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A B S T R A C T

Ischemic retinopathy is a vision-threatening disease associated with chronic retinal inflammation and hypoxia
leading to abnormal angiogenesis. Furin, a member of the proprotein convertase family of proteins, has been
implicated in the regulation of angiogenesis due to its essential role in the activation of several angiogenic
growth factors, including vascular endothelial growth factor-C (VEGF-C), VEGF-D and transforming growth
factor - β (TGF- β). In the present study, we evaluated expression of furin in the retina and its role in retinal
angiogenesis. As both inflammation and hypoxia contribute to angiogenesis, the role of furin was evaluated
using myeloid-cell specific furin knockout (KO) mice (designated LysMCre-fur(fl/fl)) both in developmental ret-
inal angiogenesis as well as in hypoxia-driven angiogenesis using the oxygen-induced retinopathy (OIR) model.
In the retina, furin expression was detected in endothelial cells, macrophages and, to some extent, in neurons.
The rate of angiogenesis was not different in LysMCre-fur(fl/fl) mice when compared to their wild-type littermates
during development. In the OIR model, the revascularization of retina was significantly delayed in LysMCre-
fur(fl/fl) mice compared to their wild-type littermates, while there was no compensatory increase in the preretinal
neovascularization in LysMCre-fur(fl/fl) mice. These results demonstrate that furin expression in myeloid cells
plays a significant role in hypoxia-induced angiogenesis in retina.

1. Introduction

Ischemic retinopathies, such as retinopathy of prematurity (ROP),
proliferative diabetic retinopathy (PDR), and retinal vein occlusion
(RVO) are major causes of visual impairment and blindness in in-
dustrialized countries (Fong et al., 2004; Jonas et al., 2017; Reynolds,
2014). Retinal ischemia induces the stabilization of a transcription
factor hypoxia inducible factor-1α (HIF-1α), which turns on the ex-
pression of a large number of angiogenic genes such as vascular en-
dothelial growth factor (VEGF) (Campochiaro, 2015). This leads to
retinal neovascularization associated with vitreous hemorrhages and
fibrosis of neovascular membranes causing tractional retinal detach-
ment and, ultimately, blindness (Campochiaro, 2015).

Retinal ischemia is also associated with inflammatory manifesta-
tions. Hypoxia attracts macrophages into hypoxic areas (Mitamura
et al., 2005; Tsutsumi et al., 2003) where the hypoxia-activated mac-
rophages and microglia, the immune cells of the retina, release not only

proinflammatory but also angiogenic cytokines. In diabetic retinopathy
(DR), both invading macrophages and resident microglia have been
implicated in the pathogenesis of the retinopathy retinopathy
(Abcouwer, 2012). Of note, macrophages have been shown to be the
main source of VEGF-C in the retina. In the retina, VEGF-C signaling
pathway regulates the branching of blood vessels (Tammela et al.,
2011). VEGF-C is initially synthesized as an inactive precursor and re-
quires activation by a proprotein convertase subtilisin/kexin (PCSK)
family member furin to become biologically active (Siegfried et al.,
2003b).

Proprotein convertase subtilisin/kexin (PCSK) family enzymes are a
family of nine proteases (PCSK1-2, furin, PCSK4-7, MBTPS1, PCSK9)
that cleave and convert their immature target proteins into biologically
active forms by catalyzing endoproteolytic cleavage at a target site
typically made up of the basic amino acids arginine and lysine
(Turpeinen et al., 2013). Accordingly, PCSK enzymes play a key reg-
ulatory role in a multitude of biological events governed by the growth
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factors (Turpeinen et al., 2013). Among the PCSK family members,
furin is a ubiquitously expressed prototypical serine endoprotease re-
cently implicated to play a key role in various biological processes such
autoimmunity and inflammation, and various human diseases (Oksanen
et al., 2014; Pesu et al., 2008; Turpeinen et al., 2013; Vähätupa et al.,
2016a). In fibrovascular tissue from PDR patients, furin expression was
shown to co-localize with one of its cleavage targets, a (pro)-renin re-
ceptor protein, whose expression level is elevated in PDR and asso-
ciated with angiogenic activity, suggesting that furin cleavage has a role
in DR (Kanda et al., 2012).

In addition to VEGF-C (Khatib et al., 2010; Siegfried et al., 2003a),
furin is also required for the activation of a large number of other
proangiogenic growth factors, such as VEGF-D (McColl et al., 2007),
platelet derived growth factors A and B (PDGF-A and –B) (Siegfried
et al., 2003b, 2005), bone morphogenetic protein-4 (BMP-4) (Cui et al.,
1998) and transforming growth factor-β (TGF-β) (Dubois et al., 2001).
On the other hand, the expression of furin itself can be induced by
hypoxia, as it is one of the target genes of HIF-1α (Ma et al., 2017;
McMahon et al., 2005; Silvestri et al., 2008). Despite being linked to
angiogenesis, the functions of furin in these processes are still poorly
known, but the phenotype of the total furin knockout (KO) mice,
lethality during embryonal development due to cardiovascular defects,
suggested blood vessel specific functions (Roebroek et al., 1998;
Scamuffa et al., 2006). This notion was confirmed by endothelial spe-
cific furin KO that also led to embryonal death due to vascular defects,
and by the endothelial cells lacking furin that were unable to grow
ex vivo (Kim et al., 2012).

As endothelial cells lacking furin cannot grow at all (Kim et al.,
2012), we decided to elucidate the role of furin on retinal angiogenesis
by addressing the expression of furin in the retina and by assessing the
effect of myeloid cell-derived furin on retinal angiogenesis using furin
conditional KO mice (myeloid cell-specific furin KO; LysMCre-fur(fl/fl)).
The effect of myeloid cells-derived furin on angiogenesis was studied in
developmental retinal angiogenesis, as well as in hypoxia-induced an-
giogenesis in a mouse-model for oxygen-induced retinopathy (OIR),
which is the most widely used model for ischemic retinopathies
(Connor et al., 2009; Smith et al., 1994). In the OIR model, both re-
cruited, blood-derived macrophages as well as the resident macro-
phages of the retina, microglia, have been shown to participate in the
regulation of angiogenesis (Checchin et al., 2006; Gao et al., 2016;
Kataoka et al., 2011; Zhou et al., 2015).

2. Results

2.1. Furin is expressed in macrophages and retinal microglia

Using data from published genome-wide expression studies, the
retinal-cell specific E-GEOD-33089 experiment and the much wider
searching FANTOM project, we extracted expression data for furin in
cells related to retina. In the larger, but far less specific, FANTOM
project cDNA analysis of furin expression showed the highest values in
monocyte derived macrophages (Fig. 1A). In the retinal cell-specific
experiment, based on 155 samples analyzed by microarray, the highest
furin expression was found in microglia (Fig. 1B).

2.2. Furin is expressed in the retina during development and in the OIR
model

To further study the role of furin on retinal angiogenesis in vivo, we
first determined a temporal and spatial expression profile of furin in WT
mice during development and in the OIR model. Immunohistochemistry
showed a few cells with weak expression of furin in retina at P4
(postnatal day 4), and thereafter the expression of furin was sub-
stantially stronger from P7 onwards at all studied time points during
development (Fig. 1C). In the OIR model, strong expression of furin was
detected in the vascular layers of the retina at P14 and P17 (Fig. 1D).

Using double-immunohistochemistry for furin and for endothelial cells
marker CD31 as well as for furin and macrophage marker F4/80, furin
expression was localized to endothelial cells (Fig. 1E–F) in the retina
and in the preretinal vascular tufts as well as to macrophages sur-
rounding blood vessels (Fig. 1G–H) in OIR retinas. In addition to these
cells, furin immunoreactivity was also detected in neurons in the retina
(Fig. 1).

2.3. Lack of furin in myeloid cells does not influence the rate of
developmental angiogenesis

To investigate the role of furin in angiogenesis, we studied mice
deficient for furin gene expression in myeloid cells (LysMCre-fur(fl/fl))
and their respective wild-type littermates (LysM WT) during develop-
mental retinal angiogenesis and during ischemia induced retinal an-
giogenesis using oxygen-induced retinopathy model (OIR). LysMCre-
fur(fl/fl) mice are fertile without no obvious morphological abnormal-
ities (Cordova et al., 2016), and their eyes appear normal upon histo-
logical examination. As total depletion of resident retinal macrophages
has been shown to slow down the rate of developmental retinal an-
giogenesis (Checchin et al., 2006), we first explored whether myeloid
cell derived furin influences the rate of superficial vascular plexus
formation (developmental angiogenesis) in retinas from P6 LysM WT
and LysMCre-fur(fl/fl). In P6 neonatal mice, the diameters of retinal
superficial vascular plexuses were similar and no differences in either
the number of branching points or filopodia count were detected be-
tween LysMCre-fur(fl/fl) and LysM WT mice, indicating that furin ex-
pression by myeloid cells does not have a major influence on in vivo
angiogenesis during neonatal development (Fig. 2A–E). This finding is
in line with the above reported appearance of furin at the late stages of
retinal vascular development (Fig. 1C).

2.4. Mice deficient for furin expression in myeloid cells show reduced
hypoxic revascularization rate of the retina

The role of myeloid cell derived furin in hypoxia-driven neovascu-
larization in the retina was explored next. First, we determined whether
regression of vessels under hyperoxic conditions in the OIR model is
comparable between LysMCre-fur(fl/fl) and LysM WT mice. After ex-
posure to 75% oxygen between P7 and P12, retinas were evaluated at
P12. Typical for this model (Smith et al., 1994; Uusitalo-Järvinen et al.,
2007; Vähätupa et al., 2016b), large areas of the central vascular net-
work were regressed with only a few major vessels remaining centrally
in both LysM WT and LysMCre-fur(fl/fl) mice (Fig. 2F). Quantitative
analysis of vaso-obliterated areas in retina confirmed that the retinal
vasculature in LysMCre-fur(fl/fl) and LysM WT mice was similarly af-
fected by hyperoxic exposure (Fig. 2G). Taken together, these data
suggest that deletion of furin from myeloid cells has not a significant
effect on vascular regression in OIR model.

On return to normoxia, the avascular central retina becomes hy-
poxic and stimulates rapid regrowth of vessels (Smith et al., 1994;
Uusitalo-Järvinen et al., 2007). The rate of retinal revascularization in
LysM WT and LysMCre-fur(fl/fl) retinas was determined by quantifying
the avascular retinal area 5 days after the mice were returned to nor-
moxia. There was a statistically significant difference in the avascular
retinal area between the LysM WT and LysMCre-fur(fl/fl) mice at P17
showing that the rate of retinal revascularization is substantially (30%)
reduced in mice where furin is depleted from myeloid cells (Fig. 2J). In
addition to revascularization of the retina, the strong hypoxic stimulus
from the center of the retina also drives abnormal misdirected sprouting
of blood vessels towards the vitreous at the interface between the
centrally obliterated and peripherally perfused retina (Smith et al.,
1994; Uusitalo-Järvinen et al., 2007). This pathological, preretinal
neovascularization reaches its maximum 5 days after return to nor-
moxia (at P17). There was no statistically significant difference in the
amount of preretinal neovascularization between LysM WT and
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LysMCre-fur(fl/fl) retinas (Fig. 2K). The results indicate that myeloid cell
expressed furin has a role in hypoxia-induced revascularization in re-
tina, but does not influence the pathological preretinal neovascular-
ization.

3. Discussion

The present study demonstrates that macrophages associated with
retinal blood vessels express furin and the lack of furin in myeloid cells
delays hypoxia-driven angiogenesis in retina. It has previously been
shown that the endothelial specific deficiency of furin leads to embry-
onal death due to vascular defects (Roebroek et al., 1998), and the
cultured endothelial cells lacking furin cannot grow (Kim et al., 2012).
Our results confirm an important role for furin in angiogenesis as we
show for the first time that furin deficiency in myeloid cells leads to
impaired angiogenesis in hypoxia-induced retinal angiogenesis.

Previous studies have shown that resident macrophages, microglia,
are needed for proper angiogenesis in retina during both developmental
and hypoxia-induced angiogenesis (Checchin et al., 2006). In this study,
we demonstrate that myeloid-cell specific deletion of proprotein con-
vertase furin leads to the attenuation of angiogenesis and reduced
vascularization rate in OIR model. Among furin's target proteins are
several proangiogenic growth factors, including VEGF-C which is ex-
pressed in macrophages and has a role in controlling the branching of
blood vessels in the retina (Siegfried et al., 2003a; Tammela et al.,
2011). VEGF-A, in turn, does not require activating cleavage by furin.
Interestingly, a myeloid-cell specific ablation of VEGF-A expression
does not change the VEGF levels in the OIR and does not have any
influence on angiogenesis in the OIR model (Liyanage et al., 2016).
Although further studies concerning the role of furin in retinal angio-
genesis are required, our results suggest that the expression of furin in
macrophages may be related to activation of proangiogenic growth
factors by furin in the retina. This is in line with previous studies
showing simultaneous induction of VEGF-C and furin expression in
different disease models (Khatib et al., 2010; Lopez de Cicco et al.,
2004; Siegfried et al., 2003a).

A major function of furin is to control the bioavailability of anti-
inflammatory TGF-β1 (Pesu et al., 2008). As a matter of fact, both furin
and TGF-β are involved in the regulation of each other's activity; furin is
needed for the activation of different TGF-β isoforms from inactive
precursor molecules to active, mature forms (Pesu et al., 2008; Ventura
et al., 2017). The active TGF-β2, in turn, induces furin expression
(Ventura et al., 2017). Thus, together they generate a self-sustaining
loop for high TGF-β activity (Ventura et al., 2017). TGF-β signaling is
associated with neovascularization in many diseases, including neo-
vascular ocular diseases (Amin et al., 1994; Bai et al., 2014; Wang et al.,
2017). The expression of TGF-β is elevated in the OIR model, suggesting
that TGF-β signaling contributes to retinal revascularization
(Yingchuan et al., 2010). A previous study has shown that the TGF-β1
bioactivity is reduced in mice deficient in furin expression in myeloid
cells (Cordova et al., 2016). Thus, another plausible explanation for the
reduction of revascularization in the retina of LysMCre-fur(fl/fl) mice
could be the reduced bioavailability of TGF-β due to lack of activating
furin.

Although retinal revascularization rate and the formation of pa-
thological preretinal tufts are inter-related in the OIR model, we

identified a delayed revascularization rate in retina without a sub-
sequent increase of pathological preretinal tuft formation in LysMCre-
fur(fl/fl) mice in the OIR model. One explanation is that resident mac-
rophages, microglia, persist in the retina in response to five-day long
hyperoxia despite blood vessels disappearing completely from retina
(Davies et al., 2006). Once the revascularization is initiated upon return
to normoxia, i.e. induction of hypoxia in retina, resident microglial cells
respond to hypoxia by secreting proangiogenic growth factors and di-
rect the revascularization, but selectively only in retina, where they are
located. This notion is supported by the facts that the microglia are
mainly located in the avascular areas after the hyperoxia-period and the
function of macrophage-derived VEGF-C is to convert the tip cells to
stalk cells during retinal angiogenesis (Tammela et al., 2011). The lack
of influence on preretinal pathological revascularization in the
LysMCre-fur(fl/fl) mice is rather striking because we observed sig-
nificantly larger avascular areas in LysMCre-fur(fl/fl) mice than in WT
mice. This, in turn, should theoretically induce more pronounced
compensatory preretinal pathological tuft formation, but we could not
demonstrate that. An explanation why larger avascular retinal area
does not translate into enhanced preretinal neovascularization, may be
impaired proangiogenic growth factor activation in LysMCre-fur(fl/fl)

mice.
Taken together our study demonstrates that the lack of furin in

myeloid cells delays hypoxia-driven angiogenesis in retina and im-
plicates furin expressed outside of the endothelial cells to the regulation
of hypoxia-induced angiogenesis.

4. Methods

4.1. Mice

Monocyte/Macrophage-specific furin conditional knockout
LysMCre-fur(fl/fl) was generated as described previously (Cordova et al.,
2016). Briefly, mice bearing floxed fur alleles were backcrossed six
times with C57BL/6 mice. LysMCre mice on C57BL/6 background were
purchased from Taconic. LysMCre mice were bred with fur(fl/fl) animals
to generate myeloid-specific furin knockout mice LysMCre-fur(fl/fl).
Mice were housed under pathogen-free standard conditions, bred and
the genotype was determined by PCR. Mice were fed with standard
laboratory pellets and water ad libitum. All animal experiments were
performed according to the ARVO statement for the use of animals in
ophthalmic and vision research in accordance with protocols approved
by the National Animal Ethics Committee of Finland.

4.2. Oxygen-induced retinopathy (OIR) model

The experiments on OIR model were carried out as described in
detail previously (Smith et al., 1994; Stahl et al., 2010b; Uusitalo-
Järvinen et al., 2007; Vähätupa et al., 2016b). Briefly, neonatal mice at
P7 and their nursing mother were exposed to 75% oxygen for 5 days. At
P12, the mice were returned to normal room air. Animals were eu-
thanized at P12 to assess the degree of vascular regression and at P17 to
determine the rate of retinal revascularization and preretinal neo-
vascularization. As postnatal weight gain has been shown to affect
outcome in the OIR model, the pups included in the study were weight-
matched (Stahl et al., 2010a).

Fig. 1. Furin is expressed by the endothelial cells and macrophages in retina. Using expression data from the FANTOM 5 project, cDNA expression data was extracted for the primary
furin CAGE for relevant cell types (A). Expression data for furin in different retinal cell types was extracted from previously performed microarray expression analysis (B). In panels A–B
the cell types are sorted by increasing average expression from left to right. Furin expression from retina was determined during developmental angiogenesis at P4, P7 and P14 and in OIR
model at P14 and P17 from the revascularized retinas by IHC and IF using furin specific antibody. Representative images of furin expression during development (C) and in the OIR model
(D). Arrows are pointing furin specific staining at P17 OIR. Scale bars represents 100 μm. Representative confocal images showing CD31 positive endothelial cells (red) and furin (green)
(E–F) and F4/80 positive macrophages (red) and furin (green) (G–H) in the retina of frozen sections after immunofluorescence staining. Panels E and G are showing stainings at 20×
magnification and panels F and H at 63× magnification. Arrows are pointing the endothelial cells or macrophages that are expressing furin. Arrowheads are pointing neovascular tufts.
GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segments; RPE,
retinal pigment epithelium. Scale bars represents 100 μm in E and G and 20 μm in F and H.
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4.3. FANTOM analysis of retinal cell types

The FANTOM project has performed expression analysis on 1839
samples from 573 primary cells, 152 tissues, and 250 cell lines in
human. Specifically, the data comes from cap analysis gene expression
(CAGE) sequencing of cDNA (FANTOM Consortium et al., 2014). Ex-
pression data was extracted for the primary furin CAGE for relevant cell
types: endothelial cells, pericytes, astrocytes, retinal pigment epithe-
lium cells, neurons, neutrophils, endothelial progenitor cells, corneal
epithelial cells and monocyte derived macrophages.

4.4. Microarray analysis of retinal cell types

A microarray expression analysis of mouse genes in various retinal
cell type groups was performed previously and is stored as accession E-
GEOD-33089 on the ArrayExpress database (https://www.ebi.ac.uk/
arrayexpress/experiments/E-GEOD-33089). From the data we ex-
tracted furin gene expression values for 155 samples across 7 cell type
groups: amacrine, cone, rod, bipolar, horizontal, ganglion, and micro-
glia (Siegert et al., 2012). Both FANTOM and microarray analyses were
performed utilizing supercomputer resources provided by CSC–IT
Center for Science of the Finnish Ministry of Education and Culture and
the raw data was processed as previously described in detail elsewhere
(Barker et al., 2017).

4.5. Immunohistochemistry (IHC) and isolectin GS-IB4 staining

For immunohistochemistry, the eyes were fixed with 4% PFA and
embedded in paraffin (for IHC), or freshly frozen in OCT embedding
compound in liquid nitrogen cooled isopentane and later fixed with
methanol (for immunofluorescence). The IHC stainings were carried
out on 4–6 μm thick tissue sections using the following primary anti-
bodies: rabbit anti-furin, (H-220), (Santa Cruz Biotechnology, Dallas,
TX), rat anti-CD31 (BD Pharmingen, San Diego, CA) and rat anti-F4/80
(Life Technologies, Paisley, UK) followed by horseradish peroxidase
(HRP) or fluorescein-conjugated secondary antibodies. Hematoxylin
staining was used as a counterstain. IF samples were mounted with
Vectashield mounting medium with DAPI (Vector Laboratories,
Burlingame, CA) and images were taken with confocal microscope (Carl
Zeiss LSM 700). As a negative control, each staining included sections
stained without primary antibody.

4.6. Quantitative analysis of angiogenesis

For the analysis of retinal vasculature, eyes were enucleated, fixed
with 4% PFA and retinas dissected. Flat mount retinas were blocked in
10% normal goat serum for 2 h, incubated overnight with Isolectin GS-
IB4 (1:200, Invitrogen, Carlsbad, CA) Retinas were imaged via confocal
microscope (Carl Zeiss LSM 700) and the rate of angiogenesis was de-
termined during development (P6) and in the OIR model as previously
described (Connor et al., 2009; Stahl et al., 2010b). Briefly, retinas were
imaged using confocal microscopy (Carl Zeiss LSM 700) with 10 × ob-
jective by focusing on the preretinal neovascular tufts and the under-
lying superficial vascular plexus. Areas of vascular obliteration and
pathological neovascularization (neovascular tufts) were computed, in

pixels, and divided by the total retinal area using Adobe Photoshop
CS3. The rate of developmental angiogenesis at P6 was determined by
measuring the diameter of vasculature via the optic nerve to the tips of
the blood vessels. Analysis of vessel branching and number of filopodia
sprouts were quantified as previously described (Lobov et al., 2007).
Each point where three capillary segments met was counted as one
junction. Branch points from the capillary plexus from two areas
(370 μm × 550 μm) per retina were counted and results are shown by
the average count per unit area. The number of filopodia protrusions
from the tip cells were counted from the length of 500 μm of the
sprouting vascular front (two measures per retina).

4.7. Statistical analysis

Student's t-test was conducted for normally distributed data and
nonparametric Mann-Whitney U test (GraphPad Prism 6.01 and IBM
SPSS statistics) for non-normally distributed data to test the statistical
significance of the results. P-values less than 0.05 were considered
statistically significant.
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