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ABSTRACT

Vasoinhibin is an antiangiogenic, profibrinolytic peptide generated by the proteolytic cleavage of the pituitary
hormone prolactin by cathepsin D, matrix metalloproteinases, and bone morphogenetic protein-1. Vasoinhibin
can also be generated when placental lactogen or growth hormone are enzymatically cleaved. Here, it is
investigated whether plasmin cleaves human prolactin and placental lactogen to generate vasoinhibin-like
peptides. Co-incubation of prolactin and placental lactogen with plasmin was performed and analyzed by gel
electrophoresis and Western blotting. Mass spectrometric analyses were carried out for sequence validation and
precise cleavage site identification. The cleavage sites responsible for the generation of the vasoinhibin-like
peptides were located at K170-E171 in prolactin and R160-T161 in placental lactogen. Various genetic vari-
ants of the human prolactin and placental lactogen genes are projected to affect proteolytic generation of the
vasoinhibin-like peptides. The endogenous counterparts of the vasoinhibin-like peptides generated by plasmin

may represent vasoinhibin-isoforms with inhibitory effects on vasculature and coagulation.

1. Introduction

Vasoinhibin is a peptide hormone with a diverse array of endocrine,
paracrine, and autocrine effects, ranging from the regulation of blood
vessel growth, permeability, and dilation (Clapp et al., 2015) to
non-vascular effects, which include the stimulation of vasopressin
release (Mejia et al, 2003), the stimulation of anxiety- and
depression-related behavior (Zamorano et al., 2014), and thrombolytic
effects (Bajou et al., 2014). Vasoinhibin has been investigated in the
context of several human diseases, and pathophysiological roles
emerged in vasoproliferative retinopathies (Arnold et al., 2010; Triebel
et al., 2009, 2011) and pregnancy-associated diseases (Hilfiker-Kleiner
et al., 2007; Nakajima et al., 2015; Gonzalez et al., 2007; Lean-
os-Miranda et al., 2008), including its evaluation in clinical interven-
tional studies (Hilfiker-Kleiner et al., 2017; Robles-Osorio et al., 2018).

Vasoinhibin-isoforms are generated by the proteolytic cleavage of
their precursor molecules prolactin (PRL),2 growth hormone (GH), and

placental lactogen (PL) (Struman et al., 1999; Corbacho et al., 2002).
Vasoinhibin can be generated in various anatomical compartments or
tissues, including the pituitary gland (Cruz-Soto et al., 2009; Sinha et al.,
1987), the placenta (Struman et al., 1999; Perimenis et al., 2014), the
retina (Aranda et al., 2005) the mammary gland (Ishida et al., 2014), the
heart (Hilfiker-Kleiner et al., 2007) and cartilage (Macotela et al., 2006).
Vasoinhibin-generating enzymes include cathepsin D, matrix metal-
loproteinases and bone morphogenetic protein 1 (Struman et al., 1999;
Corbacho et al., 2002; Macotela et al., 2006; Piwnica et al., 2004; Ge
et al., 2007). Depending on the cleavage site vasoinhibin varies in size,
and isoforms ranging from 9 to 18 kDa have been reported (Macotela
et al., 2006; Piwnica et al., 2004; Ge et al., 2007). The investigation of
the generation of vasoinhibin by cleavage of PRL and PL is important, as
the identification of vasoinhibin-isoforms is not completed, nor is the list
of enzymes capable of generating them. The regulation of vasoinhibin is
embedded into an endocrine axis named the prolactin/vasoinhibin axis,
featuring tiers of control at the hypothalamic, the pituitary and the
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peripheral level (Triebel et al., 2015). The discovery of enzymes capable
of releasing vasoinhibin by cleaving their precursors PRL, GH, and PL, as
well as the precise location of the cleavage sites will help to better un-
derstand this hormonal axis and its role in health and disease. Specif-
ically, elucidation of the generation of vasoinhibin from PL may help
clarify the contribution of lactogenic hormones to pregnancy diseases
characterized by endothelial cell dysfunction, such as preeclampsia
(Lenke et al., 2019). The cleavage of growth hormone by the peptidase
plasmin (EC 3.4.21.7) has been reported (Li and Graf, 1974), and
plasmin is known for its effects in fibrinolysis and thrombolysis. Vaso-
inhibin, in turn, inhibits the antifibrinolytic activity of plasminogen
activator inhibitor-1 (PAI-1), protected mice against thromboembolism
and promoted arterial clot lysis (Bajou et al., 2014). In this context,
plasmin appears as an enzyme which may be capable of vasoinhibin
generation and therefore an adequate subject of investigation.

2. Materials and methods

Reagents. Recombinant human PRL expressed in HEK cells (cat. no.
SRP9000) and purified human PL from human placental tissue (cat. no.
PHP157G) were purchased from Sigma-Aldrich and Bio-Rad, respec-
tively. Natural human plasmin (cat. no. ab90928) was purchased from
Abcam. Antibodies against PRL and PL as well as their immunogens and
epitope regions are listed in Table 1. Horseradish peroxidase-conjugated
secondary antibodies against rabbit IgG (HRP-goat anti-rabbit IgG
(1:3000), code 111-035-045) or mouse IgG (HRP-goat anti-mouse IgG
(1:3000), code 115-035-062) from Jackson ImmunoResearch Labora-
tories Inc. (West Grove, PA, USA) were used to detect and visualize the
primary antibodies.

Cleavage of PRL/PL with plasmin. 250 ng of PRL or 1 pg PL were
incubated with 100 ng or 1.34 pg, respectively, of plasmin in a final
volume of 13 pl of 0.1 M Tris base buffer (pH 7.4). The incubations were
carried out in a thermoblock at 37 °C for time periods ranging from 10 to
360 min. PRL, PL, and plasmin were also incubated separately under the
same conditions. All time periods represented end-point incubations.

SDS-PAGE and Western blotting. The incubated samples were
subjected to SDS-PAGE using a Bio-Rad Mini-Protean Cell with 4-20%
SDS stain-free precast gels (Bio-Rad, cat. no. 456-8093). The molecular
weight Precision Plus Protein Western C Standard (Bio-Rad cat. no.
161-0376) was used. Electrophoresis was performed at 200 V for
approximately 30 min. After electrophoresis, a gel total protein image

Table 1
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using the Stain Free technology with UV-light activation was obtained
using the Chemi Doc MP Imaging System (Bio-Rad, cat. no. 170-8280).
The proteins were transferred onto PVDF membranes, pore size 0.2 pm
(Bio-Rad, cat. no. 1704272) with the Bio-Rad Tran-Blot Turbo Transfer
System (cat. no. 170-4155) at 25 V and 1.4 A for 7 min. The membranes
were blocked by incubation with 50 ml of 4% dry milk in TBST (0.1%
Tween 20) at RT for 1 h on an orbital shaker. Each membrane was
incubated with the respective primary antibody overnight at 4 °C under
rotation. The membranes were washed and incubated with the sec-
ondary antibody for 3 h, at RT under rotation. After repeated washing,
the antigen-antibody complex was detected by incubation of the mem-
branes with 6 ml of a development solution (Pierce ECL Western blotting
Substrate, Waltham, Massachusetts, USA, cat. no. 32209) for 1 min.
Chemiluminescence images were obtained using the Chemi Doc MP
Imaging System. Observed molecular weights were determined with
Image Lab (Bio-Rad, version 5.2.1, 2014), theoretical molecular weights
were calculated using ExPASy (Artimo et al., 2012).

Mass spectrometry (MS). MS analyses of 16.1 kDa PRL and 15.7
kDa PL were performed at Proteome Factory Berlin. Briefly, an in gel
enzymatic cleavage was performed in which the gel bands were pre-
pared for enzymatic cleavage by their swelling and shrinking 3 times in
100 mM TEAB and 50 mM TEAB, and 60% acetonitrile, respectively.
During consecutive swelling steps the bands were treated with TCEP (5
mM final) and IAA (10 mM final) for reduction and alkylation of cysteine
residues. Each step was carried out for 20 min at RT. After the last
shrinking step, the gel slices were dried in open Eppendorf cups for 15
min. Subsequently the samples were digested separately by endopro-
teases (trypsin, chymotrypsin, elastase, LysC, ALM; with an enzyme
amount of 200 ng). High-resolution MS: The Agilent 1100 nanoLC system
was coupled to an Orbitrap XL mass spectrometer (ThermoFisher, Bre-
men, Germany). Samples from proteolysis were applied to nanoLC-ESI-
MS/MS after acidification. After trapping and desalting the peptides on
enrichment column (Zorbax SB C18, 0.3 mm x 5 mm, Agilent) using
0.5% acetonitrile/0.5% formic acid solution for 5 min peptides were
separated on Zorbax 300 SB C18, 75 pm x 150 mm column (Agilent,
Waldbronn) using an acetonitrile/0.1% formic acid gradient of 5%-40%
acetonitrile. MS overview spectra were automatically taken in FT-mode
according to manufacturer’s instrument settings for nanoLC-ESI-MS/MS
analyses. Peptide fragmentation (CID) and detection operated in
iontrap-mode. Database searches: Data sets acquired by MS were used for
database searches. The search parameters were set according to the

Western blotting and mass spectrometic features of plasmin mediated cleavage-products of human prolactin and placental lactogen. A combination of
antibody epitopes and/or their known immunizing peptide sequences, Western blotting, observed and calculated molecular masses, as well as mass spectrometry was

used to establish the cleavage sites.

Antibodies Western Blots Calc. Weight Mass Spectrometry
Antibody Immunogen Epitope WB Reactive with cleavage MS LCMS area over peptide start
Figure bands, at indicated sequences
cleavage site
products
Prolactin
ABIN1500431, Full-length recombinant PRL +++ Fig. 1B 16.1 kDa ++-+ K81-A82: Band at -
Antibodies online, protein of human PRL Vi - (C-term) & 1.D 16.861 kDa 16.1 kDa:
mouse monoclonal ab produced in HEK293T cell 6.8 kDa +++ K170-E171: AA 82-215
6.791 kDa
ab92489, Abcam, rabbit  synthetic peptide PRL +++ Fig. 1C 16.1 kDa + K170-E171: -
monoclonal corresponding to residues in Vi ++ (N-term) 16.124
human PRL 6.8 kDa + K81-A82:
6.054 kDa
Placental lactogen
ABIN1881233, Synthetic peptide generated Full-length PL Fig. 4B 15.7 kDa +++  R160-T161: Band at 15 Major N-term variant:
Antibodies online, with a KLH conjugated and N-term & 4.C 15.687 kDa kDa: VQTVPLSR , 99.84%
rabbit polyclonal peptide of AA 42-70 of PL fragments 9 kDa ++ (PL triple L motif: AA 27-217
std.) 9.459 kDa
ABIN6544883, Synthetic peptide generated Full-length PL Fig. 4D 15 kDa + S81-D82: Major C-term variant:
Antibodies online, with a KLH conjugated and C-term 15.805 kDa DLEEGIQTLMGRLEDGSRR
rabbit polyclonal peptide of AA 177-204 of PL fragments (142-160), 98.1%
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expected protein modifications and to the MS instrument used in this
study. Sequence assembly was accomplished by PEAKS (Bioinformatics
solutions) software with respect to the given enzyme specificities. In
peptide mapping possible amino acid modifications were set to oxida-
tion (at methionine), carbamidomethylation (at cysteines) and deami-
dation (asparagine — aspartate).

Genetic variant analysis of the PRL and the PL cleavage sites.
Human PRL and PL transcripts PRL-201 and CSH1-201 (placental lac-
togen), respectively, were reviewed in ENSEMBL (Zerbino et al., 2018).
Based on the MEROPS (Rawlings et al., 2018) entry for plasmin (entry
S01.233), a score indicating the cleavage efficiency for each cleavage
site was calculated as published previously ((Triebel et al., 2019; Triebel
et al., 2017a). Briefly, the number of observed cleavages with an amino
acid on a particular position in the cleavage site was retrieved from the
MEROPS specificity matrix for plasmin and added with the other
numbers for each position to generate a score for the wt sequence of the
cleavage site (8P-score). The designations P1, P2, P3 and P4 are the
amino acids towards the N-terminus and P1’, P2', P3, and P4’ are to-
wards the C-terminus and the cleavage occurs between P1 and P1°. The
effect of genetic variants was expressed by the difference of the 8P-score
compared to the score for the wt sequence.

Amino acid position numbering. All amino acid position numbers
of the sequences were denoted in accordance with their UniProt entries,
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which starts numbering with the first amino acid of the signal peptide.
To avoid a possible source of misinterpretation, the amino acid positions
of the cleavage sites when starting the numbering at position 1 of the
mature protein were also indicated in brackets.

3. Results

Plasmin generates 16.1 and 6.8 kDa fragments from PRL. Incu-
bation of PRL with plasmin for 10 min and subsequent analysis with
SDS-PAGE demonstrates the generation of two fragments with 16.1 and
6.8 kDa molecular masses, respectively (Fig. 1A). The uncleaved fraction
of PRL, as well as the 16.1 and the 6.8 kDa PRL-fragments were
immunoreactive to a mouse monoclonal antibody raised against full-
length PRL with a C-terminal epitope (Fig. 1B). The uncleaved PRL,
the 16.1 kDa and 6.8 kDa fragment were also reactive when probed with
a rabbit monoclonal antibody directed against an N-terminal epitope of
PRL (Fig. 1C). Incubation of PRL with plasmin from 10 to 360 min and
Western blotting with an anti-N-terminal PRL antibody demonstrated
that both the intensity of the PRL band as well as the intensity of the
16.1 kDa band decreased with time (Fig. 1D). A sequence coverage map
derived from a non-directed nanoLC-ESI-MS/MS showed multiple pep-
tide detections starting from position 81 until lysine in position 170,
whereas a relatively low coverage was present for the positions of
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Fig. 1. Cleavage of PRL by plasmin. (A) Total protein in SDS-gel. Apart from uncleaved PRL, 16.1 and 6.8 kDa bands are visible. (B) Western blot with anti-C-term
PRL antibody (ABIN1500431) demonstrates the high abundance of C-terminal fragments at 16.1 and 6.8 kDa. (C) Western blot with anti N-term PRL antibody
(ab92489) demonstrates a relatively low abundance of N-terminal fragments at 16.1 and 6.8 kDa. (D) Plasmin incubation timeline (10-360 min), Western blot with
anti N-term PRL antibody (ab92489) demonstrates that both, full-length PRL and the vasoinhibin-like, N-terminal PRL fragment degrade with time.
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glutamic acid at 171 and beyond (Fig. 2A/B). Based on the match be-
tween the observed and calculated molecular masses, the antibody
reactivity in Western blotting, and the peptides detected by MS, it was
concluded that the bands at 16.1 and 6.8 kDa contained a mixture of
fragments with N- and C-terminal PRL sequences (Table 1). A 16.1 kDa
C-terminal fragment was apparently generated by cleavage at K81-A82
(K53-A54), while an N-terminal 16.1 kDa fragment was generated by
cleavage at K170-E171 (K142-E143) and an absent cleavage at K81-A82.
Both, cleavage at K81-A82 and K170-E171, generated a 6.8 kDa N-ter-
minal fragment and a 6.8 kDa C-terminal fragment, respectively

A 1—28, signal peptide

;‘tart of mature prolactin at position 29 (L) B0
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(Fig. 1B/Q).

To substantiate the presence of an N-terminal PRL sequence in the
16.1 kDa band, as indicated by its reactivity with the anti N-term PRL
antibody but put into question by absence of MS peptide detections,
multiple replications of this band were excised and subjected to nanoLC-
ESI-MS/MS. A directed search for the calculated m/z-value of the pro-
posed peptide LPICPGGAAR, corresponding to the amino acid positions
29-38 of PRL (positions 1-28 correspond to the signal peptide not
present in mature PRL), was performed and the resulting fragment mass
spectrum/fragment ion map confirmed the presence of this peptide in
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Fig. 2. PRL peptide coverage map of the 16.1 kDa band generated by plasmin. Modified residues are highlighted in different colors with respect to their identity (red
= carbamidomethylation, yellow = deamidation, blue = oxidation). Leucing/Isoleucine residues are isobaric and therefore not discriminable in MS. A) Large portions
of the PRL sequence starting at position 82 are covered, consistent with the Western blot analysis showing the high abundance of C-terminal fragments in the
cleavage products. The high abundance of peptides starting at position 82 (green arrow), demonstrates cleavage between position 81 and 82. B) Multiple peptides
ending at position 170 (red arrow) indicate cleavage between position 170-and 171. C) Fragment mass spectrum and fragment ion map to validate the presence of the
N-terminal PRL sequence LPICPGGAAR (yellow arrow in A)). Further cleavage sites could be assumed on the basis of the peptide coverage maps, such as K106-D107
(A, blue arrow), however, they were disregarded since no corresponding fragment was detected by SDS-PAGE/WB. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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the band (Fig. 2C). The calculated molecular mass of an N-terminal PRL
fragment comprising amino acids 29-170 is 16.1 kDa and consistent
with the apparent mass of 16.1 kDa observed in the electrophoresis.
The immunoreactivity of the 16.1 kDa band to an anti N-terminal
PRL antibody and the presence of the first 9 N-terminal amino acids of
PRL, together with the sequence coverage derived from MS analysis,
identified a minor fraction in the band as a vasoinhibin-like peptide,
comprising amino acids 29-170, with a novel cleavage site for plasmin
between the amino acids K170-E171 (K142-E143) (Fig. 3). In the three-
dimensional structure of PRL, the cleavage site projected into L3, a re-
gion which is typical for the generation of vasoinhibin by various other
proteases, for example cathepsin D and matrix metalloproteases. West-
ern blotting of the cleavage products showed that a C-terminal fragment
was the major fragment generated (Fig. 1B) and that the N-terminal
fragment was a minor fraction (Fig. 1C) and had little stability when
subjected to longer incubation ranging from 30 to 360 min (Fig. 1D).
Generation of 15.7 kDa PL-fragments. PL cleavage by plasmin
generated a 15.7 kDa fragment (Fig. 4 A), which was detected by an anti-
N-terminal PL antibody (Fig. 4B) by Western blotting. When PL was
incubated with plasmin at 37 °C, for a period between 10 and 360 min
and analyzed by Western blotting, the intensity of the PL bands
decreased continuously and the intensity of the resulting N-terminal
15.7 kDa PL-fragment increased proportionately (Fig. 4C). The same
analysis using an anti-C-terminal PL antibody demonstrated a gradual
decrease of both, full-length PL and a 15.7 kDa C-terminal PL-fragment
(Fig. 4D). Comparable to PRL, it was concluded that the band at 15.7
kDa contained a mixture of fragments with N- and C-terminal PL se-
quences. For precise identification of the cleavage site, the band was
sequenced by nanoLC-ESI-MS/MS and a sequence coverage map was
created (Fig. 5). Also, the LCMS area over the peptide start position was
analyzed. The major N-terminal variant started at position 27 with
VQTVPLSR (Fig. 5A) and the major C-terminal variant ended with the
sequence DLEEGIQTLMGRLEDGSRR at position 160 (Fig. 5B). Their
relative sum percentages of the area over the peptide start position was
99.84% and 98.1%, respectively (Table 1). Thus, cleavage of PL by
plasmin generating the N-terminal fragment occurred between the
amino acids R160-T161 (R134-T135) (Fig. 6). Calculation of the mo-
lecular weight of the N-terminal PL fragment comprising AA 27-160
resulted in 15.687 kDa, which is close to the mass of 15.7 kDa observed
in SDS-PAGE (Table 1). The PL cleavage site was located in the loop
connecting the third and fourth a-helixes at position R160-T161 (R134-
T135) (Fig. 6). Western blotting (Fig. 4C and D) and the LCMS area over
peptide start position (Table 1) showed that the N-terminal fragment is
the major fraction in the 15.7 kDa band and that had high stability when
subjected to longer incubation (Fig. 4C). The C-terminal fragment as
well as full-length PL disappeared with longer incubation times
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(Fig. 4D). In agreement with the Western blot (Fig. 4D), the MS peptide
coverage map (Fig. 5), and the calculated molecular mass (Table 1), the
C-terminal fragment most likely arose from cleavage at S81-D82 (S55-
D56). A 9 kDa fragment was observed in the total protein staining of PL
and in Western blots of the PL-standard when the membranes were
probed with an anti N-term PL antibody (Fig. 4A, B and C). This 9 kDa
fragment was not detected in Western blotting of PL after incubation
with plasmin (Fig. 4B and C), but is consistent with cleavage in the triple
L motif of the PL sequence at positions 106-108 (81-83) (Fig. 5B, purple
arrow). A 38 kDa band was observed in the Western blot of the PL with
an anti C-term antibody (Fig. 4D). This band may correspond to a PL
aggregate or may be unspecific.

Genetic variant analysis of the PRL K170-E171 (K142-E143) and
the PL R160-T161 (R134-T135) cleavage sites. A genetic variant
analysis of the PRL K170-E171 and the PL R160-T161 cleavage sites
showed that multiple point mutations and inframe deletions have been
found in the cleavage site (Tables 2 and 3). Some of the variants highly
likely affect proteolytic cleavage, while others appear to have only little
effect. For example, the point mutation in PRL at P4’ which leads to an
Ile > Val substitution is likely to have little to no effect (8P score —1),
while the inframe deletion affecting 5 of the 8 relevant amino acid
residues in the cleavage site, including the important residue lysine at
P1’, is likely to abolish cleavage by plasmin at this site (Table 2).
Similarly, the PL cleavage site is likely affected by multiple genetic
variants either enhancing or inhibiting cleavage by plasmin. For
example, the replacement of arginine in P2 may facilitate cleavage (8P-
score +9), while Arg > Trp likely abolishes cleavage at this site, as no
experimentally observed cleavage by plasmin with tryptophane in P1 is
listed in the MEROPS database (8P-score —65, Table 3).

4. Discussion

The present study identifies plasmin as a protease able to cleave PRL
and PL. The resulting cleavage products are a mixture of fragments of 15
and 16 kDa masses containing N- and C-terminal portions of the
uncleaved molecules. Biological functions of the C-terminal fragments
are unknown. The 15 and 16 kDa N-terminal fragments, however, most
likely constitute vasoinhibin isoforms with their typical biological ef-
fects, as the first 79 amino acids comprising the vasoinhibin anti-
angiogenic domain (Robles et al., 2018) are present. However, the
biological effects were not tested in this study, which is a limitation.
Both, PRL and PL, are susceptible to cleavage by plasmin in their L1 and
L3-regions. In PRL, the cleavage site in L1 appears to be preferentially
used compared to that in L3, as the major species is a C-terminal 16 kDa
fragment. The N-terminal 16 kDa fragment was of little stability when
subjected to longer incubation, which may indicate short term biological

hPRL L1 P 13
Hl H2 H3 H4
71 106 131 139 165 189 221
C32-39 C86-202 c219-227
29 78 128 178 207
T K81-A82 TK170—E171
(K53-A54) (K142-E143)
Plasmin cleavage sites

Fig. 3. (A) Human full-length PRL schematics with alpha-helices (H1-4), loops (L1

-3), disulfide bonds and their corresponding amino acid positions. The plasmin

cleavage sites are as determined by mass spectrometry are located in L1 (between lysine at position 81 and alanine at position 82) and L3 (between lysine at position
170 and glutamine at position 171). The numbers in brackets indicate amino acid positions starting from the first residue after the signal peptide.
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Fig. 4. Cleavage of PL by plasmin. (A) Total protein in SDS-gel. 15.7 and 9 kDa bands are visible. (B) Western blot incubation with anti N-term PL antibody
ABIN1881233 demonstrates a high abundance 15.7 kDa N-terminal, vasoinhibin-like peptide. A 9 kDa, N-terminal PL fragment is seen in the PL standard. (C) Plasmin
incubation timeline (10-360 min), Western blot with anti N-term PL antibody ABIN1881233 demonstrates degradation of full-length PL with time, but stability of the
15.7 kDa N-terminal, vasoinhibin-like peptide. (D) Incubation timeline (10-360 min), Western blot with anti C-term PL antibody ABIN6544883 demonstrates the
presence of a low abundance, C-terminal PL fragment which degrades with time.

effects or limited physiological significance. In PL, the cleavage site in L3
is preferentially used, as the major species is an N-terminal 15 kDa
fragment. The 15 kDa fragment is stable over time, even more stable
than full-length PL, and does not seem to be further cleaved at the L1 site
which is used by plasmin in full-length PL. The small 6.8 kDa N-terminal
PRL fragment emerging from cleavage in L1 may also constitute a vas-
oinhibin isoform. Cleavage at lysine (K) and arginine (R) at position 1
(P1) of the cleavage site is consistent with the cleavage profile of
plasmin previously reported and shown by PROSPER (Cao et al., 1999;
Song et al., 2012). Except the cleavage sites indicated in Figs. 3 and 6,
other cleavage sites can be derived from the sequence coverage maps,
such as a likely site in PRL at K106-D107 (Fig. 2A, blue arrow). However,
the present study focused only on cleavage sites for which the corre-
sponding peptides were detected by SDS-PAGE/WB, which was not the
case for K106-D107 (it may also be an artifact due to enzymatic diges-
tion during the sample preparation). PRL is also cleaved by cathepsin D
and matrix metalloproteases, and a relevant consideration is the com-
parison of the cleavage efficiency of these enzymes with plasmin. This
should be determined experimentally, however, an estimation is
possible by comparing the 8P-scores. The 16.8 kDa vasoinhibin isoform
generated by cathepsin D demonstrates an 8P-score of 409, and the 17.7
kDa vasoinhibin isoform generated by matrix metalloprotease 8 and 13
demonstrates 8P-scores of 120 and 159, respectively (Triebel et al.,
2017a). The 8P-scores for the 16.1 kDa vasoinhibin-like peptide from
PRL is 109 (Table 2). This indicates that the cleavage efficiency of

plasmin-mediated vasoinhibin generation is likely lower than that of
cathepsin D, but possibly on the same level with matrix
metalloproteases.

The cleavage of growth hormone by plasmin has been reported by Li
et al., however the resulting N-terminal fragment has not been investi-
gated for vasoinhibin-like bioactivity (Li and Graf, 1974). Plasmin is a
serine endopeptidase which is activated by cleavage of plasminogen and
stimulates fibrinolysis. The initiation of cleavage of the proenzyme
plasminogen occurs via tissue plasminogen activator (tPA) and by
urokinase-type plasminogen activator (uPA) which are inhibited by
PAI-1. Both, uPA and PAI-1 have been described as binding partners of
vasoinhibin and vasoinhibin inhibited the antifibrinolytic activity of
PAI-1 (Bajou et al., 2014). Vasoinhibin generated by plasmin may
therefore function as a downstream mediator of fibrinolytic plasmin
effects. The molecular mass of the vasoinhibin isoform which is gener-
ated by plasmin-mediated cleavage of PRL shown here is consistent with
reported detections of PRL-derived vasoinhibin (16 kDa) (Duenas et al.,
2004). A vasoinhibin-like peptide similar to that derived from PL,
however, has not been previously reported. PL-derived vasoinhibin is of
particular interest in pregnancy-associated diseases, such a preeclamp-
sia and peripartum cardiomyopathy. An involvement of vasoinhibin has
been reported for both diseases, but the focus was PRL-derived vaso-
inhibin and the possibility of PL-derived vasoinhibin isoforms was dis-
regarded (Hilfiker-Kleiner et al., 2007; Gonzalez et al., 2007).
Vasoinhibin may also be involved in postpartum depression (Triebel
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Fig. 5. A, B and C. PL Peptide coverage map of the 15.7 kDa band generated by plasmin. Large portions of the PL sequence starting 27 (valine) are covered. Multiple peptides ending with arginine at position 160 (red
arrows in part B) or arginine at position 159 (part B, yellow arrows) were detected, indicating cleavage between arginine at position 160 and threonine at position 161. Further, multiple peptides starting with asparagine
at position 82 are detected (part B, green arrow), indicating cleavage between serine at position 81 and asparagine at position 82. The peptides starting with residues LIE (part B, purple arrow) indicate cleavage within

the triple L motif, which could explain the 9 kDa band present in the purified human PL standard preparation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 6. (A) human full-length PL schematics with alpha-helices (H1-4), loops (L1-3), disulfide bonds and their corresponding amino acid positions. The plasmin
cleavage sites as determined by mass spectrometry are located in L1 (putative cleavage site at serine in position 81 and asparagine in position 82) and L3 (between
arginine at position 160 and threonine at position 161). The numbers in brackets indicate amino acid positions starting from the first residue after the signal peptide.

Table 2

Genetic variant analysis of a cleavage site in PRL. Cleavage-site of the 16.1 kDa vasoinhibin-like peptide generated by plasmin by cleavage of PRL between lysine in
position 170 and glutamine in position 171 with adjacent amino acids. The numbers below the amino acids indicate observed cleavages with the amino acid at the
corresponding position in the cleavage site, retrieved from the MEROPS-database. Cleavage occurs between P1 and P1’, indicated by the red line. The 8P-score,
indicating cleavage efficiency, is 109 in the wt-sequence but varies with the indicated point mutations or inframe deletions in the cleavage site, which were
retrieved from reviewing ENSEMBL on the PRL transcript PRL-201. A lower score than 109 indicates a lower cleavage efficiency, and a higher score a higher cleavage

efficiency.
Vi-isoform Enzyme/Subst. Amino acid position/P-position/Amino acid/number of observed cleavages (MEROPS) 8P-score 8P-change
16.1 kDa Vasoinhibin-like peptide (from PRL) 167 168 169 170 171 172 173 174
P4 P3 P2 P1 P1’ P2’ P3 P4
Pro Glu Thr Lys Glu Asn Glu Ile
Plasmin 18 7 3 57 3 7 7 7 109
Pro > Leu P4 P3 P2 P1 P1 P2 P3 P4
rs749070148 Leu Glu Thr Lys Glu Asn Glu Ile
Plasmin 7 7 3 57 3 7 7 7 98 -11
Pro > Thr P4 P3 P2 P1 Pl P2’ P3 P4
rs1284955612 Thr Glu Thr Lys Glu Asn Glu Ile
Plasmin 5 7 3 57 3 7 7 7 96 -13
Asn > Ser P4 P3 P2 P1 P1’ P2 P3 P4
rs1370241165 Pro Glu Thr Lys Glu Ser Glu Ile
Plasmin 18 7 3 57 3 12 7 7 114 5
Ile > Val P4 P3 P2 P1 P1’ P2’ P3 P4
151472067934 Pro Glu Thr Lys Glu Asn Glu Val
Plasmin 18 7 3 57 3 7 7 6 108 -1
inframe deletion P4 P3 P2 P1 P1’ P2 P3 P4
rs1401537723 Pro Glu Thr Glu Ile Tyr Pro Val
Plasmin 18 7 3 1 4 5 11 6 55 —54

et al., 2017b). The vasoinhibin-like peptides generated by plasmin

variety of isoforms generated by the various proteases as long as at least

shown here may have endogenous counterparts with effects on vascu-
lature, fibrinolysis, and anxiety behavior.

The genetic variant analysis of the PRL K170-E171 (K142-E143) and
the PL R160-T161 (R134-T135) cleavage sites demonstrates that point
mutations or other genetic variants with an effect on the sequence
within the 8 amino acid cleavage sites can inhibit or facilitate proteo-
lytic cleavage and thus vasoinhibin generation. Clinical information
about the patients in which these mutations were found were not
available in the database, hence no studies of phenotypes or related
pathologies could be executed. It is suggested that genetic variants
affecting vasoinhibin generation may be protective or aggravating fac-
tors in vascular diseases, diabetic retinopathy, preeclampsia, or peri-
partum cardiomyopathy. More resolute sequencing of PRL and PL genes
in these patients will show whether this assumption can be consolidated
or refuted.

The growing list of proteases able to generate vasoinhibin relates to
general questions. How does generation by multiple proteases fit with
the concept of specificity in classical endocrinology? It is evident that
the bioactive, antiangiogenic domain of vasoinhibin is preserved in a

the first 79 amino acids of the PRL precursor sequence are conserved
(Robles et al., 2018). The bioactive domain of the various vasoinhibin
isoforms interacts with soluble binding partners and/or cell surface
binding sites to mediate its effects on target tissues, such as the endo-
thelium (Bajou et al., 2014; Clapp and Weiner, 1992; Morohoshi et al.,
2018). Thus, despite its posttranslational generation - as opposed to the
cellular expression and secretion of peptide hormones with non-variable
sequence lengths — vasoinhibin is specific to it’s binding partners by
conservation of its bioactive domain. Moreover, the high conservation of
cleavage sites across species supports the concept of specificity (Maco-
tela et al., 2006; Triebel et al., 2015).

How is generation by multiple proteases consistent with the fine-
tuned regulation of hormonal levels and effects in endocrine axes?
Vasoinhibin generation and effects are subject to regulation at the levels
defining endocrine axes (Triebel et al., 2015) and the vasoinhibin mode
of operation appears neither purely endocrine, paracrine, or autocrine,
but instead a combination of them. Advantage of the mixed vasoinhibin
mode of operation is taken in clinical studies, in which the pituitary PRL
secretion is the target of intervention to stimulate or inhibit retinal or
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Genetic variant analysis of a cleavage site in PL. Cleavage-site of the 15.7 kDa vasoinhibin-like-peptide generated by plasmin by cleavage of PL between arginine in
position 160 and threonine in position 161 with adjacent amino acids. The numbers below the amino acids indicate observed cleavages with the amino acid at the
corresponding position in the cleavage site, retrieved from the MEROPS-database. Cleavage occurs between P1 and P1’, indicated by the red line. The 8P-score,
indicating cleavage efficiency, is 113 in the wt-sequence, but varies with the indicated point mutations, which were retrieved from ENSEMBL on the PL transcript
CSH1-201. A lower score than 109 indicates a lower cleavage efficiency, and a higher score a higher cleavage efficiency.

Vi-isoform Enzyme/Subst. Amino acid position/P-position/Amino acid/number of observed cleavages (MEROPS) 8P-score 8P-change
15.7 kDa Vasoinhibin-like peptide (from PL) 157 158 159 160 161 162 163 164
P4 P3 P2 P1 Pl P2 pP3’ P4/
Gly Ser Arg Arg Thr Gly Gln Ile
Plasmin 10 12 3 65 4 4 8 7 113
Gly > Ser P4 P3 P2 P1 Pl P2 P3’ P4/
151054979309 Ser Ser Arg Arg Thr Gly Gln Ile
Plasmin 8 12 3 65 4 4 8 7 111 -2
Arg > Pro P4 P3 P2 P1 P1’ P2 P3 P4/
1s558064451 Gly Ser Pro Arg Thr Gly Gln Ile
Plasmin 10 12 12 65 4 4 8 7 122 +9
Arg > His P4 P3 P2 P1 P1’ P2 P3 P4
15558064451 Gly Ser His Arg Thr Gly Gln Ile
Plasmin 10 12 2 65 4 4 8 7 112 -1
Arg > Cys P4 P3 P2 P1 P1’ P2 P3 P4
15577932530 Gly Ser Cys Arg Thr Gly Gln Ile
Plasmin 10 12 2 65 4 4 8 7 112 -1
Arg > Leu P4 P3 P2 P1 Pl P2’ P3 P4/
15760583471 Gly Ser Arg Leu Thr Gly Gln Ile
Plasmin 10 12 3 0 4 4 8 7 48 —65
Arg > Gln P4 P3 P2 P1 Pl P2’ P3 P4/
15760583471 Gly Ser Arg Gln Thr Gly Gln Ile
Plasmin 10 12 3 1 4 4 8 7 49 —64
Arg > Trp P4 P3 P2 P1 Pl P2’ P3 P4/
15764110793 Gly Ser Arg Trp Thr Gly Gln Ile
Plasmin 10 12 3 0 4 4 8 7 48 —65
Arg > Gly P4 P3 P2 P1 P1’ P2’ P3’ 223
15764110793 Gly Ser Arg Gly Thr Gly Gln Ile
Plasmin 10 12 3 0 4 4 8 7 48 —65
Gly > Arg P4 P3 P2 P1 P1’ P2 pP3’ 223
15541688052 Gly Ser Arg Arg Thr Arg Gln Ile
Plasmin 10 12 3 65 4 13 8 7 122 +9
Ile > Thr P4 P3 P2 P1 Pl P2 pP3’ 1 2Z%
15771831985 Gly Ser Arg Arg Thr Gly Gln Thr
Plasmin 10 12 3 65 4 4 8 7 113 0
Ile > Phe P4 P3 P2 P1 Pl P2 pP3’ P4/
151346530698 Gly Ser Arg Arg Thr Gly Gln Phe
Plasmin 10 12 3 65 4 8 7 113 0

cardiac vasoinhibin levels in diabetic macular edema and peripartum
cardiomyopathy, respectively (Robles-Osorio et al., 2018) (Hilfi-
ker-Kleiner et al., 2017). Also, the differential activity of vasoinhibin in
different organs indicates fine-tuned regulation of hormonal and
cytokine-like effects (Clapp et al., 2015; Triebel et al., 2015; Yun et al.,
2019). Both, specificity and regulation of vasoinhibin generation and
effects are compatible with evidence portraying protein hormone frag-
mentation, and specifically the fragmentation of PRL, as an evolved
process that gradually releases factors that alter intracellular or extra-
cellular functions by acting as modulators of metabolic enzymes,
transduction factors, protein binding proteins, or hormone receptors
(Triebel et al., 2015; Campbell et al., 2021).
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