-specific activity assay (Fig. 4E).

To further prove that the shedding of meprin B is a
direct effect of MTI-MMP, we investigated the

MT1-MMP is a sheddase of meprin §

influence of tissue inhibitors of metalloproteinases
(TIMP) 1 or TIMP2, when overexpressed in meprin 3
and MTI-MMP transfected HEK ADAMI0/17 "/~
cells. TIMP1 has been described to block most soluble
MMPs but is a weak inhibitor for MT-MMPs,
whereas TIMP2 inhibits all MMPs [36]. Immunoblot
analysis revealed only a slight decrease in the shedding
capability of MT1-MMP regarding meprin B when
TIMP1 was co-expressed (Fig. 4F). In contrast, over-
expression of TIMP2 led to a complete loss of shed
meprin B, demonstrated by western blot and activity
assay (Fig. 4F,G). Additionally, we tested the direct
effect of recombinant TIMP1 or TIMP2 on recombi-
nant MT1-MMP via an activity assay with an MT1-
MMP-cleavable fluorogenic substrate. Indeed, the
effects of recombinant TIMP1 and TIMP2 on recom-
binant MT1-MMP were similar to the results from the
cell culture experiments (Fig. 4H).

Furthermore, we investigated if the shedding of
meprin B is an effect of a subsequent downstream tar-
get of MT1-MMP. It has been described before that
MTI-MMP together with TIMP2 is able to activate
pro-MMP2 at the PM, leading to increased activity of
MMP2 [16] (Fig. 41). To exclude that MMP2 is the
corresponding protease that cleaves meprin B, HEK
ADAMI10/177/~ cells were transfected with MMP2
and meprin B. Here, no shedding of meprin  was
detectable, indicating that activation of MMP2 by
MTI1-MMP is obviously not the reason for meprin 3
shedding (Fig. 4J,K). Of note, overexpression of
MMP2 in HEK ADAMI10/177/~ cells also generates
active protease, as validated by activity assays of the
corresponding supernatants with an MMP2-cleavable
fluorogenic substrate (Fig. 4L).

The mutual shedding of MT1-MMP and meprin §
is restricted to human variants

The use of soluble recombinant MT1-MMP did not
lead to any shed meprin B when added to meprin B
transfected HEK ADAMI10/177/~ cells (Fig. 5A,B),
which is in line with the previously described impaired
shedding ability of soluble ADAMI10/17 regarding
meprin B [21]. Additionally, soluble and active recom-
binant meprin B did not induce MT1-MMP shedding
either, as indicated by immunoblotting (Fig. 5C). Of
note, shed meprin B is inactive (Fig. 3F,G) and there-
fore could not be the reason for shed MT1-MMP,
when meprin p and MT1-MMP were co-expressed in
HEK ADAMI10/177/~ cells (Fig. 5C).

Next, we were interested in whether the shedding of
meprin by MTI-MMP was species dependent. Thus,
we transfected HEK ADAMI10/17 7/~ cells with the
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human or murine variants of MTI-MMP and meprin
B. Immunoblot analysis indicated that only human
MTI1-MMP was capable of shedding human meprin 3
from the PM, leading to a proteolytic active fragment
upon trypsin activation (Fig. SD-F). Similar results
were investigated for the shedding of MTI1-MMP, as
only human meprin B was able to shed its human vari-
ant (Fig. SD,E). To exclude possible interspecies
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influences, we repeated the experiments in murine
embryonal fibroblasts (MEF) which were deficient in
ADAMI10/17 (MEF ADAMI10/17/7) and observed
similar results (Fig. 5G). We speculated that the
absence of shed murine meprin B in vitro could be due
to differences in the cleavage region of murine and
human meprin B. It has been described before that the
replacement of the sequence of the putative ADAM17
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L. Werny et al. MT1-MMP is a sheddase of meprin §

Fig. 4. Shedding of meprin p is a direct effect of MT1-MMP. (A) Transfection of HEK ADAM10/17~/~ cells with human meprin B, human
MT1-MMP, a pHlourin-tagged human variant of MT1-MMP (MT1-MMP-pH) or an inactive and pHluorin-tagged variant of human MT1-MMP
(MT1-MMP E240A-pH). Immunoblotting was used to analyse cell lysates and supernatants. For detection, specific antibodies against MT1-
MMP and meprin B were used. GAPDH served as loading control. (B) Meprin B activity assay of A shows results for ultracentrifuged and
trypsin-activated supernatants. (C) Transfection of HEK ADAM10/177/~ cells with human meprin B, human MT1-MMP and treatment with
marimastat or Mab3328. Immunoblotting was used to analyse cell lysates and supernatants, MT1-MMP was C-terminal flag-tagged. For
detection, specific antibodies against flag, MT1-MMP and meprin B were used. GAPDH served as loading control. (D) Quantitative western
blot analysis of four individual experiments of C. (E) Meprin B activity assay of ultracentrifuged supernatants of C. (F) Transfection of HEK
ADAM10/17~/~ cells with human meprin B, human MT1-MMP, human TIMP1 and human TIMP2. Immunoblotting was used to analyse cell
lysates and supernatants, meprin f and MT1-MMP were C-terminal flag-tagged, TIMP1 and TIMP2 were C-terminal myc-tagged. For detec-
tion, specific antibodies against meprin B, flag and myc were used. GAPDH served as loading control. (G) Meprin B activity assay of F shows
results for ultracentrifuged and trypsin-activated supernatants. (H) Activity assay of recombinant MT1-MMP in HEPES buffer shows the
direct effect of recombinant TIMP1 and TIMP2 on its activity. (I) Schematic illustration of the activation of pro-MMP2. (J) Transfection of
HEK ADAM10/177/~ cells with human meprin B, human MMP2 or human MT1-MMP. Immunoblotting was used to analyse cell lysates and
supernatants, human meprin B, human MT1-MMP and human MMP2 were C-terminal flag-tagged, human MMP2 was C-terminal myc-
tagged. For detection, specific antibodies against flag, myc or meprin B were used. GAPDH served as loading control. (K) Meprin B activity
assay of J shows results for ultracentrifuged and trypsin-activated supernatants. (L) MMP2 activity assay of ultracentrifuged supernatants of
J (A, C, F, J: * All supernatants were ultracentrifuged and TCA-precipitated; C: * Unspecific signals of Mab3328). Mep, meprin; sn, super-
natant; rec., recombinant. Data for activity assays represent means + SD, statistical analysis was performed by 1-way ANOVA, followed by

Tukey's post hoc test from three (or four for K, L) biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001.

shedding region from human meprin B (59sQIQLT-
PAPSs03) [37] to murine meprin B (s96SAVPDPVP-
TLAgos) inhibited the shedding of this cloned meprin
B chimera (Fig. SH) by ADAMI10/17 in vitro [14]. As
expected, shedding of the meprin B chimera by MTI-
MMP was also completely inhibited, when both con-
structs were co-transfected in HEK ADAMI10/17/~
cells, verifying the particular importance of this amino
acid sequence (Fig. 5I.J). Hence, MTI-MMP and
ADAMI0 could also use the same proposed cleavage
region between Glnsgs and Sergps.

The shedding of human meprin f occurs
between Progy, and Serggz

To identify the exact shedding site of meprin  used
by its sheddases, we first transfected HEK ADAM10/
177/~ cells with MT1-MMP, ADAMI10 or ADAM17
and human meprin B and compared the corresponding
cleavage fragments. Immunoblot analysis revealed a
similar size of the shed meprin B fragments generated
by either MT1-MMP or ADAM10/17 (Fig. 6A). Next,
we repeated the co-transfections in HEK ADAMI10/
177/~ cells with MT1-MMP, ADAMI10 or ADAM17
and human meprin B. Thereafter, Prot-G-Sepharose
beads coupled with an antibody against the C-terminal
part of meprin B were used to purify the remaining
membrane-stubs from the lysate. Subsequently, sam-
ples underwent separation via SDS/PAGE and the
meprin  C-terminal fragments were excised and anal-
ysed by liquid chromatography-mass spectrometry
(LC/MS), to identify the cleavage sites. Surprisingly,
the most abundant dimethylated peptides for meprin B

shedding by MT1-MMP, ADAMI10 and ADAMI17
revealed the identical cleavage site between Progg, and
Sergos (Fig. 6B—D). Thus, cleavage of meprin B by all
three sheddases indeed occurs in the expected region
between Glnsgs and Serggs.

Discussion

Herein, we could show that besides ADAMI10/17,
human MT1-MMP is able to shed human meprin B in
co-transfection experiments in HEK 293T, HEK
ADAMI10/17/~ and MEF ADAMI10/17 /" cells. Sur-
prisingly, the cleavage site in meprin B used by all
three sheddases is identical and located between Progg,
and Serg;s.

Cleavage of meprin B by MTI-MMP is indeed a
direct proteolytic event and not due to downstream-
activated MMP2 [38]. Along the same line, MTI-
MMP was described to activate pro-MMP13 at the
PM, a process that is independent of TIMP2 [39].
However, TIMP1, described to block both MMP2 and
MMPI13 [36,40], did not prevent meprin B shedding,
when co-transfected with meprin f and MT1-MMP,
underlining the assumption that MTI-MMP is the
(main) sheddase. The minor decrease of shed meprin 3
upon co-expression of TIMP1 can be explained by the
mild effect of this inhibitor on the activity of MTI-
MMP, as demonstrated herein. Moreover, RNAseq
data revealed very low endogenous levels of MMP2 or
MMP13 in HEK cells, demonstrating that direct shed-
ding of meprin B by these proteases is even less likely
[41]. Furthermore, we could show that meprin B itself
is also able to cleave MTI-MMP, implicating a
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complex regulatory network of these proteases in
health and disease (Fig. 7). More interestingly, all
observed shedding properties of MTI-MMP with
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regard to meprin B appeared to be similar to its shed-
ding by ADAMI10/17 [14], including the same cleavage
site between Progyp, and Sergys, which is in line with
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Fig. 5. Specificity of the shedding of meprin p and MT1-MMP. (A) Transfection of HEK ADAM10/17 '~ cells with human meprin p and/or
human MT1-MMP and treatment with recombinant active human MT1-MMP. Immunoblotting was used to analyse cell lysates and super-
natants. For detection, specific antibodies against MT1-MMP and meprin  were used. GAPDH served as loading control. (B) Meprin B activ-
ity assay shows results for ultracentrifuged and trypsin-activated supernatants of A. (C) Transfection of HEK ADAM10/17~/~ cells with
human meprin B and/or human MT1-MMP and treatment with recombinant active human meprin B. immunoblotting was used to analyse
cell lysates and supernatants. For detection, specific antibodies against MT1-MMP and meprin B were used. GAPDH served as loading con-
trol. (D, E) transfection of HEK ADAM10/17~/~ cells with human meprin B, murine meprin B, human MT1-MMP or murine MT1-MMP.
Immunoblotting was used to analyse cell lysates and supernatants. Both, human MT1-MMP and murine MT1-MMP were C-terminal flag-
tagged. For detection, specific antibodies against MT1-MMP, flag and meprin B were used. GAPDH served as loading control. (F) Meprin 8
activity assay shows results for ultracentrifuged and trypsin-activated supernatants of D and E. (G) transfection of MEF ADAM10/17~/~ cells
with human meprin B, murine meprin B, human MT1-MMP or murine MT1-MMP. Immunoblotting was used to analyse cell lysates and
supernatants. For detection, specific antibodies against MT1-MMP and meprin B were used. GAPDH served as loading control. (H) Sche-
matic model of dimeric meprin B at the PM (based on the crystal structure of the ectodomain PDB: 4GWM), showing the sequence differ-
ences in the putative ADAM17 cleavage region between human (blue) and murine (black) meprin B. Figure was generated using CHIMERA
1.14. (I) Transfection of HEK ADAM10/17~/~ cells with human meprin B, human meprin p E153A, meprin B chimera or human MT1-MMP.
Immunoblotting was used to analyse cell lysates and supernatants, human MT1-MMP was C-terminal flag-tagged. For detection, specific
antibodies against MT1-MMP, flag and meprin B were used. GAPDH served as loading control. (J) Meprin B activity assay shows results for
ultracentrifuged and trypsin-activated supernatants of | (A, C, D, E, G, I: # All supernatants were ultracentrifuged and TCA-precipitated).
Mep, meprin; h, human; m, murine; rec., recombinant; sn, supernatant. Data for activity assays represent means + SD, statistical analysis
was performed by 1-way ANOVA, followed by Tukey's post hoc test from three biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001.

the previously described common ADAMI10/17 and
MTI1-MMP cleavage site specificity [42,43].
MTI1-MMP is ubiquitously expressed in various cell
types, including fibroblasts [44], epithelial cells [45],
macrophages [35] or neuronal cells [46]. One the con-
trary, meprin B is more restricted to the small intestine
[47], kidney [48] or the human epidermis [49]. Herein,
we could show that MT1-MMP and meprin J also
interact with each other endogenously. Nevertheless,
the elucidation of the endogenous shedding between
MTI-MMP and meprin B is difficult, as MTI-MMP
also seems to interfere with the activity of ADAMI0
and ADAMI17. Thus, the use of a specific inhibitory
antibody against MT1-MMP did not lead to a reduced
shedding of meprin B in Colo 320 cells, possibly due
to compensatory effects of ADAMI10/17, which are
widely expressed in almost all tissues. Actinonin has
also been described to block the activity of ADAMI10
(ICs¢ of 2.2 um) and ADAMI17 (ICsq of 0.2 um) but
not MTI-MMP (ICsy > 1000 pum) [50]. Hence, it is
noteworthy that its use also did not prevent meprin 3
shedding in Colo 320 cells. GI254023X is generally
described as a specific ADAMI10 inhibitor (ICsy of
0.027 um), however, it also affects the activity of MT1-
MMP (ICsy of 0.088 pm) and ADAMI17 (ICsy of
0.86 um) [51]. A similar inhibitory effect with regard
to MTI-MMP is also conceivable for GW208264X.
Moreover, there are numerous interactions of all
involved proteases with several other factors, which
have to be considered. For instance, MT1-MMP is
able to shed ADAMO [52], which can cleave ADAMI10
itself [21,53] and would consequently lead to altered
shedding of meprin  [14]. Additionally, meprin  was

shown to cleave off the pro-peptides of ADAMY, —10
and —17, thereby inducing their activity [32]. Thus, it
is hard to determine a direct effect of MT1-MMP on
meprin B endogenously.

MTI1-MMP knockout mice show severe defects dur-
ing early development such as craniofacial abnormali-
ties, dwarfism, arthritis and soft tissue fibrosis, which
arise most likely due to altered collagen homeostasis
[54]. However, meprin B knockout mice display signifi-
cantly lower collagen deposition in the skin and exhi-
bit a decreased tissue tensile strength [8]. Thus,
investigation of these competitive proteolytic processes
of MTI-MMP and meprin B, regarding collagen
assembly in vivo would be interesting (Fig. 7). Unfor-
tunately, our available meprin B mouse models were
not suitable, as human MTI-MMP only cleaves
human meprin B. Hence, the in vivo relevance of this
proteolytic interaction remains elusive.

However, comparing the shedding region of human
meprin B with other species, it is remarkable that they
often contain additional possible O-glycosylation sites.
It has been described before that O- and N-
glycosylations can protect proteins from proteolysis
[55,56]. For instance, shedding of tumour necrosis fac-
tor alpha (TNF-o) by ADAM17 was inhibited by site-
specific O-glycosylation [56], while O-linked glycans
within the cleavage region of human meprin B have
also been described to protect from proteolysis [57]. A
similar mechanism could also be a conceivable expla-
nation for the difference in murine and human meprin
B shedding. In particular, murine meprin p could addi-
tionally harbour an O-glycan at position Thrgoy, pro-
tecting it from proteolysis. In general, glycosylation
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Sample  Annotated Sequence Modifications #PSMs Theo. MH+[Da] Position in Protein
[F1.DINEGLGLDLFEGDIRLDR [A] 1xDimethyl [N-Term] 2 2188,124 [39-57]
[F1.DINEGLGLDLFEGDIR [L] 1xDimethyl [N-Term] 2 1803,912 [39-54]
[N].EGLGLDLFEGDIRLDR [A] 1xDimethyl [N-Term] 1 1845,971 [42-57]
[NJ.EGLGLDLFEGDIR.[L] 1xDimethyl [N-Term] 1 1461,758 [42-54]

ADAM10  [G].DIRLDRAQIR [N] 1xDimethyl [N-Term] 1 1283,754 [52-61]
[S].DFEDVIGQR.[M] 1xDimethyl [N-Term] 2 1106,548 [230-238]
[F].DSSSVNVGATAVLESR [T] 1xDimethyl [N-Term] 1 1619,824 [315-330]
[D].SSSVNVGATAVLESR [T] 1xDimethyl [N-Term] 1 1504,797 [316-330]
[S1.SSVNVGATAVLESR [T] 1xDimethyl [N-Term] 1 1417,765 [317-330]
[P].SVQDLCSKTTCKNDGVCTVR [D] 3xCarbamidomethyl [C6; C11; C17]; 2xDimethyl [K8; K12]; 1xDimethyl [N-Term] 12 2412,168 [603-622]
[F1.DINEGLGLDLFEGDIRLDR.[A] 1xDimethyl [N-Term] 1 2188,124 [39-57]
[F1.DINEGLGLDLFEGDIR [L] 1xDimethyl [N-Term] 2 1803,912 [39-54]
[N].EGLGLDLFEGDIRLDR [A] 1xDimethyl [N-Term] 2 1845,971 [42-57]
[NJ.EGLGLDLFEGDIR.[L] 1xDimethyl [N-Term] 2 1461758 [42-54]
[NL.SIGEKYR [W] 1xDimethyl [K6]; 1xDimethyl [N-Term] 1 1021,604 63-70]

ADAM17  [E].DSLEMNAKGVILNAFER [Y] 1xOxidation [M5]; 1xDimethyl [K8]; 1xDimethyl [N-Term] 1 1979,027 81-97]
[S].DFEDVIGQR.[M] 1xDimethyl [N-Term] 2 1106,548 [230-238]
[F1.DSSSVNVGATAVLESR [T] 1xDimethyl [N-Term] 1 1619,824 [315-330]
[D].SSSVNVGATAVLESR [T] 1xDimethyl [N-Term] 1 1504,797 [316-330]
[S].SVNVGATAVLESR.[T] 1xDimethyl [N-Term] 1 1330,733 [318-330]
[P].SVQDLCSKTTCKNDGVCTVRDGKAECR.[C] 4xCarbamidomethyl [C6; C11; C17; C26]; 3xDimethyl [K8; K12; K23]; 1xDimethyl [N-Term] 5 3256,554 [603-629]
[P1.SVQDLCSKTTCKNDGVCTVR.[D] 3xCarbamidomethyl [C6; C11; C17]; 2xDimethyl [K8; K12]; 1xDimethyl [N-Term] 8 2412,168 [603-622]
[RINSIIGEKYR.[W] 1xDimethyl [K7] 2 1107,616 62-70]
[R].VGKQELSIGANCDR (1] 1xCarbamidomethyl [C12]; 1xDimethyl [K3] 1 1574,796 [133-146]

MT1-MMP 21 KGSGASLGGLSIDDINLSETR.[C] 1xDimethyl [K1] 1 2118,104 [406-426]
[P1.SVQDLCSKTTCKNDGVCTVR[D] 3xCarbamidomethyl [C6; C11; C17]; 2xDimethyl [K8; K12]; 1xDimethyl [N-Term] 2 2412,168 [603-622]
[RI.CQSGEDWWYMGER [C] 1xCarbamidomethyl [C1]; 1xOxidation [M10] 3 1719,653 [630-642]
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Fig. 6. The shedding of meprin B by ADAM10/17 and MT1-MMP occurs between Progg, and Serggs. (A) Transfection of HEK ADAM10/17 7/~
cells with human meprin B, human MT1-MMP, human meprin B E153A, human ADAM10 or murine ADAM17. Immunoblotting was used
to analyse cell lysates and supernatants, ADAM10 and MT1-MMP were C-terminal flag-tagged. For detection, specific antibodies against
meprin B, flag, ADAM17 and MT1-MMP were used. Actin served as loading control. (B) Schematic model of dimeric meprin B at the
PM (based on the crystal structure of the ectodomain PDB: 4GWM), illustrating the same cleavage site of ADAM10/17 and MT1-MMP
in human meprin B. Figure was generated using cHIMERA 1.14. (C) A representative MS-spectrum of the meprin B peptide
P.S603VQDLCSKTTCKNDGVCTVR.D that was identified following transfection of HEK ADAM10/17~/~ cells with MT1-MMP, ADAM10
and ADAM17 and subsequent in-gel reductive dimethylation and trypsin digestion. The peptide shown is carbamidomethylated on the
cysteine residues, dimethylated at the lysine residue and dimethylated at the N-terminus. Monoisotopic m/z: 804.7282 (z= 3).
(D) Dimethylated N-termini identified in MS-samples. N-termini which exhibit trypsin-like specificity (R residue at the P71 position) are
likely a result of incomplete quenching prior to tryptic digestion.

ADAM10/17  Matriptase 2 MT1-MMP sol. MT1-MMP pro-peptide sol. Meprin B Meprin B pro-Meprin B

Fig. 7. Model of the interactions between meprin B, MT1-MMP and ADAM10/17 at the PM. ADAM10, ADAM17 and MT1-MMP are able to
cleave pro-meprin B from the PM, leading to inactive soluble meprin B. Activation of meprin B on the PM via matriptase 2 completely abol-
ishes its shedding by ADAM10/17 and MT1-MMP. Interestingly, human meprin B can also shed human MT1-MMP and both ADAM10 and
ADAM17 seem to interact with MT1-MMP.

seems to be an important topic for meprin B, as the database and are associated with endometrioid carci-
point mutations N592S and A60IT within the shed- noma and malignant melanoma, respectively [58].
ding region of meprin B can be found in the COSMIC Therefore, further studies regarding the glycosylation
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status of meprin B could provide new insight into its
regulation and could reveal new therapeutic options
for the treatment of various pathological conditions.

Materials and methods

Chemicals

All chemicals were of analytical grade and received from
Carl Roth (Karlsruhe, Germany), Gibco (Waltham, MA,
USA), Merck (Darmstadt, Germany), Millipore-Sigma
(Burlington, MA, USA) or Thermo Fisher Scientific (Wal-
tham, MA, USA), if not stated otherwise.

Cell culture, transient transfection and inhibitor
experiments

HEK 293T cells (DSMZ GmbH, Braunschweig, Germany),
HEK ADAM10/17/~ cells (kindly provided by Bjorn Rabe,
University of Kiel, Germany), HeLa cells (DSMZ GmbH),
MEF ADAMI10/177/~ cells (kindly provided by Karina
Reiss, Department of Dermatology and Allergology, Univer-
sity Medical Center Schleswig-Holstein, Kiel, Germany),
Colo 320 and Colo 320 MEP1B™/~ cells were cultivated in
DMEM (Dulbecco’s modified Eagle’s medium, Gibco) with
10% (v/v) fetal calf serum (FCS, Gibco), 100 U-mL~" peni-
cillin and 100 mg-mL ™! streptomycin. Culture conditions
were under a humidified atmosphere (5% CO,) at 37 °C. For
transient transfection, cells were seeded on 10-cm cell culture
dishes or 6-well plates, 8 pg (double-transfection) or 12 pg
(triple-transfection) of total cDNA were mixed with
polyethylenimine (PEI) (HEK cells) or Turbofect (MEF
cells) transfection reagent (1:3) in serum-free medium and
incubated for 30 min at room temperature (RT). For trans-
fection, plasmid-cDNA for human meprin 3, human meprin
B EI53A, human MT1-MMP, human MT2, murine MTI-
MMP, murine meprin f, human ADAMI10, murine
ADAMI17, meprin B chimera (kindly provided by Rielana
Wichert, University of Kiel, Germany), human MT1-MMP-
pHluorin (kindly provided by Philippe Chavrier, Institut
Curie, Paris, France), human MT1-MMP E240A-pHluorin,
human TIMPI1, human TIMP2, human MMP2, human
APP69S, human IL-6R, empty vector (pcDNA 3.1) or plas-
mids in various combinations were added together with the
transfection reagent to 3 mL (10 cm dish) or 1.5 mL (6-well
plate) fresh medium on the cells. After 6 h, cells were washed
with PBS and maintained in serum-free DMEM to avoid
meprin f inhibition [59]. For the inhibitor experiments in
HEK ADAMI10/17/~cells, marimastat (10 pum) or Mab3328
(10 pg-mL~!, Merck) were added. For endogenous inhibition
in Colo 320 cells, actinonin (3 pm), Mab3328 (10 pg-mL™Y),
GI254023X (3 um, Millipore-Sigma), GW208264X (3 pwm,
AOBIOUS, Gloucester, MA, USA) or marimastat (3 um)
were used. Recombinant human meprin B [60] was used in a

L. Werny et al.

concentration of 5 nm and recombinant human MT1-MMP
(918-MPN-010, R&D Systems, Minneapolis, MN, USA) was
used 0.05 pg-mL~'. Cells were harvested 24 h after media
was exchanged.

Generation of meprin p-deficient Colo 320 cell
line using CRISPR/Cas9 genome editing

Colo 320 cells were cultivated in DMEM supplemented
with 10% FCS. For CRISPR/Cas9 genome editing multi-
guide RNA (G*U*C*UUCAGUAGGAAAUAGGTC,
C*A*A*GAGUUCCUCCACGCUCU, U*U*A*UCCU-
GACAUAGUCAUCC) and recombinant Streptococcus
pyogenes Cas9 2NLS (Synthego, Redwood City, CA, USA)
were used. Cas9 RNPs were prepared according to Syn-
thego’s instructions with 100 pmol multi-guide RNA and
20 pmol Cas9 per electroporation using 7.6 x 10* cells and
the Neon device (Thermo Fisher Scientific) with the follow-
ing setting: 1 puls, 1700 V, 20 ms. Immediately after elec-
troporation, single cell seeding in 96-well plates was
performed to obtain single-cell clones. From these, genomic
DNA was extracted using the GeneJET Genomic DNA
Purfication Kit (Thermo Fisher Scientific) and genotyping
PCRs with the following primers were performed: for: 5'-
GACTAGGCAGTGGCGATTCTG-3, rev: 5-CCACAG
ACTCCGTTCCACATA-3'.

Cell lysis, SDS/PAGE and immunoblot analysis

Cells were harvested 30 h after transfection in ice-cold PBS
and centrifuged at 1100 g for 10 min at 4 °C. The remaining
cell pellets were washed 3x with PBS prior to resuspension in
lysis buffer [1% (v/v) Triton X-100, complete protease inhibi-
tor cocktail (Roche, Basel, Switzerland) in PBS, pH 7.4], fol-
lowing a 60 min incubation on ice. Afterwards, cell
suspensions were centrifuged for 15 min at 15 000 g and
4 °C. The protein amount was determined using the Bicin-
choninic Acid Protein Assay Kit (Thermo Fisher Scientific).
The remaining lysates were boiled for 10 min at 95 °C in
sample buffer containing dithiothreitol (DTT). Supernatants
were also harvested 30 h after transfection and ultracen-
trifuged at 186 000 g for 120 min at 4 °C. Afterwards, 10%
(v/v) trichloroacetic acid (TCA) was added and samples were
incubated 60 min on ice, before centrifugation at 15 000 g
and 4 °C for 15 min. Supernatants were discarded, 200 pL
ice-cold acetone was added and samples were again cen-
trifuged at 15 000 g and 4 °C for 10 min. Subsequently, a
sample buffer containing DTT was added and samples were
boiled for 10 min at 95 °C. For further analysis, protein sam-
ples were separated via SDS/PAGE (10%, 120 V, 100 min),
blotted onto a polyvinylidene fluoride (PVDF, Thermo
Fisher Scientific) membrane and incubated with 10% dry
milk for 1 h at RT. Afterwards, the membranes were incu-
bated with primary antibody (1:1000 in 5% dry milk)
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overnight at 4 °C. The next day, membranes were washed
with TRIS-buffered saline (TBS) and secondary antibodies
(1:20 000 in 5% dry milk) conjugated with horseradish per-
oxidase were added. After 1 h incubation at RT, membranes
were washed with TBS and chemiluminescence was detected
using the SuperSignal West Femto Kit (Thermo Fisher Scien-
tific) and the LAS-3000 Imaging System (FUJIFILM Europe
GmbH). For detection, the following antibodies were used:
anti-meprin B Tier 1 (polyclonal, generated against the pep-
tide ,73CGMIQSSGDSADWQRVSQ,9, Pineda, Berlin,
Germany); anti-flag (F1804, Millipore-Sigma); anti-actin
(A2066, Millipore-Sigma); anti-MT1-MMP (inhibitory anti-
body against the ectodomain, Mab3328, also known as
LEM-2/15, Merck); anti-MT1-MMP (#51074, Abcam); anti-
myc (#2276, Cell-Signalling); anti-GAPDH (#2118, Cell-
Signaling); anti-ADAMI17 (#19027, Merck); anti-IL-6R (4—
11, monoclonal, generated against the DI1-domain); anti-
APP (CT-15, AG Pietrzik, Mainz); anti-APP (22Cl11,
Thermo Fisher Scientific); anti-sAPPf (generated against the
neo-C-terminus of SAPPf between Aspg7, and Alagys, that is
released after APP shedding by meprin B); anti-mouse IgG
(H + L)-HRP (Jackson Immuno Research, Ely, UK); anti-
rabbit IgG (H + L)-HRP (Jackson Immuno Research).

Immunofluorescence microscopy

HeLa cells were seeded into 24-well plates containing small
cover slips and were transfected with 1 pg plasmid-cDNA
of MT1-MMP-pH and flag-tagged meprin p using PEIL.
After 24 h, cells were washed 3x with PBS and were fixed
in 4% (w/v) paraformaldehyde (PFA) in PBS for 10 min at
RT. Subsequently, cells were washed 2x with PBS and
were permeabilized with 0.12% (w/v) glycine and 0.2% (w/
v) saponin in PBS for 10 min and RT. Thereafter, cells
were treated with blocking solution [10% FCS, 0.2% (w/v)
saponin in PBS] for 1 h at RT, prior to incubation of the
coverslips with 60 puL anti-flag antibody solution (F1804,
Millipore-Sigma, 1:1000 in blocking solution) in a humid
chamber for 1 h and RT. Coverslips were washed 5x in
0.2% (w/v) saponin/PBS and incubated with 60 uL of the
fluorophore coupled secondary antibody (AlexaFluor-594
goat-anti-mouse IgG (H + L), Invitrogen, 1:300 in blocking
solution) and DAPI (Roth, 1:1000 in blocking solution) for
1 h in a dark chamber. After 7x washing steps with 0.2%
(w/v) saponin/PBS and 44H,O, coverslips were mounted
using 10 pL Dako (S3023, Agilent, Santa Clara, CA,
USA). Immunofluorescence analysis was performed using
the confocal microscope FV1000 (Olympus, Tokyo, Japan).

Biotinylation

HEK ADAMI10/17 "/~ cells were cooled 30 h after transfec-
tion to 4 °C and supernatants were discarded. Cells were
washed 2x with PBS-CM (0.1 mm CaCl,, 1 mm MgCl,, in

MT1-MMP is a sheddase of meprin §

PBS, pH 7.4) and incubated with 3 mL Sulfo-NHS-SS-
biotin solution (I mg-mL~! in PBS-CM, Thermo Fisher
Scientific) for 30 min at 4 °C. Next, cells were incubated
with 10 mL quenching buffer (50 mm TRIS-HCI, in PBS-
CM, pH 8.0) for 10 min at 4 °C, before cells were washed
3x with PBS-CM. Thereafter, cells were harvested in 1 mL
PBS-CM, centrifuged for 10 min and 5000 g at 4 °C and
lysed with 300 pL lysis buffer [SO mm TRIS-HCI, 150 mm
NaCl, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, complete
protease inhibitor cocktail + EDTA, pH 7.4] for 30 min at
4 °C. After centrifugation for 15 min and 15 000 g at 4 °C,
100 pg of the supernatants were separated as lysate con-
trols for immunoblot analysis. Subsequently, 500 pg lysates
were incubated with 50 pl streptavidin magnetic beads
(Thermo Fisher Scientific) for 1 h at 4 °C, before beads
were washed 2x with lysis buffer. After discarding the
supernatants, beads were boiled for 10 min at 95 °C in
35 uL 1x Laemmli buffer containing DTT. Finally, sam-
ples were separated via SDS/PAGE and analysed by
immunoblotting.

Immunoprecipitation

HEK ADAMI10/17 7/~ cells were transfected with human
meprin B and human MT1-MMP (Co-IP, N-terminomics)
or meprin f with ADAMI10/17 (N-terminomics) and har-
vested as described above, cell pellets were lysed in 500 pL
lysis buffer (120 mm NaCl, 50 mm TRIS/HCI, 1% NP-40,
complete protease inhibitor cocktail, pH 7.4). For lysis con-
trol, 50 pL lysate was collected, and the remaining cell
lysates were incubated with 1.5 pL antibody [Co-IP: anti-
meprin B Tier 1 or anti-MT1-MMP, #51074, Abcam; N-
terminomics: meprin 3 C-terminal Tier 1 (polyclonal, gener-
ated against the peptide ;CRERMSSNRPNLTPQNQ-
HAF7g,, Pineda)] at 4 °C overnight. The next day, 50 pL
Dynabeads (Thermo Fisher Scientific) were added to each
vial and incubated for 30 min at RT. Thereafter, the tubes
were placed on a magnet and were washed 3x with wash-
ing buffer (cf. manufacturer’s instructions). At the end,
beads were boiled for 10 min at 95 °C in sample buffer
containing DTT and separated via SDS/PAGE. Subse-
quently, Co-IP was analysed by Immunoblot.

Proximity ligation assay

Colo 320 wild-type and meprin B-deficient Colo 320 cells
were analysed using the Duolink In Situ Red Kit Mouse/
Rabbit (Sigma-Aldrich). Cells were washed 3x with PBS
and fixed in 4% (w/v) PFA in PBS for 10 min at RT. Sub-
sequently, cells were washed 2x with PBS. For the C-
terminal antibodies, cells were additionally permeabilized
with 0.12% (w/v) glycine and 0.2% (w/v) saponin in PBS
for 10 min. Thereafter, proximity ligation assay was per-
formed according to the manufacturer’s instructions using
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the primary antibodies anti-meprin B C-term. Tier 2
(1:1000, Pineda) and anti-MT1-MMP C-term. (1:1000, sc-
373908, Santa Cruz) or anti-meprin B hecto Serum Tier 1
(1:1000, binds to the ectodomain of meprin B, Pineda) and
anti-MT1-MMP ecto. (1:1000, against the ectodomain,
Mab3328, Merck). Immunofluorescence analysis was per-
formed using the confocal laser scanning microscope LSM
980 (Carl Zeiss).

Fluorogenic peptide-based activity assay

To investigate the activity of meprin f, ADAMI10/17,
MMP2 or MTI1-MMP, fluorogenic peptide-based activity
assays were performed. Meprin B activity was measured
using the substrate (mca)-EDEDED-(dnp) [61], ADAM10
and ADAMI17 activity was measured using the substrate
Dabcyl-PRAAAHomophe TSPK(SFAM)-NH, (PEPDABO064,
BioZyme, Hessisch Oldendorf, Germany), MTI-MMP and
MMP2 activity was analysed with the substrate Dabcyl-
GPLGMRGK(5FAM)-NH, (PEPDABOI11, BioZyme). For
activity measurements of shed meprin B, shed ADAMI10/
17 or soluble MMP2, adjusted amounts of ultracentrifuged
(186 000 g, 120 min, 4 °C) supernatants were filled into
96-well plates. For meprin B activity, supernatants were
additionally incubated with 10 pg recombinant trypsin
(Sigma-Aldrich) or PBS as control for 30 min at 37 °C.
MTI1-MMP activity was measured by filling 90 nL. HEPES
buffer, together with 0.05 pg recombinant and active MT1-
MMP and 0.5 ugmL~' recombinant TIMP1 or TIMP2
(#410-01, #410-02, PeproTech, Hamburg, Germany) into
96-well plates. Subsequently, 50 um (meprin B) or 10 um
(ADAM10/17, MT1-MMP, MMP2) fluorogenic substrate
was added and fluorescence was measured at A, = 405 nm
and Ae = 320 nm (meprin B) or at Ae, = 530 nm and
Aex = 485 nm (ADAM10/17, MT1-MMP, MMP2) at 37 °C
every 30 s over a period of 2 h with a spectrophotometer
(Infinite F200Pro, Tecan, Mannedorf, Switzerland). For
bar graph presentation of data, the relative fluorescence
units (RFU) after 40 min were used. The increase in RFU
was normalized to the initial point of measurement and
was proportional to meprin f, ADAMI10/17, MT1-MMP
or MMP?2 activity.

Identification of protein N-termini
In-gel N-termini analysis

To identify the N-termini of the C-terminal meprin B frag-
ments, the corresponding gel bands were excised, cut into
2 mm?® and destained with 100 mm ammonium bicarbonate
(ABC), 30% acetonitrile (ACN), 50 mm ABC and 100%
ACN. Immunoblots served as a template for excising the
correct size of the C-terminal meprin B stubs from the
SDS-gels. Samples were reduced with DTT (10 mm) at
65 °C for 30 min and then alkylated with iodoacetamide

L. Werny et al.

(55 mm final) in the dark at RT for 15 min. Gel bands
were washed with HEPES (100 mm), HEPES in ACN and
ACN to remove any residual ABC buffer. Primary amines
(N-termini and lysine residues) were reductively dimethy-
lated by labelling with 20 mMm formaldehyde in the presence
of 10 mM sodium cyanoborohydride (10 mm) in HEPES
buffer (100 mm, pH 7) overnight at 37 °C. The excess
reagents were quenched by removing the supernatant and
incubating the samples with 500 mm ABC (30 min), fol-
lowed by 500 mm TRIS (pH 6.8). Samples were dehydrated
with the addition of ACN (x2, 10 min) and then dried by
vacuum centrifugation. Samples were again incubated with
0.5 M TRIS (pH 6.8) for 1 h. Gel bands were washed by
incubating the gel pieces with ABC and ABC in ACN
(30%) and 100% ACN, respectively. Gel bands were dried
before trypsin (150 ng) was added to the gel pieces and left
to incubate overnight at 37 °C. Peptides were extracted
from the gel band using 1% formic acid (FA), 50% ACN,
1% FA and 100% ACN with the aid of sonication, respec-
tively. Pooled supernatants were dried down by vacuum
centrifugation and stored at —20 °C until analysis.

LC/MS measurements

Samples were injected on a Dionex Ultimate 3000 nano-
UHPLC coupled to a Q Exactive Plus mass spectrometer
(Thermo Scientific, Bremen, Germany). The samples were
washed on a trap column (Acclaim Pepmap 100 C-18,
Smm x 300 pm, 5 pm, 100 A, Dionex) for 2-3 min with
3% ACNJ0.1% TFA at a flow rate of 30 pL-min~! prior to
peptide separation using an Acclaim PepMap 100 C-18 ana-
Iytical column (50 cm x 75 pm, 2 pm, 100 A, Dionex). A
flow rate of 300 nL-min~' using eluent A (0.05% FA) and
eluent B (80% ACN/0.04% FA) was used for gradient sepa-
ration (60 min gradient, 5-40% B). Spray voltage applied on
a metal-coated PicoTip emitter (10 um tip size, New Objec-
tive, Woburn, MA, USA) was 1.6-1.8 kV, with a source tem-
perature of 250 °C. Full scan MS-spectra were acquired
between 300 and 2000 m/z at a resolution of 70 000 at m/z
400. The 10 most intense precursors with charge states greater
than 2+ were selected with an isolation window of 1.6-2.1 m/
z and fragmented by HCD with normalized collision energies
of 27 at a resolution of 17 500. Lock mass (445.120025 m/z)
and dynamic exclusion (15-20 s) were enabled.

Database search and statistics

The MS raw files were processed by PROTEOME DISCOVERER 2.2
(Thermo, version 2.2.0.388) and MS/MS spectra were searched
using the Sequest HT algorithm against a database containing
common contaminants and the canonical and reviewed human
database. Enzyme specificity was set to semi-ArgC with two
missed cleavages allowed. A MSI1 tolerance of 10 ppm and a
MS2 tolerance of 0.02 Da were implemented. Oxidation
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(15.995 Da) of methionine residues was set as a variable modi-
fication while carbamidomethylation (57.02146 Da) on cys-
teine residues and dimethylation (28.031 Da) on lysine
residues were set as static modifications. In addition, dimethy-
lation on peptide N-termini was set as a variable modification.
Minimal peptide length was set to 6 amino acids and the pep-
tide false discovery rate was set to 1%.

Statistical analysis

Immunoblots were quantified with mMAGEs (National Insti-
tutes of Health, Bethesda, MD, USA) and the proteins of
interest were normalized to GAPDH levels. All statistical
analyses were performed with GrapHpAD pPrRIsM (La Jolla,
CA, USA) by 1-way ANOVA, followed by Tukey’s post
hoc test or by an unpaired student’s ¢-test. Normalized val-
ues were presented as means + SD.
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